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In memory off Mathieu Rouault 

Mathieu Rouault passed away in early 2023. 
At the time he was the Director of the Nansen 
Tutu Centre for Marine Environmental 
Research and the South African National 
Research Foundation and SARChI Research 
Chairs for Ocean and Atmospheric 
Modelling, both in the Department of 
Oceanography at the University of Cape 
Town. He served three consecutive terms as 
President of the South African Society for 
Atmospheric Sciences (SASAS). The annual 
Stanley Jackson award for SASAS members 
who published an exceptional paper to 
enhance southern African atmospheric 
science and oceanography was won by Prof 
Rouault on several occasions. He was 
remembered for introducing the SASAS medal 
in recognition of an individual’s outstanding 
contribution to research, education, or 
technical achievement in any of the SASAS 
fields. Prof Rouault’s research encompassed 
a broad spectrum of ocean–atmosphere 
interactions including numerical modelling, 
experimental work at sea, meteorology, 
physical oceanography, climatology, and the 
impact of climate change and variability on 
marine ecosystems and water resources. His 
specific interest was in the impact and 
interplay of the El Niño-Southern Oscillation
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(ENSO), Benguela Niño mechanisms, and the 
Agulhas Current on southern African 
weather and climate, in the context of climate 
variability and change. He participated in 
numerous multi-institutional research 
projects, both locally and internationally. 
Prof Rouault was a well-established and 
internationally recognised researcher and 
modeller as demonstrated by his 
international collaboration on numerous 
high impact publications, including Chap. 6 
of this volume, co-authored with other 
internationally recognised scientists. His 
participation in the CLIVAR Atlantic and 
CLIVAR Africa panels was further witness to 
his international stature. Prof Rouault 
supervised numerous honours, master’s, 
PhD, and postdoctoral students linked to a 
suite of research programmes in ocean and 
climate modelling that he initiated. In 
addition to his exemplary career, he had a 
passion for surfing, sailing, salsa, and his 
family—he really was so proud of his boys 
and loved taking them surfing at the 
weekends. Prof Rouault was popular among 
his peers and students, and he will be greatly 
missed.
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Foreword 

Dear reader, 

We will achieve more by working together. In the global pursuit of innovation to 
solve the grand challenges of our time, this applies particularly to science and 
research. Regions like southern Africa demonstrate the success of international 
research cooperation and the mutual benefit it is able to generate. 

Ten years ago, the Federal Ministry of Education and Research initiated the 
“Science Partnerships for the Assessment of Adaptation to Complex Earth System 
Processes”, SPACES for short, together with organisations in southern Africa. 
Cooperation between my Ministry, the South African Department of Science 
and Innovation, the Namibian Ministry for Higher Education, Technology and 
Innovation, and the Namibian National Commission on Research, Science and 
Technology provides the basis. The aim is to support joint projects conducted by 
German research institutions with partner institutions in South Africa, Namibia, and 
the neighbouring countries to improve our understanding of the region’s sensitive 
ecosystems. The SPACES programme pools capacities and provides all those 
involved with access to a unique research infrastructure and key field sites. 

As a result, major findings are now available about climate change and extreme 
weather processes as well as social-ecological aspects of food production that 
are vital for the region given the expected increase in heat waves, flooding, 
and droughts. The knowledge gained provides the basis for innovations, new
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viii Foreword

technologies, and recommendations for action to promote the sustainable use of 
agricultural land as well as of coasts and seas. At the same time, it provides 
good orientation for political decision-making and transformation processes. The 
available results have already been included in publications of the IPCC and IPBES. 
This highlights their importance for sociopolitical debates and our actions as we 
move along the path set out by the Agenda 2030. 

It is crucial for scientific findings to be quickly transferred to practical applica-
tion. Such targeted transfer requires all stakeholders to be well-informed and well-
trained. Besides sharing knowledge among researchers and promoting dialogue 
between science and policymakers, it is a matter of fostering young research talent. 
SPACES is also a pioneering programme in this respect: Young researchers from 
southern Africa and Germany have learned with and from each other by working on 
binationally supported research projects and participating in joint seminars, research 
cruises, and summer schools. They have gained an understanding of how terrestrial 
and marine landscapes in the region are changing and how their management can be 
improved. Furthermore, the cooperating partners developed an integrated training 
and knowledge sharing programme for both students and administrative staff. More 
than 100 people have already participated in the programme. 

This book presents the latest findings for managing the valuable and diverse 
ecosystems in the temperate, subtropical, and tropical regions of southern Africa. 
These findings refer to processes in parts of another continent. Yet, they are also 
highly relevant for us in Europe because climate change does not stop at ocean 
margins or national borders. It influences marine currents moving from southern 
Africa to the North Atlantic. This also has an enormous impact on our temperate 
climate in northern Europe. 

Today’s world is growing closer together. International megatrends like sustain-
able management will shape future education, research, and innovation agendas. It 
is crucial that we cooperate, use the impetus provided by research, and translate 
its findings quickly into practical applications. I wish you interesting and inspiring 
reading. Above all, I hope it will give rise to many new ideas. 

Member of the German Bundestag, Federal Minister Bettina Stark-Watzinger 
of Education and Research, Berlin, Germany



Foreword ix

Over the last 50 years, many national governments have been led to invest more in 
counteractive and preemptive knowledge generation as growing human ambitions, 
numbers, and consumptive activities resulted in rapidly rising social-ecological 
impacts. Consequently, scientific evidence clarifying how society’s future on Earth 
may be sustained convinced most countries to ratify the long list of international 
environmental commitments. The most prominent of those commitments is the 
United Nation’s Sustainable Development Goals 2030. 

Knowledge of Earth and social-ecological systems and our capacity to study 
those have arguably increased exponentially during the first two decades of this 
twenty-first century. This book produced by the SPACES II research programme is 
therefore a timely compendium and synthesis offering insights into current systems 
understanding complemented by southern African case studies pointing to potential 
management approaches. 

The book aptly illustrates the immense complexity of environmental research 
and policymaking in southern Africa. The reader will come to appreciate how 
the challenges posed by the Sustainable Development Goals 2030 encompass a 
multitude of systemic interdependencies between the biophysical elements of the 
inherently variable regional Earth and social-ecological systems. Due to uncertainty 
within natural systems, discerning between natural variability and directional 
anthropogenic change requires long-term research by multi- and interdisciplinary 
research teams. Needless to say, these teams must include a broad range of social-
ecologists to properly diagnose the role of humans as drivers of social-ecological 
processes and to codesign adaptive practices and policies where necessary. 

The book’s geographical coverage links the marine offshore systems with the 
inland savanna and clearly demonstrates that political boundaries are artificial con-
structs with little environmental relevance. Nationalist politicians and bureaucrats 
thus need to recognise that for a nation to prosper, regional and global cooperation 
towards Earth stewardship decision-making are essential elements. The SPACES II 
Programme as a multinational collaboration provides an example of the incremental 
benefits of international and regional science collaboration towards a sustainable 
future on Earth. 

Of particular scientific interest is the mixed and complementary application 
of observational, experimental, and modelling approaches covered by the book.



x Foreword

By design, manipulative experiments can advance knowledge generation under 
simplified conditions to allow for the clarification of interdependencies between a 
small number of variables. So-called natural experiments can be useful to explore 
directional change over steep environmental gradients. Models are built on current 
and variable assumptions to be heuristic and predictive about relationships between 
key variables. Observation systems are designed to monitor those key variables over 
time and space. They are labour-intensive, time-consuming, and potentially costly, 
but in the long run can provide better answers to real-world ecosystem questions. 
All three approaches have recognised shortcomings but can be applied jointly to 
strengthen the total research output as illustrated by the relevant authors in this book. 

Going forward it is inevitable that future research directions will increasingly 
be influenced by and addressed through highly instrumented national and global 
research infrastructures delivering higher volumes of data for improved vertical, 
horizontal, and temporal scope. These developments already require new cohorts of 
technologically literate researchers and data scientists to build on the experience 
and knowledge generated through the SPACES II and similar comprehensive 
environmental research programmes. Ultimately, as exemplified by this book, 
addressing society’s local, regional, and global environmental grand challenges will 
be entirely dependent on open access to comprehensive long-term environmental 
data for analyses, predictive modelling, decision-making, and policy frameworks. 

Past Managing and Founding Director: South African Johan Christopher Pauw 
Environmental Observation Network (SAEON), 
National Research Foundation, Pretoria, South Africa
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and Maik Veste 

Abstract 

Ecosystems in southern Africa are threatened by numerous global change forces, 
with climate change being a major threat to the region. Many climate change 
impacts and environmental-based mitigation and adaptation options remain 
poorly researched in this globally important biodiversity hotspot. This book is 
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a collection of chapters covering research undertaken in southern Africa by the 
German Federal Ministry of Education and Research’s (BMBF) SPACES and 
SPACES II programs. SPACES II covered a wide range of global change-linked 
environmental issues ranging in scope from the impacts of ocean currents on 
global climate systems through to understanding how small-scale farmers may 
best adapt to the impacts of climate change. All the research has identified policy 
implications, and the book strives for a balance between presenting the detailed 
science underpinning the conclusions as well as providing clear and simple 
policy messages. To achieve this, many chapters in the book contextualize the 
issues through the provision of a mini-review and combine this with the latest 
science emulating out of the SPACES II program of research. The book therefore 
consolidated both past and the most current research findings in a way that will 
be of benefit to both academia and policy makers. 

1.1 Introduction 

This open-access Ecological Studies volume provides results and synthesis of key 
issues from the research program “Science Partnerships for the Adaptation to 
Complex Earth System Processes” (SPACES II), addressing the scientific, social 
and economic issues related to climate change impacts in southern Africa including 
terrestrial and marine ecosystems. It is written by 66 scientists from African 
nations together with 111 of their German and other European collaborators and 
summarizes, in 32 chapters, selected highlights from the latest research findings of 
SPACES II (2018–2022). These are of significant potential relevance for a better 
understanding of climate change impacts on marine and terrestrial ecosystems 
and may help to improve management options and guide environmental policy 
decisions. This is crucial considering projected African population increase in the 
context of very likely adverse impacts of climate change, including significant 
increases in aridity and warming, and the frequency of extreme weather events 
affecting both marine and terrestrial ecosystems and the human activities that 
depend upon them. 

There is a particular value to such research in the southern African ecosystems, 
because their terrestrial ecosystems are among the last refugia in the world 
for their unique wildlife and rare plant diversity, and support a multiplicity of 
ecosystem services and human livelihoods. The oceans surrounding southern Africa 
furthermore comprise a critical bottleneck in the global thermohaline circulation, 
they act as a relatively poorly understood regulator of the global carbon balance, 
and they play an important role in sustaining marine biodiversity and the highly 
productive fisheries. These and other geographic advantages are further elucidated 
in Sect. 1.4, with reference to their coverage in relevant chapters. 

In addition to key locational advantages for advancing research in global change 
science, southern Africa has a particular legacy of human scientific research capac-
ity, some level of networking and extensive biophysical and social–ecological data



1 Coupled Earth System and Human Processes: An Introduction to SPACES. . . 5

available that can provide the basis for effective scientific advancement. However, 
the region lacks somewhat with regard to modern harmonized monitoring infrastruc-
tures and the networking required for quantitative and region-specific multisector 
impact assessments and applied efforts, such as development of evidence-based 
adaptation options. Although the understanding of the region’s climate drivers has 
increased extensively over the past few years, there remain large gaps in knowledge 
and predictive skills of potential and actual impacts on the diverse ecosystems of 
the region. The development of the SPACES II suite of projects was positioned to 
address these with awareness of the facilitative environment described above. 

1.2 Long-Term Southern African–German Scientific 
Cooperation and Background to SPACES 

The scientific cooperation between German scientific institutions and southern 
Africa is based on decades of successful collaborations. 

Joint research on biodiversity under climate change was the focus of the research 
program “BIOdiversity Monitoring Transect Analysis in Africa - southern Africa” 
(BIOTA South 2000–2006). Objectives of the program (Hoffman et al. 2010; 
Jürgens et al. 2010; Schmiedel and Jürgens 2010) were:

• Scientific support for sustainable use and conservation of biodiversity in Africa.
• A continental observation network in Africa, contributing to GEOSS (Global 

Earth Observation System of Systems).
• A network for observing land degradation and for developing measures to combat 

desertification in Africa.
• A network for capacity development and rural development in Africa. 

Investigations of Earth system processes and their interactions at different 
spatial and temporal scales were the focus of the “Inkaba ye Africa” program 
in southern Africa (de Wit and Horsfield 2006, 2007). Furthermore, Germany 
also contributed to international marine research programs such as the “Benguela 
Current Large Marine Ecosystem” (BCLME) and “Benguela Environment Fisheries 
Interaction and Training” (BENEFIT) (Hampton and Sweijd 2008). Other bilateral 
and multilateral projects in marine research such as “NAMIBGAS” (Eruptions of 
methane and hydrogen sulfide from shelf sediments off Namibia, 2004–2007) and 
“GENUS” (Geochemistry and Ecology of the Namibian Upwelling System, 2009– 
2015) have put the current cooperation activities on a broad basis. 

The goal of SPACES is to deepen both the thematic and geographical expansion 
of the research expertise acquired so far. With new research topics and with 
additional partners, SPACES has made a lasting contribution to the corresponding 
national programs and initiatives in the region. The promotion of young researchers 
is an essential component of SPACES. In addition to workshops and summer 
schools, an education and training component is an integral part of the program. 
To this end, the BMBF supports a German Academic Exchange Service (DAAD)
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scholarship program (master’s and doctoral scholarships). In addition, training 
cruises for African students were offered on the German research vessels FS 
MERIAN, FS METEOR and FS SONNE. 

Within its framework program “Research for Sustainable Development” 
(FONA), the German Federal Ministry of Education and Research (BMBF) funds 
research projects in key regions that are particularly affected by the impacts 
of climate change and to promote sustainable land-use and climate protection. 
The program was developed on the basis of multilateral discussions between 
Germany and South Africa in 2008, followed by two workshops in 2009 for a 
broad professional audience in Gobabeb and Henties Bay (Namibia) attended 
by scientists from Angola, Germany, Namibia and South Africa. The results of 
the workshop were then presented to potential partners in the South African and 
Namibian ministries and research institutions. The funding program “Science 
Partnerships for the Assessment of Complex Earth System Processes” (SPACES I) 
was initiated in 2012 under the FONA framework and followed by a second funding 
phase (SPACES II,) initiated in 2018 (PtJ 2021). Both SPACES I and SPACES II 
stemmed from national and international strategies and initiatives on global change 
and international partnerships. These include the German-South African Year of 
Science 2012, German Government’s Africa Policy Guidelines of 2014, Strategy 
for the Internationalization of Science and Research (BMBF 2008), the BMBF’s 
Africa Strategy (BMBF 2014a) and International Cooperation Action Plan of 
2014 (BMBF 2014b), as well as the United Nations Sustainable Development 
Goals SDG13 “Urgent action to combat climate change and its impacts,” 
SDG14 “Conserve and sustainably use the oceans, seas and marine resources 
for sustainable development,” SDG15 “Protect, restore and promote sustainable 
use of terrestrial ecosystems, sustainably manage forests, combat desertification, 
and halt biodiversity loss,” and SDG17 “Strengthen the means of implementation 
and revitalize the global partnership for sustainable development.” Furthermore, the 
joint research contributes to the international programs of the United Nations 
Framework Convention on Climate Change (UNFCCC), UN Convention on 
Biodiversity (UNCBD) and UN Convention to Combat Desertification (UNCCD). 

The core aim of SPACES I and SPACES II was to initiate collaborative research 
projects that contribute to the formulation of science-based recommendations on 
Earth system management, to ensure the sustainable use and conservation of the 
ecosystem services of the region. Both stress the provision of approaches tailored to 
the needs of end users. 

The research focus of SPACES I (2014–2017) was defined as interactions 
between the geosphere, atmosphere and ocean as well as those between land and 
ocean, and biosphere and atmosphere. The main research themes of SPACES, with 
focus on assessment, were: 

1. Coastal current systems in southern Africa, and their influence on land–ocean– 
atmosphere interactions, biogeochemical cycles and resource availability.
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2. Quantification of the fluxes of carbon, water, nutrients and pollutants in rivers, 
estuaries and desert areas in terms of transport and transformation mechanisms, 
and implications for biodiversity and related ecosystem services. 

3. Determinants of large-scale landscape evolution, hydrological changes and land-
use change in southern Africa. 

4. Describing, monitoring and conserving biodiversity in the face of habitat loss, 
and modeling potential changes based on predicted environmental and societal 
change. 

5. Development and application of measures to restore and rehabilitate ecosystems 
damaged by human activities and natural processes. 

6. Marine and terrestrial repositories of past climate and ecosystem change and their 
relevance to land–ocean–climate interactions. 

7. Investigating the formation and evolution of the ecosystem. 

SPACES I funded ten collaborative three-year research projects:

• AGULHAS—Regional and Global Relevance;
• ARS AfricaE—Adaptive Resilience of Southern African Ecosystems;
• IDESSA—Decision Support System for Rangeland Management;
• GENUS—Geochemistry and ecology of the Namibian upwelling system;
• GEOARCHIVES—Signals of Climate and Landscape Changes;
• GSI—Groundwater/seawater interaction along the South African south coast);
• LLL—Limpopo Living Landscapes;
• RAiN—Regional Archives for Integrated investigations;
• OPTIMAS—Sustainable Management of Savannah Ecosystems;
• SACUS—Southwest African coastal upwelling system and Benguela Niños; 

The intention of the SPACES II was not the direct continuation of previous 
projects, but rather the thematic deepening and geographical expansion of the 
research competence acquired so far. With new research topics and with additional 
partners, SPACES II will sustainably contribute to the corresponding national 
programs and initiatives in southern Africa in light of new international challenges. 
Further, projects operating infrastructures for monitoring key environmental vari-
ables and land surface processes were asked to develop a transfer concept for 
potential implementation and long-term usage by southern African collaborators 
and partners after project termination. Capacity building was considered as a major 
action to achieve this goal and to avoid leaving many of the activities as temporary 
endeavors without sustainable benefits for local stakeholders. 

The research focus was defined as interactions between the geosphere, atmo-
sphere and ocean as well as those between land and ocean, and biosphere and 
atmosphere; however, the scope was widened to include interactions between 
the anthroposphere, geosphere, hydrosphere, biosphere and atmosphere. Important 
themes for both, SPACES I and SPACES II were defined as soil erosion, drought, 
local and regional shifts in plant species composition, the interaction of climate
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change and human impacts, such as land use and pollution, and changes in oceanic 
currents. 

The second phase SPACES II (2018–2022) funded six terrestrial and three marine 
collaborative research projects (Table 1.1). The five main themes show the shift of 
focus from assessment to adaptations and include: 

1. Seasonal and interannual variability and trends of coastal current systems, 
considering their influence on land–ocean–atmosphere interactions in southern 
Africa, and their implications for biogeochemical cycles and marine resources 
management, 

2. The transport of carbon, water, nutrients and pollutants, considering their trans-
formation mechanisms and dynamics in riverine, estuarine and coastal areas and 
in terms of their importance for population, biodiversity and ecosystem services, 

3. The functioning of diverse landscapes in terms of sustainable land use, land-use 
change, carbon and water fluxes and their impacts on biodiversity, habitats and 
ecosystem services, 

4. Management options for landscapes and their ecosystem components for societal 
resilience to environmental change, 

5. Measures to restore and sustainably use degraded ecosystems for goals of 
resilience, adaptation and mitigation. 

Networking and collaborations between research institutions were at the core of 
SPACES II. The program is carried out jointly with the South African Department of 
Science and Innovation (DSI) (at the start of the program, under its previous name 
Department of Science and Technology DST), and it is intended to contribute to 
the intensification of cooperation with the Ministry of Education at the Republic of 
Namibia. Premises of the cooperation are mutual added value through high-quality 
cooperation and focus on jointly defined areas, consideration of (country-)specific 
African and specifically German interests, partnership and ownership as well as 
continuity and reliability in the cooperation. Institutions of other neighboring sub-
Saharan countries can be integrated into the projects accordingly. 

1.3 SPACES II Training and Knowledge Exchange Program 

In the long run, skills development through education and training is essential to 
economic development, security and stability in Africa, and BMBF sets the support 
of junior researchers and higher education as one of its central aims (BMBF 2008). 
As defined in the program call, all SPACES II projects were required to contribute 
to capacity development of the partnering institutions, promote young scientists, as 
well as facilitate scientific exchange and networking on thematic priority areas. Out 
of the ten target indicators that were set for the projects in the call, half were directly 
relevant to capacity development, namely (1) the number of jointly supervised 
student projects, (2) the development of joint training programs and utilization of 
research results in curriculum development, (3) training courses on intercultural
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competence; (4) capacity development of scientific personnel and (5) long-term 
development of joint German-African research and education capacity. 

In line with these aims, capacity development in SPACES II was largely based 
on the following, BMBF-funded core activities: 

1. Student fellowship program funded by the BMBF via the “Capacity Building and 
Development” (CaBuDe) scheme of the DAAD; 

2. Short-term exchange grants for scientific visits under the CaBuDe; 
3. Short courses and workshops in specialist research skills, as well as training on 

research vessels; 

Capacity building for scientists and practitioners in general and specifically 
the training of early-career researchers were central aims of the SPACES II 
program. The integrated training program aimed at linking the capacities of the 
southern African and German research communities as well as strengthening the 
competencies in the key areas of SPACES II. These key competencies included 
for example various modeling approaches, ecosystem assessments, greenhouse gas 
measurements, generating earth observation products and field surveying methods. 
Some courses also focused on transferable skills, such as intercultural communica-
tion. Training formats ranged from summer/winter schools and workshops to joint 
conference sessions, tutorials and online materials. 

Although the Covid-19 pandemic caused major disturbances to the program in 
terms of travel and meeting bans starting from early 2020, 11 courses and trainings 
were successfully completed by the beginning of the year 2022. 

1.4 SPACES II Synthesis 

This Ecological Studies volume summarizes new information and novel research 
approaches in the terrestrial and marine realms, and attempts where possible to 
integrate across these areas, especially with respect to their responses to global 
change phenomena. Although structured around projects of the SPACES II program, 
key chapters aim to give a coherent state-of-the-art summary of the dynamics of both 
ocean and terrestrial ecosystems as they are impacted by global change phenomena, 
by drawing on and synthesizing the deep legacy information and published work 
available for the region, including from the original ‘Science Partnerships for 
the Assessment of Complex Earth System Processes’ (SPACES I 2014–2017). It 
covers both the current and emerging understandings of the global change drivers 
of ecosystem dynamics, potential management options and an understanding of 
how future scenarios may be altered through policy and management interventions. 
Differing intensities of human use are considered where feasible, including levels of 
land management ranging from crop agriculture and agroforestry systems, through 
pasture and rangeland systems to natural vegetation as found in conservation areas 
for the terrestrial environment, and extractive industries in the oceanic realm. 
Common themes such as the drivers of net primary production and the dynamics
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of carbon fluxes are explored for both the terrestrial and as well as marine systems, 
highlighting both commonalities and particular differences between these different 
systems. In the marine realm, content ranges from fundamental biophysical aspects 
through to social–ecological issues such as food security and sustainability. 

The book is divided into five main sections, with each section comprising a 
number of individual parts: (1) a policy relevant introduction to the region, (2) a 
discussion of the policy implications of large-scale earth system processes impact-
ing on the region, (3) management and adaptation considerations, (4) monitoring 
options and (5) a synthesis with overall recommendations. In line with accepted 
practice in Intergovernmental Panel on Climate Change (IPCC) and Intergovern-
mental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) 
assessments, the information aims to be policy relevant, not policy prescriptive. 
The tone of the book, while adhering to scientific writing rigor, aims to provide 
understandable information to an audience of policy makers, and those involved 
in the science–policy interface, who might not be domain specialists, but wish 
to understand the importance of the issues to guide policy and management 
interventions. 

Climate variability and change is a central theme and is considered on its own 
(Chaps. 5, 6 and 7), or as it interacts with the terrestrial or marine realms (see Fig. 
1.1). Where feasible, the interplay between components of all three realms that were 
the focus of specific research questions and activities is highlighted in chapters 
(Fig. 1.1). For example, in the marine section, the physical processes affecting 
currents and upwellings form the basis for considering impacts on and risks to 
ecological processes (Chaps. 8 and 9), and how these may translate to production 
and fisheries (Chaps. 2, 11 and 25). In the terrestrial environment, research ranges 
from the ecological processes impacted by climate change in the terrestrial system 

Fig. 1.1 Graphical abstract and conceptual overview of the book topics covered. GCGC = Global 
Change Grand Challenge
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(Chaps. 14, 15, 16 and 17) to management and adaptation options for land uses 
ranging from natural systems (Chaps. 16 and 18) through extensively managed 
rangeland (Chaps. 16 and 19) systems and finally to intensively managed crop 
agricultural systems (Chaps. 20, 21, 22 and 23). Broader and integrative chapters 
consider physical processes driving the region’s climate (Chaps. 8, 9 and 10), 
the region’s role in regulating the global carbon balance (Chaps. 2 and 25) and 
feedbacks between climate and ecosystem productivity (Chaps. 2, 10, 11, 12, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 28 and 29). 

1.5 Geographic Advantages for Global Change Research 
in Southern Africa 

From an ecoregion and biodiversity perspective, southern Africa is globally unique, 
especially considering the high levels of endemism in both the terrestrial and marine 
ecosystems. Not only does the region have unique biodiversity including the plant 
diversity of the entire Cape Floristic Kingdom, but in addition it has extensive 
diversity of both terrestrial and marine habitats and biomes. A background to the 
southern African region, its unique ecosystems, the current threats to ecosystems as 
well as the macro-economics of the region is provided in the first four background 
chapters (Chaps. 2, 3 and 4). 

Biomes in the southern African region are under increasing pressure, both from 
direct human activities and from the more indirect impacts of climate change 
(Chap. 3). Land transformation (Chap. 13), particularly for crop agriculture and 
plantations of exotic timber species has destroyed vast areas of natural habitat 
and spatially isolated areas of remaining natural habitat. Overharvesting, be it 
overfishing (Chaps. 2 and 25), overgrazing (Chaps. 15, 16, 17, 18 and 19), select 
use of individual natural species or deforestation, has degraded both the marine and 
terrestrial environment. A further major problem impacting on most ecosystems, 
but of particular concern to the Cape Floristic Region, is the extent of alien invasive 
organisms that have naturalized within natural habitats (Chap. 3). These organisms 
can displace indigenous biodiversity through direct competition for space, but also 
through altering the structural nature of the habitat or the disturbance regimes 
such as fire. Although these direct anthropomorphic threats are severe, it is the 
interplay between these and climate change that poses increased risk. For instance, 
agricultural fields may prevent plant and animal migration that would be required 
for the indigenous organisms to adapt to climate change impacts (Chaps. 2 and 3). 

Climate change clearly poses a substantive threat to the unique biodiversity of the 
southern African subregion (Chaps. 2, 3 and 14). For instance a slight southward 
shift, possibly of as little as a few 10s of km, of the mid-latitude cyclones could 
have devastating impacts on the winter rainfall western cape region (Chaps. 6 and 
7). Being at the tip of Africa, the region is impacted by numerous ocean currents that 
effectively meet. Global warming is anticipated to alter these currents, and this will 
have poorly understood impacts on local climate (Chap. 8). Equally, changes in the 
upwelling dynamics of the Benguela system could devastate the fishing industries
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along the west coast of South Africa, Namibia and Angola (Chaps. 9 and 11). 
Overall, climate change, including impacts from atmospheric CO2 concentrations, 
may well cause entire biomes to shift in their spatial distribution (Chap. 14), adding 
additional pressures to, in some instances, already poorly conserved and vulnerable 
biodiversity (Chaps. 2 and 3). Similarly, climate induced changes to the movement 
of ocean currents and impacts from changed dissolved CO2 concentrations, could 
cause major shifts to the marine biota (Chaps. 2, 8, 9 and 25). 

From a research perspective, the region has a long history of well-maintained 
and well-documented research activities and data, as well as an extensive research 
infrastructure within the region, making it an ideal location for undertaking ongoing 
global change research within a developing world context (Chaps. 2 and 32). 
Germany, in particular, has had a long history of biodiversity and ecological research 
in Namibia and South Africa that has developed long-term and strong collaboration 
between German and southern African research institutes. Most chapters in this 
book are joint endeavors including both southern African and German research 
partners. 

The southern African region is a globally important, but currently under-
researched component of the global carbon cycles. The vast savanna and grassland 
regions of southern Africa represent a huge carbon store, much to this as soil organic 
carbon (Chaps. 2, 15–17). Anthropogenic impacts such as land cover change (Chap. 
29), erosion (Chap. 13) and deforestation cause a large amount of terrestrial organic 
carbon to be emitted into the atmosphere as CO2. However, these environments also 
represent potential carbon sinks, and through management may be important areas 
for global change mitigation (Chaps. 11, 17 and 30). Long-term trends in terrestrial 
carbon fluxes both from land cover change and from climate change, remain poorly 
understood, the direction of change in many instances not being certain (Chaps. 
2, 12, 17, 24 and 30). While the terrestrial carbon fluxes are significant, they are 
dwarfed by the marine fluxes. The Benguela current upwellings along the west 
coast of South Africa, Namibia and Angola represents one of the highest primary 
production regions globally, though the long-term fate of this sequestered carbon is 
still poorly understood (Chaps. 2 and 25). 

From a socioeconomic perspective, southern Africa is a developing region, with 
the development concerns and trajectory of southern Africa differing significantly 
from those of Europe. Wide-scale poverty, high population growth rates and 
major problems of unemployment, mean that national policies tend to favor short-
term growth opportunities over environmental concerns. This leads to tensions 
between sustainability and the needs for short-term development opportunities. 
As such, this creates unique sets of development and environmental challenges 
that differ substantially from those of high-income countries (Chaps. 3 and 4). 
Identifying sustainable terrestrial land-use options and opportunities given both the 
developmental and climate change realities creates major policy challenges (Chaps. 
16, 18–23).
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1.5.1 Climate Change 

The second part of the book is devoted to the large-scale biophysical processes 
and drivers impacting the climate in the subregion. This is introduced through 
descriptions of the past (Chap. 5), current (Chap. 6) and projected future climates 
(Chap. 7). In addition, it covers an emerging understanding of the impacts of 
southern ocean currents (Chaps. 8 and 9) as well as land–atmosphere feedbacks 
on climate (Chap. 10). 

Southern Africa has unique sets of climate challenges. There is substantive 
evidence that the interior of the subcontinent is warming at a rate above the global 
norm with heat waves, droughts and severe storms all likely to become more 
common (Chaps. 6 and 7). In addition, the latest future prediction largely agrees 
that the already predominantly arid region is likely to become dryer in addition 
to becoming hotter (Chaps. 6 and 7). Implications of climate change suggest that 
major negative impacts to both natural and agricultural land-use systems are almost 
certain. Given the wide dependency of the region on natural resources, nature-based 
tourism and agricultural production, the implications for the region are severe, and 
adaptation will be paramount (Chaps. 3, 4, 15, 16, 17, 18, 19, 20, 21, 22 and 23). 
The marine environment is not immune to climate change, with major impacts on 
the fisheries industry being likely, and possibly already being felt (Chaps. 2, 8, 9, 11 
and 25). 

Understanding past climate is important for both understanding the conditions 
under which current biodiversity evolved, as well as understanding how biodiversity 
may respond to future climates. Detailed measures of past climate are also critically 
important for calibrating future climate models (Chaps. 5, 12 and 28). 

The current climate plays an important role in determining current biodiversity 
patterns (Chap. 2). A feature of the current climate is the extent of interannual 
variability (Fig. 1.2). This is especially apparent regarding precipitation and periods 
of both droughts and above normal rainfall are normal (Chap. 6). Although there is 
a clear link between El Nino events and drought, this linkage is both complex and 
not absolute. Equally, La Nina events favor periods of high rainfall, but with only 
a weak correlation between the strength of the La Nina and rain (Chap. 6). Clearly, 
many other factors are also involved in determining local precipitation patterns, and 
understanding these drivers is critical for current and future climate predictions. In 
this regard, the roles of ocean currents and the possible ways they may change due 
to climate change are critical (Chaps. 8 and 9). In addition, land-use change on 
the terrestrial environment could have feedbacks into the predominantly convective 
precipitation patterns and this is explored in (Chap. 10). 

The book provides an up-to-date overview of the current understanding of 
climate and its drivers in southern Africa. It starts by reviewing climate over the last 
millennium and the availability of long-term climate surrogates that can be used to 
calibrate climate models (Chap. 5). It then discusses current climate with a specific 
focus on the hydrological factors and the drivers of interannual variance (Chap. 6). 
This is followed by a consideration of future climate projections for the region, a
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Fig. 1.2 The profound impacts of climate variance are illustrated in these repeat photos from 
Boesmanskop 2011 (grassy) and 2016 (no grass). This shows the transition from a wet period 
(early 2010s) to a period of summer droughts (mid to late 2010s). Photos J du Toit
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factor important to most chapters within the book (Chap. 7). The two following 
chapters consider the roles of currents and upwellings in the climate system (Chaps. 
8 and 9). The final chapter in this section considers the feedback between terrestrial 
land use, and specifically deforestation, and the climate system (Chap. 10). 

1.5.2 Carbon Dynamics 

Carbon dynamics, an important component of the global understanding of impacts 
and feedbacks of climate change, is a theme that runs through many of the SPACES 
II programs and book chapters pick up on this in all sections. 

The southern African environment plays an important, but poorly understood 
role in global carbon dynamics. It is both a potential source and sink of carbon 
depending on a combination of climate change futures, management options and 
ecosystem responses. African savanna, because of its vast extent, is recognized as 
both an important carbon pool and representing a potentially important carbon sink 
(Chaps. 2 and 15). More arid environments, such as the Nama-Karoo biome, have 
smaller carbon stocks, but their carbon dynamics are very poorly understood (Chap. 
17). Supporting carbon flux monitoring within the savanna has been an important 
component of the SPACES I and II programs (Chaps. 17 and 30). 

Carbon dynamics in the marine environment of southern Africa are poorly 
understood, despite the west coast of southern Africa being an important upwelling 
system with exceptionally high net primary production. Understanding the fate 
of this biomass in terms of the role it plays as a major carbon sink is of global 
importance (Chap. 2 and 25). 

1.6 Science in Support of Ecosystem Management 

Part III of the book (Chaps. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23 24 
and 25) focuses on science in support of ecosystem management. This section 
is focused on the policy relevant science to assist in the management of the 
southern African marine, freshwater and terrestrial ecosystems. It is grouped into 
four partly overlapping themes with each then developed through a number of 
interlinked chapters. Within the themes, chapters move from a general description 
of the sector and the threats that global change is placing on the sector to 
more focused discussions on potential policy and management interventions. The 
themes range from the marine and freshwater systems, through general terrestrial 
consideration, to rangelands and finally agricultural and agroforestry considerations. 
This represents a transition from management of relatively natural systems through 
partly transformed rangeland systems to fully transformed and intensely managed 
agricultural systems. 

Human actions are having profound impacts on the natural ecosystems. Over-
fishing and natural variability have fundamentally changed and reduced fish stocks 
from the production rich west coast of southern Africa. Understanding these changes
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and how climate change will impact on these already vulnerable resources is 
considered in (Chaps. 2, 11 and 25) (Fig. 1.3). To understand how these systems will 
change requires both an understanding of the drivers of upwell systems (Chaps. 8 
and 9) as well as understanding the trophic ecology of the marine production system 
(Chaps. 2 and 25). This will have important implications for the management of the 
west coast fisheries industry, as well as potentially changing the so-called CO2 pump 
and the degree to which this system sequesters carbon (Chap. 25). At the biome 
level, climate change may result in a shift in the spatial distribution of terrestrial 
biomes, favoring some and restricting others. These potential changes are explored 
in (Chap. 14). 

Humans live on land and within the southern African region, and most human 
activity is related to the terrestrial landscape. The terrestrial landscape is also subdi-
vided into areas with different levels of direct use and management. Understanding 
probable global change impacts on the terrestrial environment is therefore critical 
for its long-term sustainable management. Despite having been identified as an issue 
over a century ago, land degradation and more especially soil erosion, remains an 
important management consideration and this is instigated in (Chap. 13). 

The predominant use of the natural or seminatural habitats of southern Africa 
is as rangeland, i.e., land used to support either or both livestock or indigenous 
game management. An overview of the savanna rangeland and its current threats is 
given in Chap. 15, and responses of savanna rangeland to drought are investigated in 
(Chap. 16). One strategy advocated for dealing with the management of arid savanna 
areas is to use these areas for wildlife management rather than livestock. This switch 
from livestock to wildlife has been observed to have taken place over the past few 
decades and a case study from the Etosha region of Namibia is investigated in (Chap. 
18). Rates of primary production and how this may change given climate change are 
critical concerns for understanding climate change impacts. Long-term carbon flux 
measurements in the region are scarce, though there have been measurements in the 
savanna dating back to about the year 2000. Measurements in the vast Nama Karoo 
areas are fewer and this is explored in (Chap. 17). 

Livestock management remains a key use of rangeland throughout the region and 
is of especial importance to Bantu tribes as in addition to the financial aspects, there 
are strong cultural aspects to livestock. The communal tenure of many traditional 
areas adds great complexity to achieving sustainable livestock management (Chap. 
17). A feature of the savanna landscape is the long winter dry periods during 
which time grazing becomes scarce, especially during drought periods. Chapter 19 
considers dealing with the feed gaps in such systems. 

Although livestock management is important across most of the subregion, 
in areas with sufficient rain to support cropping, agriculture field crops become 
important as a livelihood strategy. Climate change is expected to have negative 
impacts on cropping due to general decline in precipitation over much of the 
region and longer and more frequent droughts. Chapter 20 provides an overview 
of the agricultural land-use systems of the region and the agricultural challenges 
that are being faced. The challenges are the development of integrated cultural 
landscapes, providing food security, ecosystem services and saving biodiversity.
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Fig. 1.3 An important component of the spaces program was the extensive use of ship-based 
programs to sample biotic and abiotic component of the marine environment. Photos Zankl (1,3) 
and AF Sell (2)
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In this context, agroforestry and other sustainable agricultural technologies are 
identified as potential adaptation opportunities (Chaps. 21 and 23). Chapter 22 
considers macadamia, a crop growing in importance for both small-scale and large-
scale farmers as a case study for impacts of climate change. In Chap. 23, overarching 
technology improvements and innovative strategies for small-scale farmers land 
management are considered. 

1.7 Monitoring 

Part IV of the book considers a number of emerging tools and processes for 
improved monitoring and modeling of the southern African environment (Chaps. 
24, 25, 26, 27, 28, 29 and 30). 

As discussed above, southern Africa has extensive legacy data that makes ongo-
ing research in the region easier. However, maintaining and expanding monitoring 
networks is critical given the rapid changes that are being observed due to global 
change forces. New and cost-effective monitoring tools are also constantly emerging 
and evolving. Chapters 24 and 29 consider the emergence of new capability from 
remotely sensed products, while Chap. 30 considers South Africa’s network of field-
based data monitoring stations. 

Marine monitoring for a better understanding of the primary productivity and 
carbon balances in the west coast upwelling systems is discussed in (Chap. 25), 
while (Chap. 26) considers the modeling of net primary production (NPP) in the 
terrestrial environment using both satellite-based and -modeled approaches. 

The sediments in wetlands, estuaries and other coastal areas can provide long-
term historical data based on pollutants and biological material that has been 
deposited. This can be interpreted both to know the state of the current environment 
(Chap. 27) and to reconstruct histories of based land cover (Chap. 28). 

Chapter 29 considers how observational data can be used in support of policy, and 
Chap. 30 discusses research infrastructures for long-term environmental observation 
with a focus on greenhouse gas measurements. 

1.8 Synthesis and Outlook 

Section 1.5 of the book is a short synthesis of results. It contains results for a small 
study that reviewed lessons from north-south collaboration projects (Chap. 31). 
Overarching messages emerging from the research studies as well as suggestions 
for the future are given in Chap. 32.
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Abstract 

The southern African subcontinent and its surrounding oceans accommodate 
globally unique ecoregions, characterized by exceptional biodiversity and 
endemism. This diversity is shaped by extended and steep physical gradients 
or environmental discontinuities found in both ocean and terrestrial biomes. 
The region’s biodiversity has historically been the basis of life for indigenous 
cultures and continues to support countless economic activities, many of them 
unsustainable, ranging from natural resource exploitation, an extensive fisheries 
industry and various forms of land use to nature-based tourism. 
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Being at the continent’s southern tip, terrestrial species have limited opportu-
nities for adaptive range shifts under climate change, while warming is occurring 
at an unprecedented rate. Marine climate change effects are complex, as warming 
may strengthen thermal stratification, while shifts in regional wind regimes 
influence ocean currents and the intensity of nutrient-enriching upwelling. 

The flora and fauna of marine and terrestrial southern African biomes are of 
vital importance for global biodiversity conservation and carbon sequestration. 
They thus deserve special attention in further research on the impacts of 
anthropogenic pressures including climate change. Excellent preconditions exist 
in the form of long-term data sets of high quality to support scientific advice for 
future sustainable management of these vulnerable biomes. 
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2.1 Introduction 

Southern Africa is a globally important hotspot of biodiversity and endemism. It 
hosts both individual taxa and entire ecological communities that are unique in 
the world. Its large marine biomes, while also containing many unique, endemic 
species, are known more for their exceptionally high biomass and productivity 
than for their overall species richness. For the purposes of this chapter, we have 
defined southern Africa as the area south of the Kunene River on the West Coast 
and Quelimane on the East Coast (approximately 17◦ S). As such, it incorporates all 
of Namibia, South Africa, Botswana, Eswatini (formerly Swaziland) and Lesotho, 
as well as most of Zimbabwe and the southern half of Mozambique. Aspects of the 
marine Angola Current biome between the Congo River (approximately 6◦S) and 
the Kunene River are also included. 

Identified as one of the world’s 17 megadiverse nations, South Africa ranks in 
the top ten nations globally for plant species richness and is third for marine species 
endemism (Tolley et al. 2019). This is despite the fact that it is located mostly 
outside of tropical latitudes which host most of the world’s species-rich ecosystems. 
With a landmass of 1.2 million km2 and surrounding seas of 1.1 million km2, South 
Africa (without its sub-Antarctic territories and waters) is among the smaller of 
the world’s megadiverse countries—which together contain more than two-thirds 
of the world’s biodiversity (Tolley et al. 2019). Tolley et al. (2019) reported that 
approximately 10% of the world’s marine fish species, 7% of vascular plants, 5% of 
mammals, 7% of birds, 4% of reptiles, 2% of amphibians and 1% of freshwater 
fishes exist in South Africa. While they found limited information available on 
invertebrate groups overall, they stated that almost a quarter of global cephalopod 
species (octopus, squid and cuttlefish) are found in South African waters. 

Southern African marine ecosystems offer habitats for a large variety of species. 
Even though species richness is lower than in the top-ranked ecosystems such 
as coral reefs, they host a high proportion of globally unique taxa. Griffiths et 
al. (2010) reported 12,715 marine eukaryotes in the ocean around South Africa, 
and the National Biodiversity Assessment in 2018 lists more than 13,000 marine 
species (Sink et al. 2019). However, these estimates constantly need updating 
owing to new species discoveries and taxonomic revisions. Many of the marine 
species in South African waters have so far been found nowhere else on the globe, 
and thus, the country is reported as having the third highest marine endemism 
rate after New Zealand (51%) and Antarctica (45%) (Sink et al. 2019). Accurate 
estimates of biodiversity and endemism are challenging to obtain, and records differ 
because studies vary in areal extent covered, methodology, data sources consulted, 
sampling effort and taxa investigated. Griffiths and Robinson (2016) concluded, 
based on then available comprehensive data sets for marine species, that around 
28% to 33% of the marine taxa within the national boundaries of South Africa 
are endemic. It was, however, pointed out that sampling intensity varies greatly 
among habitats, and has been concentrated in the shallow near-shore areas. South 
African benthic invertebrates show peaks in species richness (regardless of a likely
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bias in sampling intensity), where species distribution ranges overlap when two 
biogeographic regions meet, particularly around the Cape Peninsula, where the 
influences of the Indian Ocean and the Atlantic Ocean converge (Awad et al. 2002). 
The region between Cape Point and Cape Agulhas, a transition zone between the 
cool-temperate West Coast and the warm-temperate South Coast biogeographic 
provinces, hosts distinct genetic lineages of several species which are unique to 
this zone (Teske et al. 2011). Maximum marine endemism has been found in the 
warm temperate Agulhas ecoregion along the South Coast of South Africa (Awad et 
al. 2002; Sink et al. 2019). However, several species like the African penguin, green 
sea turtle, abalone and many fish taxa are currently endangered due to habitat losses 
and other drivers. 

The terrestrial ecosystems of southern Africa have a very rich biodiversity, 
particularly considering the subcontinent’s low rainfall and subtropical-to-temperate 
climate. South Africa holds three of the world’s 35 biodiversity hotspots (a measure 
of biological diversity combined with vulnerability to threats): the Cape Floristic 
region, Succulent Karoo Biome and Maputaland–Pondoland–Albany center of 
endemism (Tolley et al. 2019). There are an estimated 22,000 species of ferns, 
angiosperms and gymnosperms in southern Africa (Huntley 2003). Species diversity 
is not homogeneous and varies extensively throughout the region. In the southern 
African terrestrial habitats, floral speciation and endemism are particularly high 
within the Fynbos and Succulent Karoo Biomes. The succulent karoo vegetation 
represents the greatest floral species richness when compared globally to all areas 
with equivalent rainfall. Although the savanna has only slightly fewer plant species 
than the Fynbos Biome, the nature of the diversity is very different. Firstly, the 
southern African savanna is an order of magnitude greater in spatial extent than the 
fynbos. Secondly, there is a high alpha diversity, but low beta and gamma diversity 
in the savanna. This means there is a high diversity of species at any particular 
location, but these same species occur very widely (Huntley 2003). The fynbos, by 
contrast, has relatively few species at any specific location, that is a lower alpha 
diversity, but high differences in species between locations, thus high beta and 
gamma diversity (Cowling et al. 2003a; Scholes 2003). Plant speciation at the genus 
level is truly exceptional within the fynbos, with genera such as Protea and Erica 
showing immense and relatively recent speciation (Cowling et al. 2003b) along with 
Aizoaceae in the succulent karoo (Klak et al. 2004). 

Faunal diversity is in part explained by the diverse flora (Procheş and Cowling 
2006). Terrestrial animal diversity, although less than plant diversity, is still high. 
About 960 species of birds, of which 98 are endemic, occur in the region (van 
Rensburg et al. 2002). Southern Africa has the richest reptile diversity in Africa, 
exceeding 490 species (Branch 2006) with 384 indigenous species in South Africa, 
Lesotho and Eswatini (Branch 2014), and including a diversity hotspot region for 
chameleons (Tolley et al. 2008). Insect diversity, though still not fully studied, is 
closely correlated with plant species diversity (Procheş and Cowling 2006). Spider 
diversity is higher than in the African tropics and 71 spider families, 471 genera 
and 2170 species have been recorded from South Africa, of which 60% are endemic 
(Dippenaar-Schoeman et al. 2015).
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Spatially extended and sometimes steep environmental gradients are thought to 
be largely responsible for the extensive biome-level diversity on land (Cowling et 
al. 2003b). These authors point out that high species richness is often related to 
dystrophic soils and disturbance, which prevents the establishment of shaded closed 
woodland and forest conditions even under high rainfall, and appears to promote 
high plant richness and endemism. 

Deeper in time, the relative stability of major climatic and ocean features over 
the Quaternary and late Neogene periods has likely lowered extinction rates relative 
to many other parts of the world (Enquist et al. 2019). Over the Quaternary period, 
repeated glacial/interglacial cycles have caused pulsed equatorward/poleward shifts 
in the path of westerly rain-bearing frontal systems to the subcontinent and shifts in 
the position of trade winds (Stuut et al. 2004) and in sea level, exposing coastal 
shallows and platforms for periods of thousands to tens of thousands of years 
(Cowling et al. 2020). 

Unlike on land, a certain degree of environmental stability appears to be a 
key factor promoting high biodiversity in the marine realm (Woodd-Walker et al. 
2002; Robison 2004, 2009). Highly fluctuating coastal upwelling conditions on the 
southern African West Coast thus reduce biodiversity. In contrast, the interplay 
of the warm-water Agulhas Current with the cold-water Benguela Current at the 
southern coast sections as well as more stable conditions at the East Coast create 
high numbers of heterogeneous micro- and macrohabitats that enhance biodiversity 
and endemism. 

Sharp spatial discontinuities shape the marine realm, namely via the topography, 
major ocean currents and wind-driven circulation affecting water properties— 
particularly temperature, salinity, oxygen and nutrient content—which determine 
the habitat structure and living conditions of organisms. One such major envi-
ronmental discontinuity is generated by the convergence of the warm and saline 
Agulhas Current, which originates from the Indian Ocean and moves poleward 
(southward) along the East Coast of southern Africa, the South Atlantic Current and 
the cold eutrophic branches of the Antarctic Circumpolar Current from the south, 
feeding into the Benguela Current which flows equatorward (northward) along the 
West Coast of southern Africa (see Figs. 8.1 and 8.2; Chap. 8 and Fig. 9.5; Chap. 9). 

Southern Africa may well be the area in which modern humans evolved (Fortes-
Lima et al. 2022). The history of human impacts in this region is extensive. Small 
numbers of modern humans persisted in the southern Cape, in particular, during very 
adverse climatic conditions of Pleistocene stadials, supplementing their terrestrial 
diets with marine resources (Esteban et al. 2020; Wren et al.  2020), but only with 
likely local impacts. Coastal marine resources such as mussels and limpets were 
hand-harvested along the South African South Coast for food and other uses during 
the Middle and Late Stone Ages (Nelson-Viljoen and Kyriacou 2017). The San, 
a predominantly hunter-gatherer society, and the Khoekhoen, early pastoralists, 
have inhabited the region going back 150,000 to 260,000 years (Schlebusch et 
al. 2017). Bantu-speaking groups migrated into southern Africa by both a West 
African and an East African route, with settlements dating back approximately

http://doi.org/10.1007/978-3-031-10948-5_8
http://doi.org/10.1007/978-3-031-10948-5_9#Fig5
http://doi.org/10.1007/978-3-031-10948-5_9
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1400 years (Vansina 1994; van Waarden 2002). These groups brought with them 
crop agriculture, metal smelting and cattle. Finally, there was European colonization 
of the area starting from the fifteenth century, including Portuguese settlements on 
the East Coast and Dutch settlements in the Cape region (Biggs and Scholes 2002). 
During the Holocene, human populations increased in size, and population growth 
of indigenous peoples and European colonization characterize the past millennium 
to century time scales. Tidal fish traps were in use from the late nineteenth century 
(Hine et al. 2010), before the advent of industrial-scale fishing for sole and Cape 
hakes in the early twentieth century (Durholtz et al. 2015). In the past few centuries, 
the introduction of modern technologies into the region has had sudden, massive 
impacts on both land and ocean biodiversity (Skowno et al. 2019). In the terrestrial 
environment, European settlers introduced guns to the area, which had devastating 
impacts on large mammals, especially elephants. In addition, many areas were 
destocked of their original wildlife, which was replaced with domestic livestock, 
often in fenced areas with artificial water points. Later there was further extensive 
transformation of natural vegetation to agricultural cropland. 

Southern Africa has extensive and well-maintained legacy environmental data. 
For instance, the South African National Biodiversity Institute (SANBI) has the 
responsibility for coordinating the maintenance of national biodiversity informa-
tion (www.sanbi.org/resources/infobases/). The South African Earth Observation 
Network (SAEON) maintains long-term environmental monitoring sites in South 
Africa (Chap. 30). Although at a slightly smaller scale, comprehensive research and 
data collections regarding biodiversity are also maintained in Namibia, Botswana, 
Zimbabwe and Mozambique. Much of the southern African historic data is well 
maintained and accessible in electronic format. Avian biodiversity is exceptionally 
well monitored through annual citizen science bird censuses (Hugo and Altwegg 
2017). 

2.2 Oceanic Biomes 

The biogeography of the oceans is structured primarily through large-scale ocean 
circulation patterns, where frontal zones between water masses act as boundaries 
(Longhurst 2007). Biomes and provinces within the oceans have been defined 
using different classification methods (Hardman-Mountford et al. 2008; Oliver  
and Irwin 2008). Considering the oceans’ biogeochemical properties, Fay and 
McKinley (2014) have distinguished 17 open-ocean biomes. Other authors based 
their biogeographic zonation of the oceans on a combination of physical and 
biogeochemical properties, as well as ecological communities (compare bioregions 
defined in Lombard et al. 2004; Sutton et al. 2017). Briggs and Bowen (2012) based 
their classification on fish distributions and defined the warm-temperate Benguela 
Province as a separate zone within the East Atlantic, and also the Agulhas Province, 
which is linked to the Indo-Pacific. In this chapter, we adopt a broad definition of 
‘oceanic biomes’ for the marine realm, including not only abiotic criteria, but also 
ecological zonation patterns.

http://www.sanbi.org/resources/infobases/
http://doi.org/10.1007/978-3-031-10948-5_30
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2.2.1 Oceanographic Gradients Shaping Southern African Marine 
Biomes 

Satellite images and satellite-derived data products visualize some of the key 
characteristics of the marine biomes around southern Africa (Fig. 2.1; Good et 
al. 2020). On the West Coast, at about 17◦S, the Angola-Benguela Frontal Zone 
(ABFZ) separates the warm oligotrophic waters off Angola from the Benguela 
Upwelling System (BUS) to the south, which is characterized by cold and nutrient-
rich surface waters. In contrast, all along the East Coast of Africa, warm waters are 
found at the surface. The warm-water masses of the Angola Current in the north, 
and of the Agulhas Current in the south-east, form the oceanographic boundaries of 
the cold BUS (Hutchings et al. 2009; Kirkman et al. 2016; Chap. 9). 

The circulation in Angolan waters is dominated by the Angola Current (AC) 
which transports warm tropical waters southward until reaching the ABFZ (Kopte 

Fig. 2.1 Sea surface temperature (SST) around southern Africa; mean for the period 2003–2019. 
AC Angola Current, ABFZ Angola-Benguela Frontal Zone, BCC Benguela Coastal Current, PUC 
Poleward Undercurrent, BOC Benguela Offshore Current, SEJ Shelf Edge Jet, ACR Agulhas 
Current Retroflection, ARC Agulhas Return Current. Data: OSTIA product (https://resources. 
marine.copernicus.eu/product-detail/SST_GLO_SST_L4_REP_OBSERVATIONS_010_011/ 
INFORMATION), DOI: https://doi.org/10.48670/moi-00168
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et al. 2018). South of the ABFZ, the subsurface Poleward Undercurrent (PUC) 
transports South Atlantic Central Water (SACW) poleward, providing warmer 
pelagic habitats in the otherwise cold Benguela environment. South-easterly trade 
winds of the South Atlantic Ocean drive the northward-flowing Benguela Current 
and the coastal upwelling, with surface waters being colder than the surrounding 
water masses. At the surface, the Benguela Current is a key dynamic feature, and 
branches into an oceanic part (Benguela Offshore Current, BOC) and a coastal 
part (Benguela Coastal Current, BCC). The BOC is part of the eastern limb of the 
Subtropical Gyre transporting subtropical Eastern South Atlantic Central Waters 
(ESACW) northward. The BCC can be seen as a coastal jet being part of the 
upwelling system (Siegfried et al. 2019). 

The currents east and south of southern Africa provide an important part of the 
large-scale circulation in the Indian Ocean and establish a key link of the global 
conveyor belt circulation. As the western boundary current in this system, the 
Agulhas Current transports water of tropical and subtropical origin to the south. 
It flows along the South African South Coast, then overshoots the southern tip of 
the continent, before abruptly turning back into the Indian Ocean. At the Agulhas 
Current retroflection, large mesoscale eddies are shed which, together with small-
scale currents like the Shelf Edge Jet, make the Cape Cauldron south-east of Africa 
a region of strong current interactions and vigorous air–sea exchange. As a result, 
the Agulhas waters provide a warm and saline component for the upper limb of the 
Atlantic Meridional Overturning Circulation (AMOC), and are important for global 
climate (Beal et al. 2011). Some of these waters also reach into the Benguela region 
(Fig. 2.1; for details on the Agulhas Current System, see Chap. 8). 

2.2.2 Southern African Marine Biomes: A Brief Overview 

Around southern Africa, different marine biomes or bioregions (sensu Lombard 
et al. 2004) can be distinguished, which are defined through their oceanographic 
properties, as well as by their biological communities. Five inshore bioregions 
have been described for the coast of South Africa alone (Lombard et al. 2004), 
namely (from east to west) the Delagoa, Natal, Agulhas, South-western Cape and 
the Namaqua bioregions (Fig. 2.2), the latter bordering the Namib bioregion off 
Namibia (Griffiths et al. 2010). As offshore bioregions, Lombard et al. (2004) 
defined the Atlantic Offshore, the Indo-Pacific, the West Indian Offshore and the 
South-west Indian Offshore Bioregions (see Fig. 2.2). In their spatial biodiversity 
assessment for South Africa, those authors further divided their five inshore and 
four offshore bioregions by depth strata into ‘biozones,’ units which may help to 
assess threat status and design protection measures. 

Within the Benguela region or province, a description of ecologically meaningful 
spatial subunits has been summarized by Hutchings et al. (2009) and Kirkman et 
al. (2016). Recently, researchers have advised taking these boundaries into account 
to implement ecosystem-based management and effective conservation measures 
(Kirkman et al. 2016, 2019). The concept of marine biomes is also being integrated

http://doi.org/10.1007/978-3-031-10948-5_8
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Fig. 2.2 South Africa’s five inshore and four offshore bioregions, as defined by Lombard et al. 
(2004); from Griffiths et al. (2010), https://doi.org/10.1371/journal.pone.0012008.g004 

into current efforts to implement Marine Spatial Planning (MSP) in the southern 
African countries (see Sect. 2.2.4 in this chapter). 

The marine ecosystems around the southern African coasts cover the transition 
zone between Atlantic and Indio-Pacific biomes (Fig. 2.3). This gives rise to a 
remarkably rich biodiversity and a high amount of endemic species. For South 
Africa alone, more than 3500 species were classified as endemic during the Census 
of Marine Life, within a total of 12,715 reported eukaryotic species (Costello et 
al. 2010). The marine realm around the coasts of Angola, Namibia, South Africa 
and Mozambique comprises a large variety of habitats, including sandy and rocky 
shores, kelp forests, coral reefs and estuaries. Yet, an uneven sampling effort, in 
both geographical and taxonomic dimensions, as well as differential availability of 
region-specific identification guides and expertise, are expected to cause bias in the 
reported biodiversity (Griffiths 2005; Costello et al. 2010). 

Depending on their distance from shore and their depth, the marine ecosystems 
can generally be grouped into three broad zones, namely coastal, benthic and 
pelagic ecosystems. For the West Coast of southern Africa, these zones have 
already been used in ecosystem mapping for South Africa’s National Biodiversity 
Assessment (Sink et al. 2011), and in extending the approach across the national 
borders to cover the entire Benguela region (Kirkman et al. 2019). Alongshore, the 
southern African marine ecosystems are associated with the major biomes of the 
Angola Current region and the Benguela Upwelling System (BUS)—which together 
form the Benguela Current Large Marine Ecosystem (BCLME). The BCLME 
extends from the northern boundary of Angola southward along the West Coast

http://doi.org/10.1371/journal.pone.0012008.g004
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Fig. 2.3 Marine biomes and major current systems around southern Africa. The warm Angola 
and Agulhas Currents and the cold Benguela Current shape the ecosystems around the coasts 
of southern Africa. The four major biogeographic provinces (cool temperate, warm temperate, 
subtropical and tropical) each host characteristic assemblages of species. According to Teske et al. 
(2011), ‘coastal phylogeographic breaks’ (between Cape Point and Cape Agulhas, between Algoa 
Bay and the Wild Coast, and around St Lucia) characterize zones where distinct genetic lineages 
can be found in many coastal taxa. LME—Large Marine Ecosystem; sBUS and nBUS—southern 
and northern Benguela subsystem, respectively. (Figure adapted from Teske et al. 2011) 

of southern Africa to the Cape of Good Hope in South Africa. The BUS hosts a cell 
of exceptionally intense upwelling off Lüderitz (around 27◦S), which effectively 
divides the BUS into a northern and a southern part (Duncombe Rae 2005; Shannon 
2009). Together with the adjacent Agulhas Current LME, these zones belong to 
the biogeochemical provinces BENG (Benguela Current coast) and EAFR (East 
African coast), respectively, according to Longhurst (2007). 

Aside from their horizontal zonation with distance from shore, the southern 
African marine biomes are vertically structured and distinct: near-coastal biomes are 
clearly influenced by the contact with the seafloor and its benthic communities, and 
furthermore to varying degrees by river run-off or transport of water and minerals 
between land and sea (see Sect. 2.4 of this chapter). Further offshore, the steep slope 
of the continental shelf forms an important structure—shaping upwelling intensity, 
ocean currents and thereby also migration and dispersal routes for organisms. Far 
offshore, the open ocean is mainly structured by the diminishing intensity of light 
with increasing depth, leading to the typical oceanic zones: (1) the photic epipelagic 
zone reaching from the surface down to approximately 200 m (the zone with the
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largest productivity, based on photosynthesis), (2) the mesopelagic twilight zone 
from ~200 to 1000 m (inhabited also by vertically migrating species, which seek 
refuge here from predators during the day and ascend into the epipelagic at night to 
feed), (3) the bathypelagic zone (1000 to 4000 m) with no sunlight and no primary 
producers at all, and (4) the abyssopelagic zone (below 4000 m) with highest 
ambient pressure and temperatures close to 0◦C. The ecology of the latter two 
zones of the global ocean is least studied, mainly due to the technical and logistical 
requirements to reach them with oceanographic instrumentation. 

2.2.2.1 Angola Current Biome 
The ecosystem properties north of the Angola-Benguela Frontal Zone (ABFZ), 
which is located at about 17◦S, are driven by coastal trapped waves propagating 
southward from the Equatorial Atlantic, thereby resulting in seasons of dynamically 
driven upwelling and downwelling. Water is supplied from the open South Atlantic 
toward the eastern boundary by the South Equatorial Undercurrent and the South 
Equatorial Counter Current and transported southward along the coast by the 
Angola Current. Additionally, freshwater is supplied by river run-off from the 
Congo River and other rivers further south, such as the Cuanza River (Kirkman 
et al. 2016, and references therein, Siegfried et al. 2019). There is no significant 
wind-driven upwelling north of the ABFZ. Variable extents of low-oxygen waters 
occur and create an oxygen-depleted subsurface zone encompassing the Angola 
Dome region and extending toward the coast (Monteiro and van der Plas 2006). 
The main exploited resources of this subsystem include two Sardinella species and 
Kunene horse mackerel Trachurus trecae as pelagic fish, as well as demersal sparid 
fish such as Dentex spp., Angolan hake Merluccius polli, and deep-sea red crab 
Chaceon sp. (Kirkman et al. 2016). The biodiversity of demersal species in Angola 
is high, relative to the temperate Benguela ecosystem to the south (Huntley et al. 
2019; Kirkman and Nsingi 2019). 

In the steep environmental gradient at the ABFZ, high abundances of zooplank-
ton (Verheye et al. 2001; Postel et al. 2007) and fish larvae (Ekau et al. 2001) have  
been observed. This front constitutes the northern boundary of the BCLME, which 
is divided into two oceanographically and ecologically distinct regions, the northern 
and the southern Benguela Upwelling subsystems. 

2.2.2.2 The Northern Benguela Upwelling System (nBUS) 
The northern Benguela Upwelling System (nBUS) extends from the Angola-
Benguela Frontal Zone in the north (17oS) to the Lüderitz upwelling cell off 
Namibia in the south (27oS). Upwelling in the nBUS is perennial, with total 
cumulative upwelling being an order of magnitude greater than in the sBUS (Lamont 
et al. 2018). Extreme low-oxygen or even anoxic zones develop on the inner 
continental shelf off Namibia, due to a combination of factors: rather oxygen-poor 
SACW reaching the nBUS, and high oxygen consumption coupled with high sulfate 
reduction rates at the sea floor (microbial respiration and fermentation of the decay-
ing organic matter deposited onto the shelf sediments). Hydrogen sulfide (H2S) 
is maintained in large (1500 km2) bacterial mats produced by sulfur-oxidizing,
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nitrate- and sulfur-storing bacteria, which prevent H2S from constantly diffusing 
into the water column. However, gas (methane and H2S) eruptions from this layer 
lead to seasonally occurring intrusions of hydrogen sulfide, with detrimental effects, 
including mass mortalities, on the surrounding marine organisms (Emeis et al. 2004; 
Brüchert et al. 2006; Currie et al. 2018). 

Stock sizes of formerly important fisheries resources in the nBUS, specifically 
sardine (Sardinops sagax) and, to a lesser extent, anchovy (Engraulis encrasicolus), 
collapsed in the 1970s. Nowadays, abundant components of the food web include 
large scyphozoan jellyfishes (Aequorea forskalea and Chrysaora fulgida) (Roux et 
al. 2013), the bearded goby (Sufflogobius bibarbatus) (Utne-Palm et al. 2010) and 
mesopelagic fishes. Top predators include Cape fur seals (Arctocephalus pusillus 
pusillus), dolphins and seabirds, e.g., African penguins (Spheniscus demersus) and 
Cape gannets (Morus capensis) (Kirkman et al. 2016). Commercially exploited 
components include predatory demersal species—specifically the two hake species 
(Merluccius paradoxus and M. capensis) and monkfish (Lophius vomerinus)—and 
pelagic horse mackerel (Trachurus capensis) as well as deep-sea red crab (Chaceon 
maritae) (Kirkman et al. 2016). 

2.2.2.3 The Southern Benguela Upwelling System (sBUS) 
South of the permanent Lüderitz upwelling cell, in the southern Benguela Upwelling 
System (sBUS), low-oxygen water is less prevalent than in the nBUS and occurs 
in rather restricted locations. The sBUS is characterized by seasonal, wind-driven 
upwelling at discrete centers, with peaks occurring during austral spring and 
summer (Hutchings et al. 2009; Lamont et al. 2018). The densest communities of 
zooplankton have been reported downstream of the Namaqua and Cape Columbine 
upwelling cells, between the Orange River mouth and St Helena Bay (Pillar 1986; 
Huggett et al. 2009), in the major nursery grounds of commercially targeted fish 
species. The southern section of the sBUS is influenced by the Agulhas Current 
and Agulhas leakage into the South Atlantic, which occurs through shedding of 
mesoscale Agulhas rings and eddies (Beal et al. 2011). The landside boundary 
between the Benguela Current LME and the Agulhas Current LME is located at 
Cape Agulhas. The seaward transition, on the other hand, moves within certain 
limits as the variable mesoscale oceanographic features of the Agulhas leakage lead 
to different degrees of influence and exchange around the boundary between the two 
Large Marine Ecosystems. 

The continental shelf of the Benguela region is particularly wide compared to the 
other eastern boundary upwelling systems. Thus, in conjunction with shelf-break 
fronts originating from the Shelf Edge Jet and inshore upwelling fronts, retention 
cells are formed, particularly in the sBUS, increasing the productivity (Flynn et al. 
2020; Rixen et al. 2021). They facilitate nurseries for anchovies and other small 
pelagic fish species spawned west of Cape Agulhas as well as for mesopelagic 
pseudo-oceanic species, and provide rich feeding grounds for whales (Ragoasha 
et al. 2019; Dey et al. 2021). 

Exploited marine resources in the sBUS include hakes, anchovy, sardine, a 
currently declining overexploited West Coast rock lobster (Jasus lalandii) popu-
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lation, linefish such as snoek (Thyrsites atun) and yellowtail (Seriola lalandii), and 
several tuna species (Kirkman et al. 2016). There is considerable exchange between 
the stocks of small pelagics of the sBUS and the Agulhas Current LME. Commercial 
and experimental fishing on mesopelagic resources has occurred in the sBUS where 
catches were dominated by the lanternfish Lampanyctodes hectoris (Tyler 2016), 
while this species as well as lightfishes (Maurolicus walvisensis, formerly reported 
as M. muelleri) were found to be common and abundant over the shelf of the entire 
BUS (Coetzee et al. 2009, 2018). 

2.2.2.4 Agulhas Current LME 
The Agulhas Current Large Marine Ecosystem stretches from Cape Agulhas to 
the northern end of the Mozambique Channel, and the ecosystem is driven by 
the swift southward-moving warm Agulhas Current. Intermittent upwelling occurs 
at the shelf edge and seasonal mixing takes place on the broad Agulhas Bank 
(Kirkman et al. 2016, and references therein). Strong winds from various directions 
are typical for the area. The Agulhas Bank provides spawning grounds for many 
commercially important species targeted by fisheries locally or after their migration 
to the West Coast. These include the hakes, sardine, anchovy, round herring 
(Etrumeus whiteheadi), horse mackerel, chokka-squid (Loligo reynaudii), Agulhas 
sole (Austroglossus pectoralis) and linefish, such as dusky kob (Argyrosomus 
japonicus) (Kirkman et al. 2016). Seabirds, particularly Cape gannets, are top 
predators of the region’s pelagic fishes. The zooplankton community on the Agulhas 
Bank is dominated by a large copepod species, Calanus agulhensis (Verheye et al. 
1994; Huggett et al. 2023), which is an important food item for pelagic fishes and 
squid. Highest copepod densities are often associated with a quasi-permanent ridge 
of cool upwelled water on the central and eastern parts of the bank that is thought to 
fuel local productivity as well as enhance retention (Huggett and Richardson 2000). 
Around the South Coast of South Africa in the Agulhas Current LME, biodiversity 
is particularly high due to the influence of the Indian Ocean biota (Gibbons and 
Hutchings 1996; Smit et al. 2017). 

2.2.3 The Benguela Upwelling System: A Focus Region of SPACES 
Research 

Research within the TRAFFIC 1 project of the SPACES II 2 program has set a focus 
on the Benguela Upwelling System (BUS), in order to increase our understanding 
of biodiversity, ecological functioning, carbon sequestration and particularly trophic 
transfer efficiency within its food web, and hence the mechanisms supporting the 
exceptionally high productivity of this ocean region.

1 TRAFFIC - Trophic Transfer Efficiency in the Benguela Current 
2 SPACES II – Science Partnerships for the Adaptation to Complex Earth System Processes in 
Southern Africa 
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2.2.3.1 A Global Perspective on the Ecological Significance 
of the Benguela Region 

Together with the Humboldt, Canary and California Current Systems, the Benguela 
Current System belongs to the world’s most productive marine biomes and provides 
a significant portion of the global catch of wild fishes for human consumption. 
Common to the biomes in all four of these large Eastern Boundary Upwelling 
Systems (EBUS) is a rich supply of nutrients through coastal upwelling caused 
by the trade winds, which supports intense phytoplankton growth that forms the 
base for an exceptionally high marine productivity. At the same time, the Benguela 
Upwelling System (BUS) hosts communities with a high share of globally unique 
(i.e., endemic) marine taxa. 

The Benguela Current Large Marine Ecosystem (BCLME) has been included in 
the Tentative List of UNESCO World Heritage Sites and has been classified as one 
of Outstanding Universal Value (OUV) based on three criteria: (1) the extremely 
high primary production sustaining a global hotspot of productivity and rich stocks 
of commercially targeted fish and crustaceans, as well as large populations of other 
fishes, seabirds and marine mammals; (2) the occurrence of many endemic or 
otherwise rare species; and (3) the massive genesis of seabird guano, used as natural 
fertilizer to enhance agriculture production. 

2.2.3.2 Biome-Level Diversity 
The communities within the marine biomes around southern Africa are shaped by 
both spatial boundaries and seasonal processes, which generate dynamic environ-
mental gradients within the ocean. 

The high productivity of the marine ecosystem in the Benguela region results 
from the process of wind-driven coastal upwelling, which defines the specific 
oceanographic conditions on the shelf and over the continental rise. Upwelling 
occurs seasonally in short (~10 day) cycles in the sBUS, while it is perennial in 
the nBUS (Hutchings et al. 2009; Lamont et al. 2018). During austral summer, 
hypoxic, nutrient-rich South Atlantic Central Water (SACW) from the Angola Gyre 
is transported into the northern Benguela, whereas during the winter season the 
oxygen-rich Eastern SACW (ESACW) spreads northward (Monteiro and van der 
Plas 2006; Monteiro et al. 2006; Mohrholz et al. 2008). 

Because the Benguela Current Upwelling System has been a focus region of 
research in SPACES, its key elements are highlighted in the following. For more 
details see Chap. 11. Figures 2.4 and 2.5 below highlight selected taxa observed in 
the BUS during SPACES research cruises. Further taxa are depicted in Chap. 11.

http://doi.org/10.1007/978-3-031-10948-5_11
http://doi.org/10.1007/978-3-031-10948-5_11
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Fig. 2.4 Selected species of mesopelagic invertebrates caught during SPACES cruise SO285 with 
the Research Vessel Sonne in 2021 (cruise report: https://doi.org/10.48433/cr_so285). Top left: 
cephalopod Histioteuthis bonnellii, top right: amphipod Themisto gaudichaudii, bottom left: a 
decapod shrimp, bottom right: a euphausiid (krill). Images not to same scale. © Solvin Zankl 
www.solvinzankl.com 

2.2.3.2.1 Primary Production and Lower Trophic Levels 
Upwelling brings nutrient-rich water from below the thermocline to the surface, 
providing nutrients for the growth of planktonic algae. As demonstrated for other 
regions (Ayón et al. 2008), plankton abundance and production increase under 
moderate upwelling conditions, both seasonally and locally (Grote et al. 2007; Bode 
et al. 2014). Strong turbulence during intense upwelling can hinder the primary 
production as phytoplankton cells are swirled out of the euphotic surface water 
or advected offshore. In addition, abundance and productivity are initially low in 
freshly upwelled water, because this water originates below the thermocline and 
its phytoplankton content is minimal. Therefore, the development of a diatom-
dominated phytoplankton bloom in the nutrient-rich upwelling plume takes time 
to respond to upwelling conditions. 

Microzooplankton, organisms within the size range from 20 to 200 μm, are dis-
tributed in a clear shelf-to-offshore zonation. Heterotrophic dinoflagellates prevail 
in cold, recently upwelled waters on the shelf, whereas in warmer waters at the 
shelf break, small copepod species dominate the microzooplankton. For protists, 
naked ciliates, small dinoflagellates and tintinnids, a clear preference has been 
shown for the warmer water masses surrounding an upwelling filament in the nBUS.

http://doi.org/10.48433/cr_so285
http://www.solvinzankl.com
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Fig. 2.5 Selected species of mesopelagic fishes caught during SPACES cruise SO285 with 
the Research Vessel Sonne in 2021 (cruise report: https://doi.org/10.48433/cr_so285). Top left: 
Maurolicus walvisensis, top right: Diaphus hudsoni, middle left: M. walvisensis—photophores as 
seen from below; middle right: Diaphus dumerilii; bottom left: meso- and bathypelagic angler 
fish Melanocetus johnsonii, bottom right: Stomias boa. Images not to same scale. © Solvin Zankl 
www.solvinzankl.com 

In contrast, the copepods Microsetella spp., Oithona spp. and Oncaea spp. were 
associated with the cold water inside the filament (Bohata 2015). 

2.2.3.2.2 Mesozooplankton 
Zooplankton play a vital role in the functioning of marine ecosystems, providing the 
main energy pathway from primary producers to higher trophic levels, contributing 
significantly to carbon sequestration via the biological pump, and serving as 
sentinels of climate change (Richardson 2008; Batten et al. 2019). Organisms 
between 200 μm and 2 cm in size make up the mesozooplankton. As in other marine

http://doi.org/10.48433/cr_so285
http://www.solvinzankl.com
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ecosystems, copepods dominate the mesozooplankton of the Benguela Upwelling 
System in terms of abundance, biomass and diversity. Consequently, they have been 
the most intensely studied zooplankton group compared to other taxa (Shannon and 
Pillar 1986; Verheye et al. 1992; Bode et al. 2014). 

Zooplankton diversity generally decreases from the equator toward the poles 
and increases from the epipelagic toward the meso- and bathypelagic zones which 
reach from 200 to 1000 and from 1000 m to 4000 m depth, respectively (Woodd-
Walker et al. 2002; Kosobokova et al. 2011; Bode et al. 2018). Since diversity in the 
ocean is usually connected to moderate levels of ecosystem disturbance (Woodd-
Walker 2001; Woodd-Walker et al. 2002), zooplankton diversity in upwelling zones 
tends to be relatively low, increasing with distance from shore. This has also 
been shown for the BUS (Gibbons and Hutchings 1996). Typical copepod species 
of the Benguela upwelling community include the medium to large Centropages 
brachiatus, Calanoides natalis (previously C. carinatus), Metridia lucens and 
Nannocalanus minor, as well as several smaller members of the Paracalanidae and 
Clausocalanidae families (De Decker 1964, 1984). De Decker (1984) observed that 
copepod diversity in the nBUS and sBUS increased from less than 20 species over 
the shelf to more than 20 or 30 species typically found farther offshore in the 
South Atlantic central gyre. A patch of up to 47 species off the sBUS were likely 
transported within Agulhas rings originating from the warm Agulhas Current. An 
increase in zooplankton diversity from west to east around the coast of South Africa, 
i.e., toward the Indian Ocean, was also noted by Gibbons and Hutchings (1996), as 
species with temperate affinities give way to subtropical communities. 

A major research task of the TRAFFIC project was to compare the two physically 
and biologically contrasting subsystems, the nBUS and sBUS, in order to better 
understand how zooplankton dynamics, community structure and functional traits 
influence food-web structures at higher trophic levels, and to disentangle biological 
from physicochemical effects. Predominantly herbivorous species such as the 
common copepod C. natalis become very abundant and play a key role in the food 
web during active upwelling events. The population size of this species is regulated 
through a complex mechanism involving offshore displacement of older life-cycle 
stages in maturing upwelled water plumes and temporary developmental arrest 
(diapause) of pre-adults at greater depth during prolonged periods of starvation. The 
latter coincides with the non-upwelling period and the diapausing individuals return 
shoreward into the productive surface zones with the onset of the next upwelling 
season (Verheye et al. 1991; Verheye et al. 2005). C. natalis clearly dominates 
the upwelling regions of the nBUS and the sBUS, while Calanus agulhensis, the 
dominant large copepod on the Agulhas Bank off the South African coast (De 
Decker et al. 1991; Verheye et al. 1994; Huggett et al. 2023), occurs at lower 
abundances in the sBUS (Huggett and Richardson 2000), and only more recently 
and sporadically in the nBUS (Rittinghaus 2021). Apart from spatial differences, 
there are also marked seasonal variations in the zooplankton of the BUS, which 
are closely coupled to the seasonality of the upwelling cycle. Besides the limited 
number of studies on non-copepod taxa, the distribution, dynamics and taxonomic 
composition of smaller calanoid and cyclopoid copepod species, which fit well into
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the prey-size spectra for larvae or juveniles of many fish species, are understudied 
(Verheye et al. 2016). 

Since the 1950s to 1960s, substantial long-term changes occurred in the abun-
dance, biomass and production of individual zooplankton species. Simultaneously, 
species and size composition of neritic (on the shelf) mesozooplankton communities 
have shifted in both the nBUS and sBUS subsystems (Huggett et al. 2009; Bode 
et al. 2014; Verheye et al. 2016). Abundances of neritic copepods have increased 
during recent decades by at least one order of magnitude in both subsystems, with 
turning points reached around the mid-1990s in the south and around the mid-
2000s in the north, after which they declined. At the same time, there were marked 
changes in the copepod community structure, with a gradual shift in dominance 
from larger to smaller species in both subsystems. These major long-term changes in 
zooplankton communities are likely to have fundamental effects on biogeochemical 
processes, food-web structure and ecosystem functioning of the BUS as well as on 
the ecosystem services, such as fisheries, that ultimately rely on the zooplankton 
(Verheye et al. 2016). Researchers are currently investigating how this change in 
community size structure is related to climate change on the one hand, and to 
changes in the predation regime on the other, due to fluctuating planktivorous 
pelagic fish populations (e.g., sardine and anchovy). 

2.2.3.2.3 Macrozooplankton and Jellyfishes 
Macrozooplankton, organisms between 2 and 20 cm body length, provide an 
important link between higher and lower trophic levels and serve as the primary food 
for many species, particularly fish but also seabirds and marine mammals. They also 
play an important role in the export of carbon from the surface to the intermediate 
and deep ocean (Moriarty et al. 2013). In the BUS, the diversity of pelagic decapods 
is high, with 46 of 91 Atlantic species present (Schukat et al. 2013; Sutton et al. 
2017). Euphausiids, especially Euphausia hanseni, represent a major portion of the 
macrozooplankton in the Benguela system, and their biomass peaks near the shelf 
edge; also large swarms of Nyctiphanes capensis may assemble above the shelf 
(Barange and Stuart 1991; Hutchings et al. 1991; Werner and Buchholz 2013). 

Jellyfishes (e.g., Chrysaora fulgida and Aequorea forskalea) can be very abun-
dant, particularly in the northern Benguela (Roux et al. 2013). Yet, jellyfishes and 
comb jellies (ctenophores) have been understudied (Brodeur et al. 2016; Gibbons 
et al. 2021), because of their poor quantitative representation in plankton nets. 
However, their role in the food web should receive further attention, especially 
since they have repeatedly increased in abundance under the influence of climate 
change and adverse fishing regimes (Lynam et al. 2006; Roux et al. 2013; Brodeur 
et al. 2016; Opdal et al. 2019). In the nBUS, jellyfishes appear to lead to dead-
end food chains, since they have very limited nutritional value to top predators. 
An acceleration of this so-called jellification process has been hypothesized, should 
pronounced oxygen-minimum zones expand further under climate change (Ekau et 
al. 2018).
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2.2.3.2.4 Cephalopods 
Another characteristic of the pelagic food web is a high diversity of cephalopods 
(squids and cuttlefishes, specifically) which also distinguish the fauna of the 
Benguela region (and the Agulhas Current with its retroflection) from other regions 
of the Atlantic (Rosa et al. 2008). According to Tolley et al. (2019), South Africa 
hosts almost 25% of the world’s cephalopod species. The ecoregions along the 
temperate coasts of southern Africa are inhabited by numerous species of cuttlefish, 
bobtails and squids, while they feature a rather low diversity of octopuses (Rosa 
et al. 2019). The role of cephalopods in the food webs around southern Africa has 
not yet been thoroughly assessed and requires further research, as already noted 
by Shannon et al. (2003). Therefore, within the TRAFFIC project, a combination 
of methods—microscopy, biochemical and genetic analyses—have been applied in 
order to investigate cephalopod feeding behaviour and their predatory interactions 
within the food webs of the Benguela upwelling subsystems. 

2.2.3.2.5 Pelagic Fish Species 
The Benguela ecosystem hosts a species spectrum typical of ‘wasp-waist’ upwelling 
systems, where a low number of so-called ‘small pelagics’ (the ‘wasp-waist’ 
with sardine, anchovy and round herring) control both the lower trophic levels 
(zooplankton) and the higher trophic levels such as tuna or hake and also seabirds 
and marine mammals (Cury et al. 2000). The small pelagic fishes are characterized 
by strong fluctuations in their stock sizes and the capacity to build up large stock 
sizes within a few years (Schwartzlose et al. 1999). Both the northern and the 
southern Benguela underwent multiple regime shifts since the 1950s caused by 
both environmental and anthropogenic factors leading to a significant reduction in 
demersal and pelagic catches in recent years (Jarre et al. 2013, 2015; Heymans and 
Tomczak 2016). In the northern Benguela, a particularly intense fishery for sardines 
collapsed around 50 years ago and stocks have not recovered since (Kainge et al. 
2020). Sardine and particularly anchovy are still caught in the southern Benguela 
subsystem, but these forage fish species in the northern subsystem have been 
practically replaced by horse mackerel, bearded goby and shallow-water hake in the 
far north and by bearded goby, Hector’s lanternfish (Lampanyctodes hectoris) and 
shallow-water hake in the southern part of the northern Benguela (Mwaala 2022). 

2.2.3.2.6 Mesopelagic Fish Species 
Mesopelagic fishes form an ecologically important component of the pelagic 
ecosystem, due to their biomass, their diversity, and their diel migrations, which 
greatly affect the vertical transport of carbon in the ocean (see Fig. 2.5). In the 
southern part of the sBUS, the proximity of the frontal system to the shelf break 
and prevailing retention cells, provide sufficient habitat for pseudo-oceanic species 
associated with continental shelf regions (Hulley and Lutjeharms 1989; Sutton et 
al. 2017). According to the latter authors, the landward extension of the distribution 
range of oceanic species and the seaward range extension of pseudo-oceanic species 
in the central and southern BUS (28–35◦S) largely coincide with the 800-m isobath.
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Hector’s lanternfish Lampanyctodes hectoris (Myctophidae) and lightfish Mau-
rolicus walvisensis (Sternoptychidae) have previously been shown to be the most 
abundant mesopelagic fishes in the region (Hulley and Prosch 1987). Because 
knowledge about the ecology and diversity of mesopelagic fishes was still limited, 
this group received particular attention in the TRAFFIC project. Spatially, com-
munities differed between the nBUS and sBUS, as well as between on-the-shelf 
and offshore within each subsystem. These assemblages contained both tropical 
warm-water species and cold-water species as well as pseudo-oceanic species 
such as L. hectoris, which was prominent on the shelf of the sBUS (Duncan 
et al. 2022). During a research cruise in late austral summer (Feb-Mar 2019), 
those authors reported 88 mesopelagic fish species of 22 families in the two 
subsystems of the Benguela Upwelling System. The most diverse families were 
lanternfishes (Myctophidae) with 35 species, followed by Stomiidae (ten species) 
and Sternoptychidae (eight species). About half of all specimens caught were Dia-
phus hudsoni (Myctophidae), M. walvisensis (Sternoptychidae) and Lampanyctus 
australis (Myctophidae) (Duncan et al. 2022; Chaps. 3 and 11). 

2.2.3.2.7 Demersal Fish Species 
The most important nursery grounds for pelagic spawners, as well as for a wide 
variety of demersal and predatory fishes, are located on the shelf areas of northern-
central Namibia, the West Coast of South Africa, the Agulhas Bank and in the small 
but significant KwaZulu-Natal Bight on the East Coast of South Africa (Hutchings 
et al. 2002, 2009). Eggs and larvae from spawning grounds on the western Agulhas 
Bank are transported alongshore to the West Coast in the strong Shelf Edge Jet, 
keeping them close to the shallower shelf regions, rather than dispersing them 
offshore (Grote et al. 2012). 

Two species of hake co-occur in the Benguela, Merluccius capensis and M. 
paradoxus. The former is typically found in shallower zones, the latter at greater 
depths, leading to their common names of shallow-water and deep-water hake, 
respectively. As important fisheries resources, these species have been well studied. 
In general, hakes occupy high trophic levels in the food web. The diet of the 
shallow-water hake changes throughout their lifetime toward an almost exclusive 
fish prey and includes common cannibalistic feeding behavior as well as substantial 
predation on its con-generic M. paradoxus. In contrast, the diet of the deep-water 
hake consists of about one half of crustaceans and one half of fish prey, even for 
large adult specimens. The deep-water hake therefore usually appears at a lower 
trophic level than the shallow-water hake in the northern Benguela (Wilhelm et al. 
2015), and also in the southern Benguela (van der Lingen and Miller 2014; Durholtz 
et al. 2015). Other commercially important demersal fish resources found in the 
Benguela are monkfish (Lophius vomerinus), which are especially important in the 
northern Benguela, kingklip (Genypterus capensis) and Agulhas sole (Austroglossus 
pectoralis) and West Coast sole (A. microlepis).

http://doi.org/10.1007/978-3-031-10948-5_3
http://doi.org/10.1007/978-3-031-10948-5_11
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2.2.3.2.8 Functioning of Marine Food Webs in the Benguela Upwelling 
System 

A classical food chain that develops from upwelling events is comprised of large-
sized diatoms, followed by large-sized zooplankton (herbivorous euphausiids and 
copepods), which are consumed by small pelagic fishes. Long-term studies of the 
plankton communities off the West Coast of southern Africa revealed an increase in 
mesozooplankton abundance, accompanied by a shift to smaller-sized plankton taxa, 
especially copepods, since the 1950s–1960s and until the mid-1990s in the sBUS 
and the mid-2000s in the nBUS, respectively (Verheye et al. 2016). Those authors 
concluded that the observed changes in copepod abundance and size structure 
could be attributed to the complex interplay of local warming or cooling, increased 
primary production where upwelling intensified, combined with reduced predation 
pressure by pelagic fishes owing to increased fishing. Verheye et al. (2016) also  
emphasized that there is uncertainty about the relative importance of these bottom-
up and top-down forcing mechanisms. Overall, the classic picture of a direct 
coupling between upwelling intensity and primary and secondary production with a 
short food chain cannot be sustained in the nBUS (Ekau et al. 2018). Secondary (and 
primary) production is highest either temporarily during moderate upwelling condi-
tions (Cushing 1996) or spatially at some distance from the upwelling source. This 
confirms the ‘optimal environmental window’ hypothesis of Cury and Roy (1989), 
stating that larval fish survival and fish recruitment are dependent on upwelling 
intensity in a dome-shaped function in Ekman-type upwellings, where very low 
and very high wind speeds are detrimental. Furthermore, longer trophic pathways 
than previously thought are active in the food web of the nBUS, contributing to a 
higher complexity and thus lower transfer efficiency of biomass and energy from 
phytoplankton to fish (Schukat et al. 2014). This may partly explain the differences 
in fish production between individual Eastern Boundary Upwelling Systems, and 
specifically between the nBUS and sBUS despite similar primary production rates 
(Chavez and Messié 2009). 

2.2.3.3 Productivity and Resource Utilization 
Being an Eastern Boundary Upwelling System, its core characteristics provide the 
Benguela ecosystem with an exceptionally high productivity across the food chain 
from plankton to top predators, which lays the foundation for an effective provision 
of living marine resources and the development of large fisheries. 

The Benguela region is inhabited by a variety of taxa, which are typical of 
upwelling systems and some of the fish species can attain high biomass levels. 
Several species are commercially important as fisheries resources including Cape 
hakes (Merluccius capensis and M. paradoxus), Cape and Cunene horse mackerels 
(Trachurus capensis and T. trecae, respectively), and small pelagics (sardine 
Sardinops sagax, anchovy Engraulis encrasicolus and round herring Etrumeus 
whiteheadi). Despite their smaller catches Crustaceans such as rock lobster (Jasus 
lalandii) and deep-water red crab (Chaceon sp.) are also commercially important 
(van der Lingen et al. 2006c; Kirkman et al. 2016; Kainge et al. 2020; Chap. 11).

http://doi.org/10.1007/978-3-031-10948-5_11
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In terms of their economic value, the most important fisheries in the nBUS 
subsystem are those for Cape hakes (most valuable) and horse mackerel (largest 
volume), whereas in the sBUS, Cape hakes (most valuable) and small pelagic 
species (largest volume) dominate the fisheries (Kainge et al. 2020; Chap. 11). 
Additionally, high biomasses of as yet not commercially targeted mesopelagic fishes 
occur in the Benguela region, and gobies as well as jellyfishes can also appear at 
high abundances, particularly in the nBUS (Lynam et al. 2006; Roux et al. 2013; 
Kirkman et al. 2016; Salvanes et al. 2018). The sBUS—from south of Lüderitz to 
Cape Agulhas—provides nursery grounds for most of that subsystem’s ecologically 
and economically important fish species (Kirkman et al. 2016), including both hake 
species and small pelagics (Clupeiformes). 

By the middle of the last century (1950 to late-1960s), sardine was the central 
fisheries resource in both subsystems, with peak catches beyond 1 million tons 
in the nBUS and close to half a million tons in the sBUS (for details see Chap. 
11). Yet sardine catches declined rapidly due to overfishing, both off the Namibian 
and the South African coasts (van der Lingen et al. 2006c; Augustyn et al. 2018). 
In the sBUS, anchovy replaced sardine during the following three decades. In the 
nBUS, the collapse of the sardine population resulted in substantial reductions in the 
number of purse-seiners and labour-intensive canning factories and fish reduction 
plants, resulting in job losses for several thousands of people (Boyer and Oelofsen 
2004), and the Namibian sardine fishery has essentially been replaced by the fishery 
for Cape horse mackerel. 

The collapse of the sardine population has resulted in substantial ecosystem 
changes arising from changed trophic interactions, since sardine was the dominant 
forage fish species of a wide variety of predators, including other fishes, marine 
mammals and seabirds. In the nBUS, that change has been hypothesized to 
have promoted the proliferation of jellyfishes (Roux et al. 2013), and predators 
previously reliant on sardine as the main very fatty and nutritious food source, now 
utilize alternative food sources including bearded goby, lanternfish, horse mackerel, 
shallow-water hake and jellyfish. Goby appears to be a successful substitute when 
the other more nutritious species (horse mackerel in the north and lanternfish in 
the south) are not available, likely because of its high abundance in the system 
and tolerance to high temperature and low oxygen levels (Erasmus et al. 2021). 
In contrast, catches of the major South African fisheries have remained more or 
less stable over the past 70 years and pelagic fish are still abundant in the system. 
However, the most recent decline in sardine is concerning from both fisheries and 
ecosystem perspectives, particularly for endangered seabirds such as the African 
penguin, a species whose breeding success (Crawford et al. 2008) and mortality 
(Robinson et al. 2015) are correlated with the abundance and distribution of sardine. 

An experimental fishery for mesopelagic fishes using midwater trawling was 
initiated as part of the South African small pelagic fishery in 2011, when a catch 
of 7000 tons was taken. That experiment was resumed in 2018 and 2019 with 
around 5000 tons taken each year, but the relatively high cost of fishing coupled 
with a general downturn in both the anchovy and sardine fisheries has resulted in its 
cessation (DEFF 2020).

http://doi.org/10.1007/978-3-031-10948-5_11
http://doi.org/10.1007/978-3-031-10948-5_11
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2.2.3.4 Organizational Efforts Geared to Protect Marine Biodiversity 
In 2007, the three coastal nations Angola, Namibia and South Africa founded 
the Benguela Current Commission (BCC), which in 2013 became a permanent 
intergovernmental institution through the Benguela Current Convention. Its purpose 
is to protect marine biodiversity and to promote sustainable use of the natu-
ral resources in the Benguela region through an ecosystem approach to ocean 
governance. All three nations defined national and common ‘Ecologically and 
Biologically Significant Areas’ (EBSAs), which have been and will be submitted 
to the Convention on Biological Diversity (CBD) and which form the basis for the 
designation of new Marine Protected Areas (Harris et al. 2022). 

The International Union for Conservation of Nature, IUCN, has defined ‘A 
Global Standard for the Identification of Key Biodiversity Areas’ (IUCN 2016). 
Key Biodiversity Areas (KBAs) are ‘Sites contributing significantly to the global 
persistence of biodiversity’, in terrestrial, freshwater and marine ecosystems. Such 
KBAs are proposed and identified from the bottom up by local experts or private and 
government organizations through National Coordination Groups (NCGs). In order 
to promote an understanding of the spatial distribution and risk status of biodiversity, 
O’Hara et al. (2019) have linked the distribution ranges and conservation status 
(based on IUCN protected area categories) for thousands of marine species in order 
to present global maps of extinction risk of marine biodiversity. 

The South African NCG is hosted by the South African National Biodiversity 
Institute (SANBI). South Africa hosts an exceptionally high number of endemic 
terrestrial and marine species (global rank 3 on the national level; SANBI). The 
National Biodiversity Assessment published by SANBI monitors and reports on the 
state of biological diversity in South Africa, in order to support political strategies 
for the conservation of biodiversity (Skowno et al. 2019). In Namibia, the National 
Biodiversity Assessments are hosted and published by the Ministry of Environment 
and Tourism (MET), Multi-lateral Environmental Agreements Division, supported 
by the National Biodiversity Strategies and Action Plan 2 (NBSAP2) steering 
committee (e.g., MET 2018). 

2.2.4 Marine Spatial Planning in Southern Africa 

Ongoing Marine Spatial Planning (MSP) in the Benguela Current Large Marine 
Ecosystem (BCLME) involves Angola, Namibia and South Africa, since part of the 
LME lies in each of their respective Exclusive Economic Zones (EEZs). Through 
the Benguela Current Convention, all three nations promote the vision of sustaining 
human and ecosystem well-being in the BCLME. With their MSP initiative, the
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countries in the Benguela region are among the first African coastal states to 
implement MSP, particularly since they pursue a transboundary perspective in 
their planning. The regional MSP strategy was adopted by the Benguela Current 
Convention (BCC 2018). The project MARISMA is a partnership between the 
BCC, its member states Angola, Namibia and South Africa and the government of 
Germany in pursuit of the sustainable development of the Benguela Current Large 
Marine Ecosystem. The project’s goal is ‘to maximize socio-economic benefits 
while ensuring the safeguarding of the marine ecosystem’s health and maintenance 
of marine services provision’ (www.benguelacc.org/marisma), leading to the very 
recent launch of the BCC GeoData Portal (https://geodata.benguelacc.org/). All 
three nations have divided their waters into several distinct planning zones, based 
on human uses and ecological boundaries (Finke et al. 2020; Fig.  2.6). Each nation 
developed a baseline report describing the actual status of their waters. The BCC 
countries prioritize—to varying degrees—the following objectives (see Finke et al. 
2020 for details):

• Protection of biodiversity features of national, regional or global significance 
(focus on EBSAs);

• Providing access to fishing grounds, while protecting key fish habitats from 
adverse effects by human use, including fisheries;

• Securing mariculture locations;
• Enabling exploration and promoting sustainable use of geological resources;
• Guaranteeing maritime transport and disposal of dredge material;
• Allocating space for military training activities;
• Enabling responsible marine and coastal tourism;
• Protecting underwater infrastructure, e.g., cables; and
• Protecting maritime and underwater cultural heritage. 

Finke et al. (2020) conclude that fostering ecosystem-based MSP in the context 
of strong economic growth agendas requires balanced and integrated governance 
and technical planning structures and processes. While the regional and national 
approaches taken are considered useful, their implementation will still need to 
overcome obstacles regarding funding, data needs, research data management, 
legislation and institutionalization (Finke et al. 2020).

http://www.benguelacc.org/marisma
https://geodata.benguelacc.org/
https://geodata.benguelacc.org/
https://geodata.benguelacc.org/
https://geodata.benguelacc.org/
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Fig. 2.6 The marine spatial planning (MSP) areas of Angola, Namibia and South Africa. Black 
dashed outline around the Benguela Current LME (from Finke et al. 2020)
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2.3 Terrestrial Biomes 

2.3.1 Environmental Gradients Shaping Terrestrial Biomes 

Terrestrial biomes in southern Africa can be described simply in terms of the relative 
dominance by tree, shrub, grass and annual plant life forms (see Rutherford and 
Westfall 1986). The distribution and structure of these biomes are likely shaped 
by a mix of linked and independent gradients of climate, disturbance and substrate 
(geology and soils). Their distinct contemporary structure has evolved particularly 
during the Neogene, a period of declining atmospheric CO2, increasing aridity, 
cooling and intensifying climate seasonality. During the Holocene, major climatic 
gradients include, broadly, a general tropical to temperature thermal regime from 
north (warm/humid) to south (cool/dry), an aridity gradient from west (dry) to 
east (wet), and a seasonality gradient from south-west (winter rainfall) to north 
east (summer rainfall). These climates provide the thermal and moisture regimes 
that underpin vegetation structural and related disturbance regimes that determine 
biome distributions, with some putative interactive role of substrate (soil texture and 
nutrient status). 

The existence of flammable vegetation even under relatively high rainfall condi-
tions appears to override assumed climatic controls of the dominance of trees, and 
thus the distribution of forests and woodlands. For this reason, flammable shrubland, 
grassland and savanna biomes may be found under rainfall conditions that have the 
potential to support taller and more closed vegetation with higher leaf area index 
over vast regions of the subcontinent (Bond et al. 2005). The dystrophic sandy soils 
of the south-western coastal plains and Cape Fold Mountains, and the deep sands of 
the Kalahari respectively support flammable shrublands of the Fynbos Biome, and 
the extensive well drained arid and mesic savannas of the central Kalahari. Heavier 
clay-rich soils are associated with arid and semiarid karoo shrublands that stretch 
from the arid western regions of Namibia and northern South Africa to the more 
mesic Thicket and Forest biomes of the eastern seaboard. 

Paleoclimatic shifts associated with glacial periods have tended to increase the 
influence of cold and wet westerly rain-bearing frontal systems, and permitted 
a northern expansion of the associated winter-rainfall shrublands, while lower 
atmospheric CO2 and aridity appears to have reduced the dominance of trees in 
savanna-dominated central southern Africa, and increased grass dominance. 

2.3.2 Southern African Terrestrial Biomes 

Southern Africa has a disproportionately high level of terrestrial diversity at the 
biome level. This is largely as a consequence of the climatic conditions and the 
intensity or frequency of disturbance. Within southern Africa nine uniquely different 
biome level vegetation structures have been identified (Figs. 2.7 and 2.8) (Olson  
et al. 2001; Rutherford et al. 2006). These are Forest, Fynbos, Succulent Karroo, 
Nama Karoo, Grassland, Savanna (including embedded halophytic pans and flooded
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Biomes 
Albany Thicket 

Desert 

Flooded Grassland 

Forests 

Fynbos 

Grassland 

Halophytics 

Indian Ocean Coastal Belt 

Nama-Karoo 

Savanna 

Succulent Karoo 

Fig. 2.7 Terrestrial biomes of southern Africa derived from Mucina and Rutherford (2006) 
for South Africa, merged with (Olson et al. 2001) for the rest of southern Africa. Olson’s 
ecoregions were reclassified to match the South African biomes. Halophytics (salt pans) and 
flooded grasslands (e.g., the Okavango) are distinctive features in the Savanna Biome and not 
true biomes 

grasslands), Thicket, Indian Ocean Tropical Belt (IOTB) and Desert. The Desert 
biome is the smallest biome in South Africa, but is better developed and extends 
northward along the Namibian coast to Angola. Despite this high biome diversity, 
it is savanna woodlands which dominate in southern African countries. These 
savannas can be divided into three main types, the more open arid woodland, moist 
woodlands which are referred to as the Miombo and only occur north of South 
Africa, and Mopani woodlands that dominate many of the low lying and hot river 
valley systems (Olson et al. 2001) (Fig. 2.7). The Fynbos Biome and Succulent 
Karoo Biome have exceptionally high plant species diversity and endemism. Key 
features of these biomes and the climatic and disturbance envelopes in which they 
occur are described below. 

2.3.2.1 Savanna Biome 
Savannas are by far the dominant biome of southern Africa covering 2.16 million 
km2 (65%) of southern Africa and additionally extending north to as far as the 
Sahel, covering 60% of Africa (Scholes and Walker 1993). The Savanna Biome 
is distinctive in that there is a codominance of both a woody component including 
both perennial trees and shrubs (phanaerophytes) and herbaceous layer (hemicrypto-
phytes) of predominantly C4 grasses, but also many forbs. Embedded in the savanna 
are also halophytics pans such as Etosha in Namibia and the Makgadikgadi Pan in 
Botswana, in total about 0.8% of the southern African region. In addition, there 
are flooded grasslands, the Okavango delta being the largest and most famous at a
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Fig. 2.8 Typical appearances of southern African terrestrial biomes: (1) Desert, (2) Succulent-
Karoo, (3) Indian-Ocean Coastal Belt, (4) Nama-Karoo, (5) Savanna, (6) Grassland, (7) Forest, (8) 
Albany Thicket, (9) Fynbos; 1–3 top, 4–6 middle, 7–9 bottom row. Photos 2, 5, 7–9 GvM. 1, 3, 4, 
6 Dreamstime.com royalty free license 

further 0.8% of the area. Both of these unique habitats add to the savanna habitat 
diversity and biodiversity. 

Southern African savanna occurs over a rainfall gradient from less than 
250 mm yr−1 to about 1800 mm yr−1 (Scholes and Walker 1993). It is, however, 
limited to areas that have wet summers and long dry winters. In southern Africa 
savanna is found in areas of unimodal rainfall, while in east Africa, it occurs in areas 
of bimodal rainfall. Tree cover in the savanna ranges widely from under 1% to about 
80%, and is normally below the ecological limits for maximum tree canopy cover 
(Sankaran et al. 2005; Chap. 15). Effects of fire, herbivory and climatic variability 
play an important role in maintaining the dynamics of savanna systems, especially 
in the moist areas which in the absence of these disturbances could become forests 
(Sankaran et al. 2005; Chap. 14). Fire is a common occurrence ranging from 
occasional at the dry extreme to almost annual in moist areas (Archibald et al. 2010).

http://dreamstime.com
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Herbivores, including the so-called mega herbivores and especially elephants, also 
appear to play a major role in the savanna dynamics (Bond et al. 2003; Stevens et al. 
2016). The grass component of savanna is resistant to both grazing and fire impacts, 
mature trees tend to be fire resistant, but tree seedlings are often susceptible to 
fires. Crown fires are rare, and even if the crowns are destroyed, most species can 
resprout. 

Southern African Savanna is part of the Sudano-Zambezian phytochorion (White 
1983). A major distinction is between what is termed ‘moist savanna’ or Miombo 
in higher rainfall regions which has predominantly broad-leaf trees and a nutrient-
poor substratum, as opposed to the ‘arid savanna’ or ‘bushveld’ in more arid regions 
with nutrient-rich substrates and predominantly fine-leafed trees, and finally the 
‘mopane savanna’, which is similar to the arid savanna but dominated by the 
tree Colocospermum mopane (Huntley 1982; Chap. 15). Savannas have high alpha 
diversity (i.e., species richness at a local site) and contain 3–14 species per m2 and 
40–100 species per 0.1 ha, but with low local endemism (Scholes and Walker 1993). 

2.3.2.2 Grassland Biome 
The Grassland Biome is the second largest biome in southern Africa (360,000 km2, 
11%), and with the exception of small areas in the highlands of Zimbabwe, is almost 
exclusively limited to South Africa. A single stratum of hemicryptophytes is what 
characterizes the grasslands. Trees and shrubs are largely absent or limited to fire 
refugia. Five centers of plant endemism have been identified within the grasslands. 
The grasslands have a high flora diversity, especially of nongraminoid herbaceous 
plants with geophytes (perennial plants) being of particular importance. Grasslands 
have high alpha diversity and may contain 9–49 species per 100 m2 plot, with a 
1000 m2 plot containing 55–100 species (Mucina and Rutherford 2006). C4 grasses 
dominate in the warmer and arid areas, while C3 grasses dominate at cooler high-
altitude sites. The grasslands can be divided into two main classes, moist areas on 
leached and dystrophic soils that tend to be ‘sour’ with low palatability and the 
more arid grasses which are ‘sweet’, even when dormant, and palatable to livestock 
(Ellery 1992). 

Grasslands occur over a wide range of rainfall from about 400 to 1200 mm 
annually, and over a wide range of soils, ranging from sea level to >3300 m altitude 
and located in areas that extend from frost free to snow covered in winter (O’Connor 
and Bredenkamp 2003). As in savannas, fire is an important driver of the ecology of 
grasslands, and is one of the main reasons that areas of high rainfall do not become 
forests. Small forest patches are often found within fire refugia in grasslands. There 
has been extensive debate as to why grasslands persist as grassland, despite the 
moister areas being able to support forest. Ellery (1992) suggested that fire and 
grazing regimes exclude woody plants. However, there appears to be a limit to either, 
as heavy grazing and altered fire regimes can change grass species composition and 
degrade the grassland. The grasslands are susceptible to invasions of alien plant 
species, including herbaceous species such as Pompom weed (Campuloclinium 
macrocephalum) and trees such as the Australian Acacia mearnsii (Black wattle), 
which may not only change the species composition but the entire structure. Invasion

http://doi.org/10.1007/978-3-031-10948-5_15


52 A. F. Sell et al.

of indigenous woody species into grasslands is also an issue of concern, and this is 
a process similar to the bush encroachment experiences in savanna (Skowno et al. 
2017; Chap. 15). The grasslands are one of the most anthropogenically transformed 
biomes as they are suitable for annual crops on the good soil flat areas and for timber 
plantations in the higher rainfall mountainous areas. 

2.3.2.3 Nama-Karoo Biome 
The Nama-Karoo Biome (260,000 km2; 8% of the area) is found in South Africa and 
Namibia at altitudes between 550 and 1500 m. It is an arid environment dominated 
by perennial dwarf shrubs and annual grass. The vegetation furthermore includes 
leaf succulents, stem succulents, bulbous monocotyledons and annuals (Marloth 
1908). Gibbs Russell (1987) classified the Nama-Karoo Biome as being 50% 
hemicryptophytes, and 25% each of chamaephytes and cryptophytes. Gradients 
across the biome go from strongly dwarf-shrub dominated in the west, to a higher 
grass ratio in the east where the biome meets the grassland and savanna biomes. 
Rainfall occurs predominantly in summer and ranges from about 60 to 400 mm/yr. 
Rainfall is highly variable, particularly in the most arid regions. Although the soils 
tend to be heavy and eutrophic, they are typically very shallow, with calcareous 
layers being common (Palmer and Hoffman 2003). 

2.3.2.4 Desert Biome 
Desert (112,000 km2; 3% of the area) is found almost exclusively along the coast 
of Namibia, though a narrow band is found in South Africa in the Senqu (Orange) 
river valley. It is often separated into the sand deserts to the south and the gravel 
plains to north. It is dominated by ephemeral plants that respond rapidly to the 
rare and unpredictable rainfall. There are also some unique perennials such as 
the Welwitschia mirabilis as well as trees growing along river beds. The Desert 
Biome has extremely low rainfall and a mean of 20 mm yr−1 is misleading as to 
annual rainfall as there can be multiple years of zero rainfall followed by a single 
substantive rainfall event. Dense fog does, however, compensate in part for the low 
rainfall, with a number of species such as the Stenocara gracilipes beetle exhibiting 
unique adaptations to harvest the fog. 

2.3.2.5 Succulent Karoo Biome 
This biome (107,000 km2) is found along the West Coast of South Africa and 
southern Namibia. It is characterized by winter rainfall of between 50 and 250 mm, 
supplemented by dewfall and fog. The biome has the highest biodiversity for any 
area globally with comparable rainfall, with very high levels of endemism. It 
is characterized by leaf-succulents and deciduous leafed dwarf shrubs dominated 
by the families Aizoaceae (Mesembryanthemaceae), Asteraceae, Crassulaceae and 
Euphorbiaceae (Desmet 2007). In addition, there are many annuals that form the 
main component of the mass spring floral display for which the biome is well 
known. 

The Succulent Karoo Biome occupies a narrow niche between the Fynbos and 
the Nama-Karoo Biomes, where the former is characterized by winter rainfall, and
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the latter by summer rainfall. The Succulent Karoo vegetation is uniquely adapted 
to areas of low winter rainfall. Esler et al. (2015) have shown that it is fire that 
prevents the succulent karoo species from establishing within the higher rainfall 
fynbos. Any increase in precipitation that allows the fynbos to expand into the karoo 
would therefore be detrimental to the succulent karoo vegetation. Equally, any shift 
in seasonality toward summer rainfall dominance would likely allow for Nama-
Karoo species to expand into the Succulent Karoo Biome. 

2.3.2.6 Fynbos Biome 
The Fynbos Biome is a small biome of about 85,000 km2, only 2.6% of southern 
Africa and only occurs in South Africa, but has an extremely rich floral biodiversity 
of over 9000 vascular species (3% of the global vascular species) with 70% being 
endemic (Goldblatt and Manning 2002; Rebelo et al. 2006). It also has high faunal 
endemism with 55% of its 44 frog taxa, 84% of its 19 freshwater fish and 31% 
of its 234 butterflies being endemic (Critical Ecosystem Partnership Fund 2001). A 
distinguishing feature of the vegetation is codominance by perennial shrubs or small 
trees with sclerophyllous microphyllous (small-leaved) leaf characteristics, sedges 
and the grass like Restionaceae. True grasses (Poaceae) are very rare in the west, 
but slightly less rare in the east of the biome (Rutherford and Westfall 1986). The 
distinctive climatic feature of the region is the predominantly winterly precipitation, 
driven by the seasonal mid-latitude cyclonic systems that sweep across the region. 
During summer these fronts are mostly pushed further south and miss the Cape 
region. Precipitation varies greatly, partly due to the influence of the mountainous 
topography, with some areas being as low as 210 mm/yr, while the mountain tops 
are some of the wettest areas in southern Africa with Jonkershoek reaching about 
3000 mm/yr. The biome can establish over a wide range of altitudes, soil and aspect 
features, all probably important in the supporting the vegetation (Cowling et al. 
2003a). 

The Fynbos Biome, together with the Succulent Karoo Biome, constitutes the 
Cape Floristic Kingdom, one of only six floristic kingdoms recognized globally, 
and the only one to be contained within a single country. The Fynbos Biome can 
be divided into two key vegetation complexes, the renosterveld vegetation found 
on the more fertile, clay and silt soils of the lowlands and fynbos which dominates 
the predominantly nutrient-poor mountainous regions of the Table Mountain Group. 
Atypical areas are also linked to heavier shale band soils and limestone inselbergs. 
Three families, the Proteaceae, Ericaceae and reed-like Restionaceae dominate the 
vegetation, with the Proteaceae and Ericaceae in particular showing an exceptionally 
high level of what appears to be relatively recent Neogene and Quaternary speciation 
(Cowling et al. 2003a). 

The vegetation is fire dependent and requires regular burns for its persistence (van 
Wilgen et al. 1994; van Wilgen et al. 2010). Optimum fire frequency is considered 
to be between 10 and 15 years, with intensity of the fire effect largely dependent 
on the season in which the fire occurs. Although several species resprout after fire, 
the predominate regeneration strategy for most species is through reseeding, and 
a multitude of seeding strategies have evolved. Both pollination and in some cases,
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seeding is dependent upon complex insect plant interactions (Le Maitre and Midgley 
1992). The Fynbos has proved to be exceptionally vulnerable to the invasion of 
alien plants and this is posing a major threat to the region. These aliens, in addition 
to displacing natural vegetation, can also impact on fire frequency and intensity, 
further impacting on indigenous biodiversity (Richardson et al. 1996). 

2.3.2.7 Forest Biome 
True closed canopy forests are uncommon in southern Africa. The Forest Biome 
is defined as dominated by a tree layer or stratum ‘phanaerophytes’ with 75% or 
more, overlapping crown cover and graminoids, if present, are rare (Bailey et al. 
1999; von Maltitz et al. 2003). This differs substantially from the FAO definition 
of forests which would include much of southern Africa’s savanna. An estimated 
66,000 km2—2% of the region—is forest, most of it occurring in Mozambique. 
This excludes a further 0.2% of the area being Mangrove forest (based on Olson 
et al. 2001; Mucina and Rutherford 2006). However, it is unclear how the Indian 
Ocean Coastal Belt Biome in South Africa (Mucina and Rutherford 2006) and the 
Forest Biome (Olson et al. 2001) should be differentiated within Mozambique. 
Forest within the region has two key origins, Afrotemperate forest occurring in 
the higher altitude mountains of Zimbabwe and South Africa, and extending to 
the southern Cape of South Africa where latitude compensates for altitude, and the 
more tropical forests extending down the coast from Mozambique. Unlike the other 
biomes where the biome forms a large block of consolidated land, the forests tend 
to be embedded in the other biomes, typically in fire refugia. They occur in areas 
of over 525 mm yr−1 in winter rainfall regions or over 725 mm yr−1 in summer 
rainfall regions. 

The Forest Biome has high species diversity, with 1438 plant species recorded 
for just the South African component. On a per area basis forest species diversity 
(0.58 species per km2) is second only to the fynbos (Geldenhuys 1992). Despite the 
low density of animals in forests, 14% of South Africa’s bird and mammal taxa have 
been recorded from forests (Geldenhuys and MacDevette 1989). 

2.3.2.8 Indian Ocean Coastal Belt Biome 
The species rich 34,000 km2 Indian Ocean Coastal Belt (IOCB) Biome is a narrow 
belt of vegetation stretching along the KwaZulu Natal coast in South Africa and 
along the coast of Mozambique in a vegetation type, which Olson et al. (2001) 
refer to as Southern Swahili coastal forests and woodlands. It contains both savanna 
and grassland elements and also includes embedded forest patches. The vegetation 
is a mosaic of areas with a factually and structurally savanna characteristics and 
areas of grassland characteristics. Although Moll and White (1978) recognized the 
uniqueness of the region, others such as Huntley (1982) have considered it part of 
the Savanna Biome and Low and Rebelo (1996) considered it a mix of grassland 
and savanna species. Rutherford and Westfall (1994) did not recognize it as an 
independent biome based of their classification systems, though Rutherford et al. 
(2006) finally gave it biome states, this based more on the tropical affinity of the 
biome, rather than its functional aspects, with the grasslands being either azonal or
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secondary in nature. The IOCB has unique species richness as it is part of the larger 
the Pondoland and Maputaland center of endemism hotspot, which is second only 
to the fynbos for species richness and endemism in South Africa, and contains over 
8200 species of plants (23.5% endemic), 540 species of birds 200 mammal species, 
200 reptiles (14.4% endemic) and 72 amphibians (15.3% endemic) (Conservation 
International 2014). 

2.3.2.9 Albany Thicket Biome 
Albany thicket is found exclusively within South Africa and is a 31,000 km2 area 
representing 1% of southern Africa. It consists of a dense, almost impenetrable, 
tangle of short trees less than 3 m tall and with almost 100% canopy cover. 
An herbaceous understory may be present, though with minimal grass. It is in a 
transitional zone between winter and summer rainfall and is found predominantly on 
fertile soils. It is hot and dry, with unpredictable low rainfall of 200 to 950 mm yr−1 

(Mucina and Rutherford 2006). The vegetation has affinities with the karoo, savanna 
and grassland vegetation, though Cowling et al. (2005) suggest it is an ancient biome 
which can be traced back to the Eocene. It has a high plant diversity of about 2000 
species of which about 300 are endemic to the biome. The succulent nature of 
many of the species and the relative scarcity of grass means that fire is not a major 
feature of the natural biome, but becomes common when the biome is degraded 
and grass starts to dominate. The biome is exceptionally susceptible to degradation 
from overgrazing, and a large proportion of the biome is already partially or severely 
degraded. 

2.3.3 Diversity of Southern African Terrestrial Biomes 

2.3.3.1 Large-Scale Environmental Factors Shaping Terrestrial 
Biodiversity 

The variability in mean annual precipitation (MAP), seasonality of rainfall and 
temperature gradients, coupled with fire and disturbances, are factors that have led 
to the exceptional natural diversity of faunal and floral species within the southern 
African environment (Cowling et al. 2003a). Africa’s southernmost tip, the area 
of the Cape Floristic Kingdom, has evolved under a Mediterranean climate of 
winter rainfall and extreme summer water deficiency (Cowling et al. 2003b). As 
is discussed by Rouault et al. in Chap. 6 and shown in Fig. 2.9, the balance of 
the region has all year, or in most cases strongly summer-dominated precipitation 
with long arid winters, the perfect conditions for the development of grasslands 
and savanna vegetation (Huntley 1982; Scholes and Archer 1997). There are 
rainfall gradients going from less than 20 yr−1 precipitation in the West to over 
3000 mm yr−1 in some of the mountainous areas (Fig. 2.9b). In addition, there is a 
high level of interseasonal variability of rainfall, linked mostly to the occurrence of 
El Niño Southern Oscillation (ENSO) cycles. This means that it is the norm, rather 
than the exception, to have periods of either above average rainfall, followed by 
similar periods with below average precipitation or even severe drought (Chaps. 6

http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_6


56 A. F. Sell et al.

Seasonality of rainfall 
Ratio of summer rain to winter rain 

< 1  

1 - 2  

3 - 4  

5 - 8  

9 - 16  

> 16  

a 

Annual precipitation 
mm 

0 - 100 

101 - 200 

201 - 300 

301 - 400 

401 - 500 

501 - 600 

601 - 700 

701 - 800 

801 - 900 

901 - 1 000 

1 001 - 1 100 

> 11000 

b 

Fig. 2.9 (Top) Seasonality of rain expressed as the ratio of summer rain (Oct, Nov, Dec, Jan, Feb, 
Mar) to winter rain (Apr, May, Jun, Jul, Aug, Sep), and (Bottom) mean annual precipitation (based 
on WorldClim 1970 to 2000 data, https://www.worldclim.org/data/worldclim21.html) 

and 29). The standard error of MAP is negatively correlated with rainfall, i.e., the 
most arid areas tend to have the most severe droughts but can also have exceptionally 
wet years. Not only has the region’s unique fauna and flora evolved to deal with this 
variability, but it is probable that this variability is critical to maintaining the flora 
and fauna in its current state.
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The oceans surrounding southern Africa play an important role in moderating 
coastal temperatures, the West Coast dominated by the cold Atlantic currents, while 
the East Coast is impacted by warm Indian Ocean tropical currents (Fig. 2.1; Chap. 
6). The prevailing winds causing upwelling of cold water in the Benguela Current 
along the West Coast are largely responsible for the desert environments along 
the West Coast, but also contribute to the formation of fog banks that have led to 
unique adaptations in plants and animals who use this fog as their main source of 
moisture. The relatively high-altitude inland plateau is both cooler and experiences 
greater fluctuations in temperature. This area can experience severe frost in winter, 
an important determinant of the interface between grassland and savanna woodland 
(Ellery et al. 1991). 

Fire has played a critical role in defining vegetation biomes, and the boundaries 
between biomes are in many instances defined by the occurrence or lack of fire 
(Bond et al. 2003; Esler et al. 2015). Forest patches within the grasslands are found 
in fire refugia (von Maltitz et al. 2003), the Fynbos ends and the Succulent Karoo 
starts when fire is no longer supported (Esler et al. 2015), frost kills the aboveground 
component of grass plants in the moist grasslands which leads to intense and 
frequent fires that prevent savanna expansion into the grasslands (Ellery et al. 1991). 
Within the grasslands, savanna and fynbos vegetation fire is critical for the biome 
maintenance and its frequency and intensity impacts on floristic structure. Other 
disturbances such as the above-mentioned rainfall variability, browsing and grazing 
pressures, including impacts from the mega-herbivores are also gaining recognition 
for their role in biome maintenance. 

2.3.3.2 Small-Scale Environmental Gradients Within Terrestrial Biomes 
Within each biome there is a huge diversity of vegetation types driven by variation in 
local microclimatic conditions and soil properties. Within biomes, it is common to 
find areas with distinctly different geologies giving rise to very different soil nutrient 
status, and hence supporting completely different flora. For instance, much of the 
Fynbos is dominated by the nutrient-poor sandstone mountains of the Cape Folded 
Mountain belt. These bring about highly leached acidic soils. However, within the 
region, there are also limestone intrusions with base-rich soils. Similarly, much of 
the savanna is on eroded dystrophic granitic soils, sandstone or in the case of the 
extensive Kalahari, deep alluvial sands. These have distinctly different vegetation 
from the finer textured and nutrient-rich soils derived from basalt or shales. 

Some areas of southern Africa have a great range of topography incorporating 
both relatively flat lowlands as well as mountains regions. Altitudinal gradients, 
varying aspects, differences in geologies and soils as well as the barriers to plant 
migration have contributed to extensive within biome diversity. For instance, in the 
Fynbos, the north facing and more harsh and arid mountain slopes are dominated 
by Restioids, while the Proteaceae are more prevalent on the cooler and moister 
southward oriented slopes at the same altitudes (Cowling et al. 2003b). 

At a finer scale, there are typically unique plant communities associated with 
different catena positions. The savannas in particular have well-developed catenas 
where the ridge crest tends to have deep sandy soils, the midslope has shallow
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soils, often with a thin hydromorphic grass-belt along seep-lines in situations where 
moisture is forced to the surface by a clay plug. Clay soils with comparatively 
high nutrient content are found in the valley bottoms (Gertenbach 1983). On the 
granite-derived soils in Kruger National Park, the vegetation at the top of the 
catena has moist savanna features with trees being broad leafed and the grass 
largely unpalatable. By contrast the valley bottom has arid savanna characteristics 
of palatable grass and microphylls trees (see also Chap. 15). Unique habitats such a 
rivers, sodic areas and saltpans add additional habitat diversity within biomes. 

Disturbance regimes can also play an important role in creating different habitats 
and diversity of the associated flora and fauna. In this regard the return periodicity 
of fire is of particular importance in all the fire dependent biomes. Frequent fires 
in the fynbos can prevent many of the more woody species, many of which are 
obligatory reseeders, from reaching reproductive maturity. In the savanna, frequent 
fire tends to favor grass over trees. A mosaic of different fire histories therefore 
assists in maintaining high diversity, both at the level of plant functional types as 
well as species (Parr and Brocket 1999). At an even finer scale, grazing lawns 
created by herbivores congregating, have higher nutrient states and a differing 
species composition than the surrounding savanna (Hempson et al. 2015). 

Other disturbances such as grazing or browsing pressures, including the extreme 
impacts from mega herbivores such as elephants, the occurrence of droughts and 
floods, interact with fire in maintaining diversity. There is a growing acceptance that 
many of the southern African biomes are best understood based on disequilibrium 
theory (Nakanyala et al. 2018). 

2.3.3.3 Primary and Secondary Productivity and Use 
Modeled gross primary production (GPP) and mean annual net primary production 
(NPP) largely reflect mean annual rainfall patterns, except for areas with winter- and 
all-year rainfall, where NPP is substantially lower than the amount of rainfall would 
suggest. Individual biomes differ widely in their range of annual production (Table 
2.1). Field-based studies on NPP are few (see Scholes et al. 2014), though there are 
numerous satellite-based estimates where trends in NPP are estimated (see Chap. 
26). 

Table 2.1 Estimates of mean GPP by biome based on Scholes et al. (2014) 

Biome 
Carbon production 
(mean) [gC m-2 yr−1] 

Carbon production 
(standard deviation) 
spatial [gC m-2 yr−1] 

Total biome GPP [TgC 
yr−1] 

Savanna 415 320 895 
Grassland 645 304 232 
Karoo 44 46 16 
Fynbos 142 134 12 
Thicket 381 264 12 
Forest 977 281 64 
Desert 1 0 1

http://doi.org/10.1007/978-3-031-10948-5_15
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For all biomes, except for Forest, the principle land use of untransformed 
vegetation can be described as rangeland, leading to secondary production in the 
form of livestock. However, the fynbos vegetation tends to have a very low carrying 
capacity for livestock or wildlife (over 30 hectares per large stock unit (LSU) (based 
on a 450 kg steer) for the renosterveld and over 100 ha LSU−1 for mountain fynbos) 
due to low levels of palatability, partly as a consequence of the key characteristics 
of the sclerophyllous plants and the low nutrient status of the soils. The Succulent 
Karoo Biome and Desert Biomes have very low carrying capacity for livestock due 
to the low rainfall, this despite them mostly having eutrophic soils. The remaining 
biomes are extensively used either for livestock production or increasingly for 
wildlife (see Chaps. 16 and 18). The grasslands (4–6 ha LSU−1) and savanna (10– 
15 ha LSU−1) in particular are highly suited to livestock and game. Although 
primary productivity increases with rainfall, soils tend to become more leached 
(Huntley 1982). There tends to be a critical point above about 600 mm yr−1 of 
precipitation where soils become leached and dystrophic, causing the grass and 
trees to switch from being predominantly palatable in winter, to being unpalatable 
when dry in winter (Huntley 1982). Soil nutrient status, texture and catena position 
can alter the precipitation level where this change takes place. This gives rise to 
what is termed ‘sweetveld’ which can be grazed all year in the arid areas and 
‘sourveld’ which is only palatable during the summer in the moister areas. The 
interplay between NPP, palatability and grazing pressure means that there is high 
build-up of unpalatable grassy biomass in the high rainfall areas, and this is a driver 
for frequent fires in these areas (see Chap. 26). The Albany Thicket Biome is a 
remarkable outlier. In its natural state it has a higher NPP than might be expected 
for its low rainfall, and can support a high livestock of wildlife density. This is in 
large part due to the spekboom (Portulacaria afra) which has a joint CAM and C3 
photosynthetic pathway and is both highly palatable and relatively fast-growing. 
Thicket is very sensitive to overgrazing, particularly by goats. When overutilized 
the thicket vegetation can ‘collapse,’ changing from a productive thicket (dense 
stands of small tree)-based system to a low-production annual grassland, with a 
concomitant loss of soil and biomass. There is evidence that the thicket is more 
resilient to wildlife and particularly elephant grazing, compared to grazing by 
livestock, and it has been identified as an area where rewilding might have extensive 
carbon sequestration benefits (Mills et al. 2005; Mills and Cowling 2010). 

The Nama-Karoo Biome, despite its relatively low productivity, once supported 
vast herds of migratory herbivores. The vegetation has a carrying capacity of about 
25–35 ha LSU−1 (Cowling and Roux, 1987). Human settlement has caused the area 
to be fenced into camps and it now supports an important sheep and goat industry 
(Masubelele et al. 2015). There are long-standing concerns over the impacts of 
overgrazing on the overall degradation of the karoo vegetation and in particular 
changes in the shrubs to grasses ratios. Acocks (1953) already raised concerns over 
the karoo shrubs encroaching into the grasslands. More recent data suggest that the 
opposite might in fact be true and that climate change is causing grasses to increase 
in the karoo (Masubelele et al. 2014). See Chap. 17 in this volume for recent work on 
the differences in production from highly grazed versus lightly grazed karoo areas.

http://doi.org/10.1007/978-3-031-10948-5_16
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Both the grasslands and the renosterveld are areas targeted for agricultural crop 
production. This has led to extensive transformation of these vegetation types in 
areas where good soils and adequate rainfall overlap. The grasslands and to a 
lesser extent the mountain Fynbos areas are also targeted for plantation forestry 
production, again causing transformation of the natural vegetation. 

Forests have some of the highest rates of NPP in the region. However, southern 
Africa has very limited areas of true, closed-canopy forests, and they mostly lie 
in relatively cool climates which lower NPP rates. Higher production rates are 
observed in the more tropical coastal forests or on the East Coast of South Africa 
and Mozambique, rather than in the cooler mountain and southern Cape forests. 
Most of the South African forest is under conservation, though a limited amount 
of legal, sustainable timber and forest product harvesting takes place. In addition, 
an unsanctioned harvesting for traditional uses including traditional medicines also 
takes place, though there is a recent trend toward joint forest management to 
better regulate these traditional uses (Geldenhuys 2004). In Mozambique forests are 
extensively harvested, much of this illegally for export, but also for local charcoal 
production and the opening of new agricultural fields (Nielsen and Bunkenborg 
2020; Woollen et al. 2016). Plantation forests of exotic pine, eucalyptus and wattle 
(Acacias) provide most of the region’s timber, and pulp for paper, but represent a 
fully transformed, but productive habitat. 

In addition to provision of grazing the natural vegetation provides humans with 
a multitude of what are termed ‘veld products’ or nontimber forest products. These 
products are especially important to the rural poor and vulnerable (Chap. 15). These 
products include medicinal plants for traditional remedies, especially from bark 
and geophytes, thatching grass, wild fruits, mushrooms and other foods, building 
material and craft material. Rural communities throughout southern Africa are 
also still dependent on fuelwood as the main source of domestic cooking fuel 
(Malimbwi et al. 2010). This dependency on wood fuel is partially reduced due 
to rural electrification, but even in electrified areas is still a common practice to use 
wood to spare costs. In Mozambique, charcoal is also the main urban domestic fuel 
(Mudombi et al. 2018) of the poor and there is an extensive charcoal trade between 
rural and urban centers (Smith et al. 2019). Within the Fynbos biome there is a 
large industry based on wild flower harvesting and the harvesting of rooibos tea 
(Aspalathus linearis), though both are now mostly grown in plantation format on 
transformed or semitransformed land (Louw 2006). 

2.3.3.4 Organizational Efforts Geared to Protect Terrestrial Biodiversity 
Southern Africa has a long and proud history of terrestrial biodiversity conservation. 
As a region it has, by global standards, both a high proportion of land under 
formal conservation and a high proportion of still largely natural environments. 
Historically, low human density, less destructive farming practices, unsuitability 
of land for year-round human habitation, and the occurrences of diseases such as 
malaria and trypanosomiasis (sleeping sickness) resulted in many areas remaining 
relatively natural. Western technology and medicine resulted in rapid population 
expansion in the twentieth century, coupled with opening of new land areas for

http://doi.org/10.1007/978-3-031-10948-5_15
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agriculture, and this necessitated the need for formal conservation. Conservation 
effort is, however, not strategically allocated to conserving all biodiversity, and in 
many cases, it is not linked to the likely threats to the biodiversity of the biomes. 
The savanna is well conserved as in addition to large parts of the savanna biome 
being covered with formal conservation, there are also huge areas of private land 
under wildlife management, and extensive tracts of communal land in Namibia 
or the old hunting areas of Botswana which are managed by communities as part 
of Community-Based Natural Resource Management (CBNRM) tourism programs 
which adds to the conservation of the biome (see Chaps. 15 and 17). 

Overall, the biodiversity-rich Fynbos Biome enjoys about 20% formal con-
servation; however, conservation differs significantly between the fynbos versus 
the renosterbos vegetation. Not only is the renosterbos poorly conserved at only 
0.6%, but it has been extensively transformed for cropland (96% transformed). The 
conserved fynbos areas are predominantly in mountain regions, which are histori-
cally conserved as water catchments. Impacts from invasive alien vegetation occur 
throughout the biome and threaten the fynbos in both protected and unprotected 
areas. The Cape Action for People and the Environment (C.A.P.E.) (1998–2000), 
developed a 20-year strategy for conservation and sustainable development of the 
fynbos biodiversity hotspot. Funding from the Global Environment Facility (GEF), 
Critically Endanger Partnership Fund, National Government and numerous other 
donors has helped implement this plan. 

Only about 3.5% of species- and endemic-rich Succulent Karoo Biome is for-
mally conserved. The Succulent Karoo Ecosystem Plan (SKEP) was a participative 
process to improve conservation of the endangered Succulent Karoo biome, and 
created a 20-year strategic plan (Driver et al. 2003). It used a strategic conservation 
planning approach to identify critical areas needing conservation. Further funded 
through the GEF, Critical Ecosystems Partnership Fund, in collaboration with other 
funders added more than 2.9 million hectares of biologically important land to 
the conservation estate via establishment of conservancies, signing of stewardship 
agreements, and the incorporation and designation of state land. This program 
included both South African and Namibia (Critical Ecosystem Partnership Fund 
2001). 

The Grassland Biome is extensively transformed into cropland and plantation 
forestry, and despite being one of the most threatened biomes, only has 3.2% 
formal conservation. The Grasslands Program was initiated by SANBI to strengthen 
conservation within the grasslands (DEA 2015). 

The Nama-Karoo Biome has exceptionally low levels of formal conservation 
in South Africa, with only about 1% of the biome conserved. Much of the South 
African Nama-Karoo is considered degraded from overgrazing, but total land 
transformation is relatively limited (Hoffman 2014). Compared to South Africa, 
conservation levels are better in Namibia where about 17% of the Nama-Karoo 
Biome is conserved. 

The Desert Biome is well conserved in both South Africa and Namibia. The 
Forests Biome within South Africa has an exceptionally high level of conservation 
as even forests outside of formal conservation areas have special protection under

http://doi.org/10.1007/978-3-031-10948-5_15
http://doi.org/10.1007/978-3-031-10948-5_17


62 A. F. Sell et al.

the National Forest Act. None of the Mozambique forest is within formal reserves, 
though a small proportion is in a hunting area. In South Africa both the IOCB 
and Albany Thicket have below the international 10% target for conservation, and 
both are vulnerable to degradation and transformation. Within Mozambique a small 
section of the IOCR is protected. 

Initial conservation efforts in the region tended to focus on land with a low 
agricultural potential, rather than the strategic importance of the land from a biodi-
versity conservation perspective. South Africa has an active program to increase the 
extent of conservation, and in addition many areas throughout the region have been 
identified for management through studentship agreement. Several transboundary 
conservation initiatives have been implemented in the region and there is strong 
NGO support through organizations such as the Peace Park Foundation and WWF. 
Although conservation areas are relatively well managed and successful throughout 
most of the southern African region, funding for conservation remains problematic 
in all countries. In Mozambique conservation areas largely collapsed during the 
civil war and management capacity was lost. To help fill this gap, the private 
sector has become involved supporting formal conservation in initiatives such as the 
Carr foundations support to Gorongosa reserve in Mozambique, and the Frankfort 
Zoological Society’s supports the Gonarezhou reserve in Zimbabwe. Ecotourism 
has also been used as a funding mechanism to support private and community 
conservation initiatives. 

2.4 Connection Between Oceanic and Coastal Terrestrial 
Ecosystems 

Land and ocean in the Benguela region of southern Africa are closely interlinked. 
The desert-dominated coastal strip along the West Coast is dependent on water and 
nutrient inputs via the sea fog, just as the coastal waters are influenced by nutrient 
inputs via desert dust and water inputs via submarine groundwater discharge. 
Climate change influences these material fluxes considerably (Bryant et al. 2007). 
The connections between these fluxes and ecological processes are not yet fully 
understood, and hence, the extent of this impact on pelagic and benthic ecosystems 
in the coastal waters off Namibia, on the Namib Desert and on the greenhouse-gas 
concentrations in the atmosphere has not yet been quantified. 

The main transport vectors are winds, fog, river and groundwater discharges 
(Fig. 2.10). These vectors are driven by the complex interplay between the ocean 
and the atmospheric circulation over southern Africa and its teleconnections with 
climate anomalies reflected by indicators such as the El Niño Southern Oscillation 
(ENSO), Tropical Southern Atlantic Index (TSA) or St Helena Island Climate Index 
(HIX). 

The relatively cold sea surface in the upwelling system of the Benguela Current 
in combination with subtropical subsidence lead to a rather stable lower atmosphere, 
which suppresses the formation of substantial precipitation. Therefore, other sources 
of moisture are of tremendous importance in the region. Due to the cold waters of
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Fig. 2.10 Sketch of the main environmental factors, transport processes, and ecosystem compo-
nents in the Namibian coastal upwelling-desert system (© Werner Ekau) 

the Benguela Current, advected sea fog is a rather frequent feature (Schulze 1969; 
Lancaster et al. 1984) along the southern African coastal region and provides a 
major source of moisture for several local species (Hachfeld 2000; Hamilton III et al. 
2003, Henschel and Seely 2008). Maximum monthly precipitation (dew) from fog 
can reach up to about 50 mm yr−1, while annual mean rainfall amounts (excluding 
fog precipitation) for the region are only between ~20 and 40 mm yr−1 (Lancaster 
et al. 1984). 

Fog thus is a main source of water for the Namib Desert ecosystem. It occurs 
mainly during the austral winter months when extremely cold and nutrient-/CO2-
rich water wells up along the Namibian coast (Eckardt and Schemenauer 1998). 
The generation of fog is enhanced when low atmospheric pressure systems develop 
in the south and upwelling is restricted to a narrow strip along the coast in the 
north. Under such circumstances warm moist air of the south and/or the open ocean 
is transported over upwelled water where it cools down. Sea surface temperatures 
have increased over the last 30 years and upwelling is assumed to strengthen in 
the course of global warming, raising the question of how this might affect the fog 
formation over the Namib Desert. 

In the land-sea direction, another connecting water transport exists through 
submarine groundwater discharge (SGD). In Namibia for instance, the two most 
important coastal aquifers, the Omaruru Delta and the Kuiseb Dune, are closely 
linked to paleoriver channels filled with sands which provide the permeability for 
subsurface flow toward the sea. Submarine groundwater can have significant impact 
on shallow-water benthic communities (Starke et al. 2019). 

Besides water, fog contains salt and nutrients which indicate that sea water is 
not its only source. It appears to act as a barrier scavenging all sorts of dust and 
other atmospheric compounds. When the water evaporates, salt crusts are formed
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within the coastal deserts (Eckardt and Schemenauer 1998). Fog is acidic compared 
to sea water, but contains higher concentrations of dissolved inorganic carbon and 
calcium carbonate than rain water. Several desert plants such as lichens and grasses, 
which stabilize the soil in the central Namib, are dependent upon the moisture and 
nutrients released from the fog. 

Dust inputs into the ocean are mainly controlled by the bergwinds channeled 
through the ephemeral river beds (see Fig. 2.11). Besides inorganic dust, winds 
transport also organic particles such as desert-grass, lichens and insects providing 
additional food for the marine and the desert fauna and the associated food 
webs (Fig. 2.9). Barkley et al. (2019) recently showed that apart from dust, the 
aerosol transport of African biomass burning is a substantial source of phosphorus 
deposition to the Amazon Basin, the tropical Atlantic and the Southern Ocean. 

Sediment traps which have been deployed in the framework of SPACES along the 
Namibian continental margin between the Walvis Ridge and the Orange River are, 
in turn, tools to measure the flux of particles from the surface into the deep ocean. 
Sediment trap results show that the majority of the exported material is residue from 
the pelagic food web but contains on average also ~9% to 17% of inorganic dust 
particles referred to as lithogenic matter (Vorrath et al. 2018). A long-term sediment 

Fig. 2.11 Dust plumes along 
the Namibian coast (https:// 
eoimages.gsfc.nasa.gov)
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trap deployment close to Walvis Bay on the Namibian shelf (see Chap. 25 for more 
detailed information) showed furthermore that the contribution of lithogenic dust 
varies significantly on time scales of weeks but also seasonally and interannually. 
For instance, at the end of 2010, lithogenic dust particles contributed more than 
40% to the trapped material whereas at the end of the year 2013 the contribution of 
lithogenic matter to total flux was less than 10%. These dust inputs are known to 
act as ballast in sinking particles which lowers the offshore advection of plankton 
blooms, and as essential sources of micronutrients such as iron which is assumed 
to limit plankton blooms in many other ocean regions (Rixen et al. 2019, and 
references therein). To what extent the varying dust inputs affect the development of 
plankton blooms still needs to be studied in more detail to better understand impacts 
of climate and local land use changes on the marine environment. 

2.5 Southern African Biomes: Carbon Sources or Sinks? 

2.5.1 Oceanic Biomes 

Numerical models suggest that upwelling systems at lower latitudes such as the 
Benguela Upwelling System (BUS) in the south-eastern Atlantic Ocean act as net 
carbon dioxide (CO2) sources to the atmosphere (Laruelle et al. 2014; Brady et al. 
2019; Roobaert et al. 2019). In contrast, estimates based on data obtained during the 
SPACES program suggest that the nBUS acts as a CO2 source while the sBUS acts 
as a CO2 sink (Emeis et al. 2018; Siddiqui et al. 2023). These opposing functions 
are assumed to be a consequence of the combined effects of the marine solubility 
pump and the biological carbon pump on the partial pressure of CO2 (pCO2) in  
surface waters: if the pCO2 in the ocean falls below pCO2 in the atmosphere, 
the ocean takes up CO2, whereas it emits CO2 if the pCO2 in surface waters 
exceeds that in the atmosphere. The solubility pump increases pCO2 in seawater 
and favors CO2 emission when upwelled water warms at the surface. Conversely, 
the biological carbon pump reduces the pCO2 as it is driven by the photosynthesis 
of phytoplankton converting CO2 into biomass which is subsequently exported into 
subsurface waters. TRAFFIC research has supported the conclusion that the sBUS 
operates as a regional CO2 sink where the CO2 uptake by the biological carbon 
pump exceeds the CO2 release by the solubility pump, whereas the nBUS acts as a 
CO2 source to the atmosphere (Siddiqui et al. 2023). 

However, effects of these pumps in the BUS have to be linked to their opposing 
function in the Southern Ocean, since the water that upwells in the BUS originates 
from there. According to our current estimate, CO2 uptake by the biological carbon 
pump in the BUS compensates up to 38% of its CO2 loss in the Atlantic sector of 
the Southern Ocean (Chap. 25). Hence, changes in CO2 uptake by the biological 
carbon pump in the BUS could significantly affect the marine carbon cycle and its 
role as a sink of anthropogenic CO2 (Siddiqui et al. 2023). 

Even though it is widely accepted that global change (Riebesell et al. 2007) and 
human impacts via, e.g., fisheries (Bianchi et al. 2021), affect the biological carbon
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pump, associated changes of its CO2 uptake are still difficult to predict due to the 
low accuracy with which it can be determined. Accordingly, the development of 
new methods and observing strategies remain a great challenge in marine sciences, 
and efforts to protect the oceans and combat climate change need to be strengthened 
(Chap. 25). 

2.5.2 Terrestrial Biomes 

A 2014 South African assessment of terrestrial carbon stocks, repeated again in 
2020 found that to a large extent standing carbon stocks follow rainfall patterns. 
Grasslands have one of the highest carbon stocks per unit area, in some cases 
approaching those of forests (Scholes et al. 2014; von Maltitz et al. 2020). This 
un-intuitive outcome is because of the extensive soil carbon stocks that accumulate 
particularly in the moist high-altitude grasslands. The savanna, despite having a 
slightly lower carbon stock per unit area, is a globally important carbon stock due 
to the vastness of the savanna regions. 

Carbon fluxes remain poorly understood for the region and are covered in greater 
detail in subsequent chapters (Chaps. 17 and 30). A number of factors make 
understanding of the carbon fluxes complicated. Firstly, there are the overarching 
impacts from global climate change and the global fertilization impacts from raised 
CO2 on standing plant biomass. According to Knowles et al. (2014), this should 
have a positive impact on most, but not all, biomes. Secondly, for most of the 
biomes, there is a gradual uptake of carbon over multiple years. This follows 
seasonal patterns of uptake during the wet periods, with emissions during the dry 
periods. However, in the fire-prone biomes, there are also major emissions during 
fire periods that might be every year in some grasslands to once in 20 years or 
more in some of the arid savanna and fynbos habitats. Especially in the fynbos, this 
leads to an almost total mortality of standing woody biomass, followed by reseeding 
and a gradual build-up of new biomass. Long-term trends are therefore difficult 
to ascertain, especially since fire intervals can vary greatly on the same parcel of 
land over time. Thirdly, the region has cycles of wet and arid periods that can span 
many years (Chaps. 3 and 6). This can mean that short-term rainfall-induced trends 
are very different from longer-term climate change and CO2 fertilization trends. 
Further, most satellite-derived biomass products are only starting to give a sufficient 
time span of data to overrule the short-term rainfall fluctuations. Finally, human 
induced land degradation and restoration need to be considered (von Maltitz et al. 
2018). Even using long-term data from National Parks can give misleading results. 
For instance, in the Kruger National Park elephants were almost absent when the 
park was proclaimed in 1902. Elephant numbers increased and were artificially held 
constant from 1967 to 1994 at about 7000 to 8000 animals; however, since 1994, 
their numbers have been allowed to increase and now stand at about 18,000. This 
has had profound impacts on standing tree biomass, as can be seen at the flux tower 
near Skukuza which has changed from a relatively dense savanna (30% tree cover) 
when initiated to a more open savanna at present (Scholes et al. 2001).
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2.6 Impacts of Climate Change 

Anthropogenic climate change is projected to affect individual terrestrial and marine 
biomes to different degrees. In marine ecosystems, regional atmospheric warming 
interacts with altered ocean currents. In terrestrial systems, aside from direct effects 
of warming, altered rainfall causes the main effects on biomes under climate change. 
Shifts in tropical cyclone behavior are not yet projected with reasonable confidence, 
although they may fundamentally change the extent and steepness of environmental 
gradients that have existed for millennia. 

2.6.1 Impact of Climate Change on Marine Biomes 

2.6.1.1 Climate Change Affecting Coastal Upwelling Systems 
All Eastern Boundary Upwelling Systems (EBUSs) are dependent on the global 
circulation patterns of wind and ocean currents and thus are susceptible to alter-
ations caused under climate change. Climate change affects EBUSs in different 
ways with partly opposing consequences. Global warming of the ocean surface 
will increase stratification and, hence, potentially reduce upwelling intensity. In 
contrast, increasing greenhouse gas concentrations in the atmosphere could force 
intensification of upwelling-favorable winds in EBUSs (stronger trade winds) and, 
therefore, strengthen upwelling intensity (Bakun et al. 2015). Thus, both opposing 
trends, the intensification and the relaxation of upwelling intensity, are possible 
under climate change scenarios. It is not yet clear which of the two processes will 
dominate where, but latitudinal differences in EBUSs’ response to global climate 
change appear likely. Recent studies suggest that a poleward shift in subtropical 
high-pressure cells will lead to an intensification, and possibly seasonal expansion, 
of upwelling in poleward parts of EBUSs, whereas closer to the equator, upwelling 
intensity will be reduced (García-Reyes et al. 2015; Rykaczewski et al. 2015; Wang 
et al. 2015). Some evidence for this phenomenon has been observed in the Benguela 
System, including a significant recent decrease in upwelling in the nBUS, and a 
significant increase on the Agulhas Bank off South Africa (Lamont et al. 2018). 

Sweijd and Smit (2020) showed that 99% of the area of all seven African Large 
Marine Ecosystems (LMEs) has warmed with rates of between 0.11◦C per decade 
(Agulhas LME) and 0.58◦C per decade (Canary LME) since the 1980s. They found 
that only 1% of the LME area was associated with cooling due to upwelling. The 
most intense warming hotspot in the nBUS was at the Angola-Benguela Frontal 
Zone, while the strongest cooling was at the boundary between the nBUS and sBUS, 
in the Lüderitz upwelling cell. 

Sydeman et al. (2014) evaluated the evidence for an intensification of upwelling-
favorable winds through a meta-analysis of existing studies and found support for 
the hypothesis that climate change is associated with stronger coastal winds and 
enhanced upwelling in EBUSs, including the Benguela. This in turn could lead to 
adverse effects such as stronger offshore advection, more frequent hypoxic events, 
and increased ocean acidification (Bakun et al. 2015). Recent studies within the
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SPACES framework point out the extreme complexity of oceanographic processes 
on a smaller scale (e.g., eddies), which may also have modulating effects on the 
wind-driven upwelling off Lüderitz and Walvis Bay (Bordbar et al. 2021). 

The Benguela Current Ecosystem is vulnerable to processes leading to 
deoxygenation. Increasing temperatures and decreasing oxygen levels have been 
measured—especially in the nBUS—for several decades (Stramma et al. 2008) 
with severe potential impact on the species there (Ekau et al. 2010). Deoxygenation 
is especially pronounced in the nBUS, as this subsystem is already defined by 
perennial low-oxygen water and hydrogen sulfide eruptions (Kirkman et al. 2016). 

Whereas a variety of studies have shown that the impacts of global warming 
(and other anthropogenic stressors, e.g., fishing pressure or plastic pollution) on 
the marine food web and ecosystem health vary spatially, even within the Benguela 
Upwelling System, the region-specific effects in many areas of southern Africa have 
not been well studied (Hutchings et al. 2012; Kirkman et al. 2016; Verheye et al. 
2016). 

2.6.1.2 Climate Change Impacts on Marine Species in the Benguela 
Climate change is expected to have complex effects with potentially far-reaching 
consequences in the vulnerable Benguela Upwelling System (Bakun et al. 2015; 
Bordbar et al. 2021). The contrasting local warming and cooling trends may have 
opposing effects on individual taxa and will cause complex ecosystem responses to 
climate change. 

Phytoplankton production would principally be favored by enhanced coastal 
upwelling leading to elevated nutrient concentrations in surface waters, but it could 
simultaneously be reduced by greater turbulence and thus deeper mixed layers 
and light limitation (Bakun et al. 2015). Increased turbulence and offshore export 
may also cause a decoupling between primary producers and higher trophic levels 
(spatial mismatch). In contrast, new primary production further offshore may be 
enhanced. Alterations in phytoplankton and zooplankton communities will likely 
be the consequence, but are difficult to predict at the current state of knowledge. 
Certainly, such changes will propagate up the food web, e.g., impacting larval fish 
recruitment. 

The expansion of oxygen-minimum zones (Stramma et al. 2008) affects the 
vertical distribution and migration of zoo- and ichthyoplankton (Ekau and Verheye 
2005; Auel and Ekau 2009) that respond to the shift in oxyclines. Here, as in 
the Humboldt and California Current EBUSs (Bograd et al. 2008; Bertrand et 
al. 2010), the position of the oxycline is a determining factor in the structuring 
of the pelagic community as it limits the habitable space for pelagic organisms 
(Howard et al. 2020). In the zooplankton, certain species e.g., copepods of the 
families Eucalanidae, Rhincalanidae and Subeucalanidae, can better cope with 
oxygen minimum zones (OMZs) than others (Teuber et al. 2013; Teuber et al. 
2019). The shifting of the oxycline in the nBUS could have severe impacts on 
fish recruitment due to the high sensitivity of many fish species to low-oxygen 
concentrations, and also via changing availability of zooplankton prey (Kreiner et 
al. 2009; Ekau et al. 2018). Overall, deoxygenation may have multiple ecological
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consequences, including range shifts in species distribution or alteration of vertical 
migration behavior, which in turn affect species interactions, as well as the local 
abundance and availability of commercially relevant living marine resources (Chan 
et al. 2019). 

Potts et al. (2015) reviewed projected impacts of climate change (sea temper-
ature, upwelling intensity, current strength, rainfall, pH, and sea level) on coastal 
fishes in southern Africa, distinguishing the effects on different groups of fishes 
(migratory, resident, estuarine-dependent or catadromous fish guilds) in separate 
biogeographical zones. The authors concluded that impacts will be diverse due to 
the different life strategies of coastal fishes, but process understanding would still 
need to be improved in order to derive sound predictions for the different zones of 
the southern African coasts. 

In the northern Benguela, long-term trends in growth of fish stocks such as the 
deep-water hake were shown to be influenced by upwelling intensity, as well as 
by fisheries-induced evolution, which works in opposing directions for small and 
large fish (Wilhelm et al. 2020). Therefore, for each fished and non-fished taxon, 
understanding of their specific responses to the combined climate change and fishing 
impacts still needs to be improved. 

For key species in the southern Benguela, Ortega-Cisneros et al. (2018a) 
performed a trait-based sensitivity assessment in order to evaluate their potential 
relative sensitivity to climate change. Several of the species included in their 
assessment are endemic to southern Africa, including white steenbras Lithognathus 
lithognathus, which was classified as particularly sensitive. The benthic invertebrate 
abalone (Haliotis midae) also has high expected vulnerability. Cape horse mackerel, 
shallow-water hake and sardine scored as having lower sensitivity to climate change 
than the other assessed species. Nevertheless, sardine, in particular, appears to suffer 
from the combined effects of climate change and fishing. 

The South African fishery on small pelagics targets sardine, anchovy and (to 
a lesser degree) round herring, and is economically the country’s second most 
valuable fishery (after the deep-sea trawl fisheries) and supports many employees. 
These characteristics, together with the fact that small pelagic fishes respond rapidly 
to environmental change in terms of their abundance and distribution patterns, 
have led to it being considered one of the fisheries most vulnerable to climate 
change (van der Lingen 2021). The sardine resource has been low for more than 
a decade, and is presently depleted, while both anchovy and sardine have shown 
changes in their distributions. Various adaptation measures have been suggested 
and/or implemented to mitigate climate change effects and to nurse the pelagic 
stocks. These range from sardine stock rebuilding programs and the importation 
of frozen sardines to reduce local fishing pressure while maintaining the processing 
infrastructure, to developing experimental fisheries on alternative resources, specif-
ically the mesopelagic Hector’s lanternfish (Lampanyctodes hectoris). Augustyn et 
al. (2018) present various rebuilding measures for the sardine fishery and point out 
that monitoring and scientific data collection are vital to continue recording the most 
important environmental variables and species to enable adaptive management of 
that fishery.
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The complexity of interactions of partly antagonistic climate-driven processes 
makes overall predictions difficult, and strongly suggests that climate impact will 
differ spatially. The frequency of occurrence of harmful algal blooms has been 
suggested to increase under climate change, and negative effects on sardine (but not 
on anchovy or round herring) have been described (van der Lingen et al. 2016). 
In contrast to the other small pelagic species, sardine possesses finely meshed 
gill rakers which enable them to feed directly on small unicellular phytoplankton, 
but also making them vulnerable to the possible ingestion of toxic dinoflagellates 
such as Gonyaulax polygramma directly (van der Lingen et al. 2016). As sardine 
and anchovy differ in feeding behavior and diet, changes in local zooplankton 
community composition and size structure can also be expected to affect each 
fish species differently (van der Lingen et al. 2006a, b). Where larger zooplankton 
become more abundant, anchovy and round herring may be favored, whereas 
sardine may gain a competitive advantage where smaller zooplankton will dominate 
particularly under conditions of weak upwelling (van der Lingen et al. 2006b; 
Augustyn et al. 2018). 

Physical mesoscale processes which directly impact the habitat of small pelagic 
fishes cause considerable ‘noise’ in oceanographic data, making detection of climate 
change signals difficult (van der Lingen and Hampton 2018). This complicates 
efforts to disentangle effects of climate change and fishing activities. Therefore, an 
integrated research response needs to be developed in order to improve forecasting 
of likely climate change impacts on vulnerable fish species and the related fishing 
sectors (van der Lingen 2021). 

In a modeling study investigating the effects of several drivers on the southern 
Benguela upwelling system, Ortega-Cisneros et al. (2018b) found that warming 
had the greatest effect on species biomass, with mainly negative effects reported. 
Cephalopods are an exception to this rule, as there have been various records of 
their thriving under climate change (Golikov et al. 2013; Doubleday et al. 2016; 
Oesterwind et al. 2022). Mesopelagic fishes and large pelagic fish species were 
predicted to be the least and the most negatively affected groups, respectively, 
also when accounting for the effects of potential new fisheries on mesopelagics 
and round herring (Ortega-Cisneros et al. 2018b). Van der Sleen et al. (2022) 
incorporated sea surface temperature (SST) fluctuations in models of marine fish 
population dynamics at different trophic levels in ten LMEs (including the Agulhas 
Current LME). Using observed landings and SST data, they constructed their model 
to disentangle influences of climate from those of fishing pressure with some 
predictive power. Yet, in upwelling systems, responses to SST are partly opposing 
and generally more complex. 

2.6.2 Impact of Climate Change on Terrestrial Biomes 

Climate change is anticipated to have major impacts on the terrestrial biomes. A 
number of research initiatives starting from simple bioclimatic envelope approaches 
(Midgley et al. 2008) and progressing to complex Dynamic Vegetation Models
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(Chap. 14). Outcomes from the modeling processes differ based on the different 
approaches, and the different climate futures used to drive the models, though 
shrinkage of many of the biomes appears inevitable. Climate change can be expected 
to affect the individual terrestrial biomes differently. 

Savannas are a relatively resilient vegetation type as they have evolved under a 
multitude of disturbances; however, it is possible that climate change may move 
savannas beyond critical tipping points. Direct impacts from higher temperature 
are unlikely to affect savannas, though the increased temperatures may make the 
area more arid (DEA 2015). However, climate change poses a number of potential 
new threats to the biome. The C4 grasses evolved relatively recently under low 
global CO2 concentrations (Bouchenak-Khelladi et al. 2009). As climate change 
is associated with elevated levels of atmospheric CO2, this may lead to a shift in the 
competitive advantage of entire metabolic classes of plants. The C4 photosynthetic 
pathway currently gives the C4 grasses a water use efficiency advantage. Rising CO2 
levels appear, however, to favor C3 species, and indications are that this will favor 
trees over the grasses, possibly shifting the biome to higher tree density or even 
forest (Bond et al. 2003; Kgope et al. 2010; Chap. 14). Fire regimes under climate 
change remain a key unknown. Increased tree density might reduce fire risks; 
however, there is also a possibility that prolonged droughts and heat waves under 
climate change may lead to unprecedented ‘fire storms’ with unknown consequence 
to the tree-grass ratios (Staver et al. 2011). 

Grasslands are considered as especially vulnerable to climate change, with 
models suggesting they will be encroached by other biomes and ‘squeezed’ to a 
fraction of their current extent (e.g., Midgley et al. 2008; DEA  2015; Chap. 14). Tree 
species are expanding into grasslands on the savanna grassland interface, effecting 
millions of ha of grasslands (Skowno et al. 2017). Grasslands may, however, expand 
into the Karoo in some circumstances (Chap. 15), and their greater prevalence in 
some Nama-Karoo shrublands may already be driving a novel wildfire regime. 

The Nama-Karoo Biome, while being typified by the occurrence of dwarf 
shrubs of the Asteraceae, Poaceae, Aizoaceae, Mesembryanthemacaea, Liliaceae 
and Scrophulariaceae, may also have a large amount of grass, especially following 
periods of high rainfall (Palmer and Hoffman 2003). The aridity index of the biome 
has changed over the past 100 years and there is an increase in grass cover since 
the 1960s (Hoffman 2014). Fire is rare in the Nama-Karoo Biome, and although 
most of the Nama-Karoo shrubs are able to resprout after fire, fire could shift the 
vegetation to a more grassy state (Kraaij et al. 2017). Morgan et al. (2011) suggest 
that increased CO2 concentrations may favor C4 grasses, potentially increasing 
the likelihood of fire which will further benefit grass more than shrubs (du Toit 
2019). Projected climate change impacts on the Nama-Karoo vegetation are unclear, 
especially when utilizing projections of both climate and geology, but may reduce 
the Nama-Karoo Biome in South Africa, though cause its expansion in Namibia and 
Botswana (Guo et al. 2017). 

The fauna and flora of the Desert Biome are critically dependent on the moisture 
provided through fog. This biome is considered exceptionally vulnerable to changes

http://doi.org/10.1007/978-3-031-10948-5_14
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in fog occurrence, which is poorly understood, but considered to be declining under 
climate change (Mitchell et al. 2020). 

For the Succulent Karoo Biome, any increase in precipitation that allows the 
fynbos species to expand would be detrimental. At the same time, any shift in 
seasonality toward stronger summer rainfall would likely allow for Nama-Karoo 
species expansion at the expense of the succulent karoo species. As such the 
Succulent Karoo Biome is considered as extremely vulnerable to small shifts in 
climate. Early biome niche models predict that the biome might shrink considerably 
as a result of a southward shift in the rain-bearing mid latitude cyclones (MacKellar 
et al. 2007; Midgley and Thuiller 2007). A model by Driver et al. (2012) based on 
more recent climate predictions found lesser evidence of extensive biome shrinkage. 

The renosterveld element of the Fynbos Biome in particular has been highly 
fragmented through wide-scale transformation. The region is considered as very 
vulnerable to climate change impacts, due to the intrinsic nature of its high, but 
localized and isolated biodiversity. Increased temperature regimes could change fire 
frequency and intensity, factors that are known to impact fynbos biodiversity. Being 
at the southern tip of Africa, only altitude, and not southward migration, is available 
as an option for a range shift to avoid increased heat. A southerly shift of only a 
few 10s of km of the rainfall-bearing frontal systems that provide the unique winter 
rainfall could be devastating to the region. 

Forests are sensitive to fire, and there are records of forests burning during 
intense hot and dry periods when the resultant damage can be catastrophic (Gelden-
huys 1994). This makes them potentially vulnerable to climate change impacts 
where droughts and heat waves may become both more common and more intense. 

Being close to the warm Indian Ocean Current, climate is subtropical in the 
Indian Ocean Coastal Belt Biome, but extremes are moderated by the coastal 
influence. Rainfall tends to be above 900 mm yr−1. Rainfall occurs predominantly 
during summer in the south, but throughout the year toward the north. Climate 
change will have a lesser impact on temperature in the IOCB than in the inland 
biomes, and the east of the country where it occurs also appears to be slightly less 
vulnerable to an overall decrease in rainfall. Changes in fire regimes due to climate 
change might be one of the greatest climate change induced threats (DEA 2015). 

Climate change impacts on the Albany Thicket Biome are poorly understood, 
but a predicted increase in rainfall might favor an incursion of savanna species 
including more grass into the biome. The Crassulacean Acid Metabolism (CAM) 
dominance of many of the species is less likely to benefit from raised global 
CO2 which will favor C3 trees and to a lesser degree also C4 grasses. Increased 
occurrence of fire in this biome would be devastating to some species (DEA 2015). 

The Desert Biome is projected to expand from its current distribution in coastal 
and southern Namibia and western southern Africa, toward the south and east, 
displacing Nama Karoo and savanna in western Botswana and northern South 
Africa. The iconic desert tree Aloidendron dichotomum may already be showing 
signs of population mortality in warmer and drier areas of its range in these regions 
(Foden et al. 2007).
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2.7 Conclusions and Implications 

The southern African subcontinent and its surrounding oceanic regions accommo-
date globally unique ecoregions, which are outstanding owing to their exceptional 
biodiversity, with the occurrence of a multitude of endemic species and, in the 
marine realm, a very high productivity. Southern African terrestrial and marine 
ecosystems are shaped by steep and extended environmental gradients; they are 
adapted to and dependent on these special conditions. The biota in terrestrial biomes 
are limited in potential adaptive range extensions toward the south. Therefore, the 
effects of climate change on specific biomes will call for changes in human use of 
resources on land and at sea, and for protective measures to safeguard the exception-
ally high biodiversity of the subcontinent and its waters. In marine ecosystems, the 
effects of climate change are complex, especially since the underlying mechanisms 
are partly counteractive, particularly in the Benguela Upwelling System: global 
warming leads to stronger thermal stratification of the water column, impacting 
many biological processes (e.g., time of spawning, distribution) and biogeochemical 
vertical exchange. Simultaneously, higher gradients in air pressure and temperature 
changes over land and ocean also alter the regional wind fields. This may increase 
turbulence in the pelagic realm and intensify the upwelling of nutrient-rich waters, 
providing resources for pelagic food webs in some regions, or reduce upwelling 
in other regions. At the same time, various additional anthropogenic stressors 
including high fishing pressure are bound to threaten the ecological balance in 
marine ecosystems and their services such as the sequestration of CO2. These 
processes may exacerbate the effects of climate change currently predicted. 

Southern Africa, especially South Africa, has accumulated a long history of 
extensive biological research, unsurpassed by most areas outside of Europe and 
going back to the seventeenth century (Huntley 2003). These efforts have generated 
unique terrestrial and oceanic data sets of high value both for Africa and for 
most of the rest of the developing world. Data sets are stored in both European 
and local databases (e.g., PANGAEA, ODINAFRICA, ocean.gov.za) and involve 
numerous world-class national universities and research institutes. Many of these 
databases are constantly being expanded, becoming even more valuable. Their 
availability in extensive publications and ongoing studies on biodiversity and 
ecosystem functioning provide one of the most comprehensive settings for research 
investment both for regional and global benefit. 

Current regional and international research regarding the biomes of southern 
Africa does not focus on the biology alone, but also addresses earth system pro-
cesses and particularly climate change. Southern Africa has also generated extensive 
cross-disciplinary research interests beyond the continent, leading to numerous 
long-term collaborative research initiatives with Europe and other high-income 
nations. This includes programs such as Biodiversity Monitoring Transect Analysis 
(BIOTA) Africa, the Southern African Science Service Centre for Climate Change 
and Adaptive Land Management (SASSCAL), and Science Partnerships for the 
Adaptation to Complex Earth System Processes in Southern Africa (SPACES) I and

http://ocean.gov.za
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II programs focusing on the region. South Africa is also a driving partner in the All 
Atlantic Ocean Research and Innovation Alliance, so far including Atlantic coastal 
countries Brazil, South Africa, Argentina, Cabo Verde, Morocco, United States, 
Canada and several European states, and supported by the European Commission 
(relating to Galway Statement, Belém Statement and Washington Declaration; 
https://allatlanticocean.org/). These large initiatives increase the knowledge base 
needed to enable decisions toward sustainable management of human activities. 

Their outstanding value, and at the same time their great vulnerability through 
climate change, habitat loss and various other human pressures, should make south-
ern African biodiversity the focus of future research activities aimed at providing 
scientific support for ecosystem conservation measures and their management. The 
present digital age provides an excellent opportunity to create databases, making 
data sets readily available to simplify scientific and political collaboration and 
to exchange and thereby formulate socially, environmentally and economically 
acceptable management aims. However, various prerequisites need to be considered: 
the rich historic data sets need to be kept relevant by ensuring ongoing monitoring 
across all biota. This is a basic requirement for the analyses, meta-analyses and 
evaluations performed by scientists of different disciplines who need to formulate 
regular status reports on ecosystem health (e.g., status report on fisheries in South 
Africa, DEFF 2020) either for each country, or preferably through transnational 
organizations and institutional collaborations. These status reports could be eval-
uated by interdisciplinary committees to formulate up-to-date and clearly defined 
socio-economic management aims and guidelines, which at the same time protect 
the southern African biodiversity as well as ecosystem health and services. These 
steps advance society toward the global Sustainable Development Goals of finding 
socio-economic balance hand in hand with ecological balances. 
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Abstract 

There is an inextricable link between ecosystem integrity and the potential for 
achieving sustainable development goals (SDG). This chapter highlights key 
ecosystem threats and their drivers within the southern African regional context 
to emphasize the role of earth system science in supporting the achievement of 
regional sustainable development goals. It describes how some major anthro-
pogenic threats have unfolded in terrestrial, aquatic and marine ecosystems of the 
region. Earth system science is increasingly contributing to understanding how 
globally driven climate and environmental changes threaten these ecosystems, 
and in turn how these impact people’s livelihoods. Long-term changes in rainfall 
variability, concomitant disruption of hydrological balances, impacts on ocean 
chemistry, together with more immediate impacts on the frequency and magni-
tude of extreme climate events are some of the critical global change drivers. 
While terrestrial ecosystems are already faced with encroachment by novel 
species, characterized by the proliferation of both invasive alien and endemic 
woody species, freshwater and marine ecosystems appear more immediately 
threatened by more local impacts, such as the accumulation of contaminants. 
Overall, predicted climate and environmental changes are projected to hamper 
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development trajectories and poverty reduction efforts, and possibly exacerbate 
adverse impacts on human livelihoods. 

3.1 Introduction 

Southern Africa’s terrestrial, freshwater and marine ecosystems are highly diverse, 
unique in their biodiversity as described in Chap. 2 and of great regional significance 
to human livelihoods locally and regionally (IPBES 2019). This region also plays a 
role in global environmental sustainability, for example, through feedbacks via the 
carbon cycle, and therefore has global socioeconomic importance (Darwall et al. 
2009; Davis-Reddy et al. 2017). Building an understanding of the trends in impacts 
and their effects in this region is of importance from the local to global level. 
Fundamental and applied science in this region, as conducted under the SPACES 
program, addresses information needs to support key environmental policy efforts, 
and in particular, the Sustainable Development Goals. The protection of life under 
water and on land remains one of the key strategic imperatives for most countries in 
the southern African region as expressed by SDG 14 (Life below water) and SDG 
15 (Life on land), respectively. 

SDG 14 seeks to conserve and sustainably use the oceans, seas and marine 
resources for sustainable development. SDG 15 focuses on protecting, restoring 
and promoting sustainable use of terrestrial ecosystems, sustainably manage forests, 
combat desertification, halting and reversing land degradation and reducing bio-
diversity loss. Despite the critical role ecosystems play to sustain livelihoods and 
life on earth, these systems are increasingly threatened by the growing human 
population through habitat destruction or degradation, overharvesting and pollution 
(i.e., air, water and land) (Darwall et al. 2009; Galvani et al. 2016). These threats 
are superimposed on climate change and the associated extreme events (Dudgeon 
et al. 2006; IPCC  2007a, 2007b). For terrestrial ecosystem, climate change-related 
hazards include droughts, floods, heat waves and wildfires, occurring at a global 
scale, while for marine ecosystem of concern is ocean chemistry modification and 
sea-level rise which comes at a risk of coastal ecological infrastructure erosion 
(Darwall et al. 2009; McBean and Ajibade 2009; Kusangaya et al. 2014; Galvani 
et al. 2016). These risks are highlighted in SDG 13, focused on action to combat 
climate change and its impacts as well as to build resilience in responding to climate-
related hazards and natural disasters. In southern Africa, these three SDG efforts (13, 
14 and 15) are thus linked and mutually supportive. 

This chapter considers how selected threats to terrestrial, freshwater and marine 
ecosystems may impede progress in attaining targets associated with these three 
SDGs. The chapter provides illustrative cases on the local relevance of these SDGs 
in some of the southern African countries (land areas south of 17◦ S) and discusses 
these briefly using empirical evidence on how ecosystems have been and are being 
modified, and the drivers behind these trends.

http://doi.org/10.1007/978-3-031-10948-5_2
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The chapter proposes that climate change and anthropogenic activities are 
the major long-term drivers threatening ecosystem function and the persistence 
of biodiversity in this region. A vast body of literature has documented the 
impacts of climate change on people’s livelihoods (IPCC 2012) and illustrates how 
human-induced changes are creating conditions for unsustainable rapid changes in 
ecosystems despite some evidence for natural adaptive responses via biological 
evolution. Adverse trends include the worldwide deterioration of biodiversity, 
ecosystem functioning and ecosystem services (IPBES 2019). It is anticipated 
that climate and environmental change will hamper poverty reduction, or even 
exacerbate poverty in some if not all of its dimensions (IPBES 2019). 

3.2 Ecosystems and Sustainable Development Goals Nexus 

The year 2015 witnessed the convergence of world leaders adopting 17 Sustainable 
Development Goals (SDGs) that aim to “free humanity from poverty, secure a 
healthy planet for future generations, and build peaceful, inclusive societies as a 
foundation for ensuring lives of dignity for all” (Fig. 3.1, UN  2016). These goals 
are supported by 169 targets with over 200 indicators. All SDGs interact with one 
another, but since they are not by design an integrated set of global priorities and 
objectives (e.g., Nilsson et al. 2016), their interactions are complex and not always 
mutually supportive (Fonseca et al. 2020). The International Council for Science 
(ICS) explored the nature of interlinkages between the SDGs determining to what 
extent they reinforce or conflict with each other and found that SDG 2 (zero hunger), 
SDG 3 (good health and wellbeing), SDG 7 (affordable and clean energy), SDG 14 
(life below water) and SDG 15 (life on land) were found to be the most synergistic 
with other goals (Griggs et al. 2017). This chapter focuses on some examples of 
how the “earth system science-focused” SDG14 and 15, whose scope covers issues 
of water and land-based systems respectively, provide a context for fundamental and 
applied science addressing the main ecosystem types covered in this book and the 
approaches through which these may be productively interrogated, i.e., terrestrial, 
aquatic ecosystems and ocean ecosystems and their inherent services. Southern 
African terrestrial biota has been classified variously into biomes and their marine 
biota into ecologically similar regions (see Chap. 2). In this chapter, we provide 
indicative examples of specific threats in the context of these ecological units. 

Southern African ecosystems are found predominantly across tropical and 
subtropical climates, but with significant regions that fall within temperate, arid and 
hyperarid climate zones and even including an appreciably sized Mediterranean-
type climatic zone in its southwestern reaches (Chap. 2, Midgley and Bond 2015). 
The subcontinent and its adjacent marine waters host a diversity of ecosystems, 
most of which are still relatively intact with reference to their preanthropogenic 
biodiversity (Chap. 2, Scholes and Biggs 2005). The evolutionary legacy of this 
region remains largely preserved, with unique elements of fauna and flora relatively 
well represented in an extensive conservation-based spatial network (Pio et al. 
2014). This globally valuable resource represents a complex history of evolution,

http://doi.org/10.1007/978-3-031-10948-5_2
http://doi.org/10.1007/978-3-031-10948-5_2
http://doi.org/10.1007/978-3-031-10948-5_2
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Fig. 3.1 The interaction between the SDGs, the land–water–biodiversity nexus and resilience (UN 
2016) 

for example, with arid and semiarid biomes retaining evidence of both ancient 
and recent diversification of desert groups (Klak et al. 2004), and fire-dependent 
C4 grasses that appear to have diversified extensively in association with changes 
in atmospheric CO2 and climatic conditions (Spriggs et al. 2014). Freshwater 
biodiversity on land is also exceptional, with cichlids being an outstanding example 
(Zahradníčková et al. 2016). The southern African region is characterized by fresh-
water biomes including rivers such as the Zambezi, Orange River and Okavango 
Delta which coexist with azonal wetland ecosystems to support the associated 
biodiversity compositions. Along the coastal regions of southern Africa, marine 
biodiversity shows exceptional richness, also largely intact and with an expanding 
conservation effort showing some successes (Griffiths et al. 2000; Sowman et 
al. 2011). Biodiversity thus represents an extremely useful metric by which the
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successful achievement of goals in the nexus between SDGs 14 and 15, and 
sustainable development policy, can be assessed. 

3.3 Drivers of Change, Typical Threats and SDG Implications 

Southern African ecosystems are locally and regionally under threat from a range 
of climatic and nonclimatic drivers. While climate change trends and their impacts 
are already being detected in the region, local and direct impacts due to human 
use of ecosystems and biodiversity are well-known and extensive and represent 
critical short and medium-term pressures. These include land-use change due to 
deforestation and agricultural development, urbanization, environmental degrada-
tion (including freshwater quality and soil condition), illegal poaching, the informal 
and commercial overutilization of wild resources and invasions by alien species 
(IPCC 2021). 

Terrestrial freshwater ecosystems are locally threatened by impacts such as 
canalization, inappropriate afforestation, deforestation and abstraction of water 
for agricultural, industrial and domestic activities (Meybeck 2003; Vörösmarty et 
al. 2004; Milly et al. 2008; Rahel and Olden 2008) that result in pollution and 
contamination of aquatic environments (Bashir et al. 2020). Marine systems are 
impacted largely by overharvesting and somewhat by pollution (Chaps. 2 and 8). 
Table 3.1 provides classic examples of ecosystem threats in the region. 

Historical impacts over the past two centuries have mainly been due to land-
use change and in the overutilization of ecosystems and wild species. Land-use 
change and climate change have been identified to be major drivers underlying the 
potential loss of biodiversity in southern Africa (MA 2005). While the region is 
one of the highly biodiverse regions of the world (WCMC 2000), biodiversity loss 
is a key concern given the impact on ecosystem functioning (Biggs et al. 2008). 
For example, Scholes and Biggs (2005) observed a 16% decline in wild species 
populations relative to the precolonial era, with a 95% confidence range of ±7%. 
These analyses averaged population sizes of the remaining plant and vertebrate 
groups in the major terrestrial biomes of southern Africa including the following 
countries (results brackets): Botswana (0.89), Lesotho (0.69), Mozambique (0.89), 
Namibia (0.91), South Africa (0.80), Swaziland (0.72) and Zimbabwe (0.76). 

3.4 Natural Habitat Loss, Transformation and Degradation 

3.4.1 Anthropogenic Land-Use Change 

3.4.1.1 Transformation for Croplands and Commercial Timber 
Plantations 

Population growth and economic growth are major drivers of land-use change, 
which in turn drive changes in the quantity and flow characteristics of water in 
lakes and river systems. In South Africa, a recent study showed 0.12% natural

http://doi.org/10.1007/978-3-031-10948-5_2
http://doi.org/10.1007/978-3-031-10948-5_8
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habitat were lost between 1990 and 2014 and accelerated to 0.24% between 2014 
and 2018 (Skowno et al. 2021). The major drivers of natural habitat loss were 
settlement, agricultural and plantation forestry expansions (Skowno et al. 2021). 
The expansion of agriculture to feed a growing and developing population impacts 
water availability through the introduction of livestock, irrigation, with some rainfed 
crops and forest plantations having higher rates of transpiration and interception 
than the native vegetation (Jewitt 2006). In southern Africa, forests and woodlands 
cover 40% of the region and about 25,000 to 50,000 km2 being cleared yearly 
at a rate exceeding regrowth (Scholes and Biggs 2004). Between 2001 and 2019, 
South Africa lost about 1.42 million hectares of tree cover, though most of this was 
from plantation forests, with only 11.9 Kha of indigenous forest loss. Forest loss in 
Mozambique was 3.8 Mha and 224 Kha in Zimbabwe over this same period (GFW 
2022). 

Wetlands are frequently drained to facilitate the planting of crops or other uses 
of land, thus significantly altering the hydrological characteristics of these unique 
environments (Vörösmarty et al. 2004; Darwall et al. 2009). The bidirectional inter-
actions between the pursuit of food goals (SDG 2) and land and ecosystems (SDG 
15) are nuanced and asymmetrical. For example, while land and its ecosystems 
clearly sustain food systems (with mostly positive interactions), food production 
often generates important land-related trade-offs which can have both positive and 
negative interactions (Pham-Truffert et al. 2020). 

3.4.1.2 Transformation for Infrastructure (e.g., Hydropower, Dams 
and Urbanization) 

The development of water resources infrastructure, such as dams, canals, wastewater 
treatment works and interbasin transfers, is necessary to sustain growing populations 
and economies. Perhaps, the greatest threat to imperiled freshwater species exists 
in the form of massive hydropower development projects currently underway in 
much of the developing world (Dudgeon 1999, 2000). This infrastructure results in 
the regulation of flows in streams and rivers, and the alteration of aquatic habitats 
(Meybeck 2003; Rolls et al. 2012). Environmental needs are often not prioritized, 
leading to overallocation of water resources (Poff et al. 2003). These problems are 
mitigated to some extent by the introduction of environmental flow requirements. 

Urbanization results in the development of impervious areas and accompanying 
storm water infrastructure which rapidly discharges rainwater into streams and 
rivers, thus altering flow regimes (Walsh et al. 2005). Impervious areas and rapid 
discharge of water also hinder groundwater recharge, leading to less sustained base 
flows in river systems (Rolls et al. 2012). Overabstraction of groundwater, whether 
in urban areas or for agricultural use, also results in reduced base flows (Mccallum 
et al. 2013). 

3.4.1.3 Policy Implementation Including Agrarian Reform 
Land reform is a significant process throughout southern Africa that is unfolding 
rapidly with significant implications for food security (SDG6) but also manifold 
impacts relevant to SDG 15. The evolution of land reform programs and rangeland
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policy evolves over time in countries such as Zimbabwe and South Africa. Sibanda 
and Dube (2015) assessed the aftermath of land reform in Zimbabwe and found 
significant changes in land use and land cover between 2000 and 2010 with an 
increase in agricultural areas and a decrease in woodlands, specifically in newly 
resettled areas. In the same study, tree species diversity was found to be higher in 
unsettled areas relative to the post-redistribution resettled areas. 

3.4.2 Woody Plant Proliferation 

The direct effects of land-use change have also been coupled with climate and 
atmospheric CO2 changes that appear to have increased rates of bush encroachment 
and the proliferation of invasive alien species (Chaps. 14, 15 and 16; Sibanda 
and Dube 2015). Over time, there has been an increase in woody plant cover 
across the terrestrial systems of Southern Africa causing a challenge in meeting the 
sustainable development goals. This proliferation in woody cover is both by bush 
encroachment and a rapid expansion of alien invasion plant species. The extent of 
woody proliferation in southern Africa is widespread as seen in Fig. 3.2, where 
Venter et al. (2018) showed a net greening in all southern African countries except 
for Madagascar where deforestation is extensive. 

Driven by a combination of land use (overgrazing, fire suppression), climatic 
change regimes and rise in CO2, bush encroachment is one of the most complex 
degradation phenomena in southern Africa (Bond et al. 2003; Kgope et al. 2010; 
Bond and Midgley 2012; Rohde and Hoffman 2012) and is discussed in greater 
detail in Chap. 15. It is defined as the directional increase in the cover of 
indigenous woody species in savanna and the invasion of the formerly grassland 

Fig. 3.2 (Venter et al. 2018): Woody plant cover dynamics over sub-Saharan Africa. Satellite 
observations of 30 years of fractional woody plant cover (a) reveal a dominant increasing trend 
(derived from the slope of the linear trend line between 1986 and 2016) (b). Histograms alongside 
color scales indicate data distributions. Gray areas were masked from the analysis and represent 
urban surfaces, wetland, cropland and forest (areas >40% cover by trees >5 m). Maps were 
constructed in Google Earth Engine (Figure and caption taken from Venter et al. (2018)

http://doi.org/10.1007/978-3-031-10948-5_14
http://doi.org/10.1007/978-3-031-10948-5_15
http://doi.org/10.1007/978-3-031-10948-5_16
http://doi.org/10.1007/978-3-031-10948-5_15
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biome (O’Connor et al. 2014). The largely documented encroacher species in 
southern Africa are mostly nitrogen fixing legumes such as Vachellia and Senegalia 
(formerly Acacia) species, Dichrostachys cinerea and Colophospermum mopane, 
as well as nonlegumes (among others) such as Terminalia sericea and Seriphium 
plumosum (Stevens et al. 2017; Graham et al. 2020; Shikangalah and Mapani 2020; 
Lewis et al. 2021). Moreover, bush encroachment in South Africa and Namibia 
is estimated to be 10–20 and 26–30 million hectares, respectively (Bester 1999; 
Kraaij and Ward 2006; Daryanto et al. 2013; Eldridge et al. 2013). As much as bush 
encroachment comes with benefits such as the provisioning of woody fuels and 
woody material for multipurposes as well as the regulation of CO2 through carbon 
sequestration, its impact on loss of biodiversity, water and grazing capacity leading 
to major reductions in meat, milk and other animal products is something to be not 
overlooked (Tallis and Kareiva 2007; Wigley et al. 2009; Trede and Patt 2015). 

3.4.3 Alien Invasive Species 

Alien invasive species (AIS) are any nonnative species introduced by humans into 
the new environment deliberately or nondeliberately. In this chapter, we focus 
on alien invasive plants AIPs such as aquatic weeds, arable weeds and woody 
weeds among other AIS such as viruses, fungi, insects and animals (Eschen et 
al. 2021). The main reasons for the introduction of invasive alien plants are 
to increase ecosystem services through rehabilitation, agroforestry and some as 
ornamental plants (e.g., Lantana camara) while others get introduced by accident 
(e.g., Chromolaena odorata) (Shackleton et al. 2019). Prosopis, one of the most 
widespread invasive species in southern Africa, was introduced into countries such 
as South Africa, Namibia and Botswana to provide ecosystem services including 
fuel wood and fodder. Similarly, the invasive Acacia species in Madagascar and 
South Africa have been introduced to provide timber, pulp for paper, bark for tannins 
and fuel wood (de Neergaard et al. 2005; Kull et al. 2007). Opuntia ficus-indica in 
South Africa is mainly used as fodder and food source (Henderson 2007; Shackleton 
et al. 2011). 

As with many alien species around the world, these introduced IAPs become 
problematic by outcompeting the native species, spreading quickly (due to lack of 
biocontrol agents) and negatively affecting ecosystem services and livelihoods (van 
Wilgen et al. 2018; Shackleton et al. 2019). IAPs such as Prosopis, Chromolaena 
and Lantana have been documented to have severe impacts on the terrestrial system 
by reducing grazing capacity, biodiversity and moisture availability in these dry 
systems (Shackleton et al. 2014; Shackleton et al. 2019; Byabasaija et al. 2020; 
Kashe et al. 2020). Prosopis, which has long tap root that can utilize deep water 
sources, has spread rapidly in dry systems forming impenetrable thorny thickets that 
hinder maneuverability and injure animals (Hussain et al. 2020). IAPs in grasslands 
and Fynbos biomes have detrimental effects on stream flow due to high transpiration 
and hence reduce the country’s mean annual runoff (Enright 2000). Le Maitre et al. 
(2016) estimated an annual water loss of 1444 million m3 in South Africa largely by



100 S. S. Mutanga et al.

invasive Acacias (Acacia mearnsii, A. dealbata and A. decurrens) (34%) followed 
by Pinus species (19.3%) and Eucalyptus species (15.8%) among others. 

Economical loses associated with invasive species in South Africa are estimated 
at US$1400 million in water resources, US$14 million y−1 for tourism and 
recreational and about US$ 52 ha−1 in pollination services (Pejchar and Mooney 
2009; Nampala 2020). The increased biomass of the invasive species also increases 
the intensity of wildfires, which increases the damage from fire and the ability to 
control the fires. These negative effects, therefore, undermine the efforts to meet the 
Sustainable Development Goals (SDGs)-. Many programs have been put in place 
to eradicate invasive species before they become more widespread (Nampala 2020). 
Using biocontrol, such as Dactylopius opuntiae and Opuntia ficus-indica, in South 
Africa is now regarded as stable and desirable for food and fodder (Shackleton 
et al. 2011; Brown et al. 1985; Zimmermann and Moran 1991). The three phases 
of control that are effective are initial control (e.g., using biocontrol), follow-up 
(controlling seedlings, root suckers and regrowth) and maintenance (sustaining low 
and decreasing IAP numbers with annual control) (Martens et al. 2021). 

3.5 Threats to Freshwater and Marine Ecosystem 

Many aquatic species and ecosystems face an uncertain future. As human pop-
ulations continue to expand their influence into the Earth’s aquatic frontiers, 
conservation biologists are increasingly concerned about the implications for 
aquatic systems. In addition to the ongoing persistence of historically important 
threats facing aquatic environments, new stressors, including emerging diseases, 
the increasing taxonomic scope and ecological influence of invasive species, new 
industries and the accelerating trajectory of climate change, have the potential to 
radically alter the biological composition and ecological functioning of aquatic 
systems. More specifically, these alterations may manifest themselves in changes 
in aquatic biodiversity, individual life history patterns, communities, species distri-
bution and range, and the extinction of vulnerable species (Dallas and Rivers-Moore 
2014). 

3.5.1 Overharvesting of Aquatic Species 

Overharvesting of aquatic food sources is a major driver of the region’s freshwater 
and marine ecosystem degradation, with the rich fish diversity of the region a 
significant target of increasingly effective extractive harvesting efforts mainly in 
the ocean. One of the most significant results has been the so-called “fishing-down” 
process illustrated by a historical decline in mean body size of the main harvested 
resources (Chaps. 11 and 25).

http://doi.org/10.1007/978-3-031-10948-5_11
http://doi.org/10.1007/978-3-031-10948-5_25
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3.5.2 Coastal Impacts 

Coastal regions will experience degradation from sea-level rise (SLR) combined 
with storm swells. Coral reefs will experience bleaching attributed to warmer 
oceans. Rising sea levels and (periodically) low river discharges are expected to 
increase soil salinity in coastal areas due to salt-water intrusion from the seaside. 
Boyer and Hampton (2001) observed a major decrease in Namibian sardine popula-
tion and many other resources, which was associated with wide-scale advection of 
low-oxygen water into the northern Benguela from the Angola Dome in 1994 and 
the subsequent Benguela Niño of 1995. Some South African sea bird species have 
moved farther south over recent decades, partly due to climate change, though land-
use change may also have contributed to this migration (Hockey and Midgley 2009; 
Hockey et al. 2011). It is considered that South African seabirds could be a valuable 
signal for climate change, particularly given the changes induced on prey species 
related to changes in physical oceanography. However deeper understanding of the 
ecology is needed so as to separate the influences of climate parameters from other 
environmental drivers (Crawford and Altwegg 2009). 

3.5.3 Pollution 

Aquatic ecosystems are the ultimate sinks for contaminants in the landscape 
(Bashir et al. 2020). Water pollution is the outcome of human activities such as 
urbanization, industrialization, mining and agriculture (Chap. 27). Excess pesticides 
and fertilizers, and sewage from residential and industrial areas, ultimately find their 
way to the aquatic environment, leading to eutrophication of freshwater ecosystems. 
Most of the great lakes of Southern Africa are in danger, with the extinction of 
as many as 200 fish species being recorded in Lake Victoria (Ryan 2020). The 
Vaal River catchment in South Africa is a hotspot for pollution due to acid mine 
drainage (McCarthy 2011), agricultural runoff and sewage leaks resulting from poor 
maintenance of infrastructure. Higher water temperatures, increased precipitation 
intensity and longer periods of low flows under climate change are expected to 
aggravate many forms of water pollution. These may include sediments, nutrients, 
dissolved organic carbon, pathogens, pesticides, salt and thermal pollution (Bates et 
al. 2008). 

Although marine systems are generally larger and less constrained than riverine 
habitats, the industrialization of offshore waters through oil and gas platforms in 
some areas has been on a remarkable scale, while the increasing oil spills have 
posed a huge threat to ecosystems. A case in point is the devastation of the Mauritius 
oil spill with an estimated 1000 tons of oil leaking into the Indian Ocean, severely 
contaminating Mauritius’s shoreline and lagoons (Shaama et al. 2020).

http://doi.org/10.1007/978-3-031-10948-5_27
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3.6 Climate Change, a Threat to Biodiversity and Ecosystem 
Functioning 

Global climate change is likely to lead to significant changes across the southern 
African biomes, and seasonal rainfall will have implication on the ecosystems ser-
vices they provide through the alteration of existing habitats, organism extinctions, 
water scarcity, and biodiversity and vegetation loss (Chaps. 13, 14, 15, 16, 17, 18, 
19, 20, 21, 22 and 23). Southern Africa is anticipated to become hotter and dryer 
and discussed in detail in (Chaps. 6 and 7). 

Extreme weather events together with anthropogenic activities might threaten the 
sustainability of Southern African ecosystem affecting species distribution through 
shifting habitat, changing the migration patterns, geographic range, emerging alien 
species and changing organisms’ seasonal activity by altering life cycles of many 
terrestrial and marine species (Chaps. 14 and 26; UNEP 2012). 

Projected increases in the likelihood of floods suggest a possibility of changes to 
the flow regimes in rivers (Dudgeon et al. 2006). Groundwater, which is critical to 
maintaining “low flows” and aquatic habitats during the drier periods, is likely to 
be impacted by changes in recharge rates due to increases in floods and droughts. 
Changes in flow regimes may affect channel geomorphology, longitudinal and lat-
eral connectivity, aquatic habitat and biotic composition. Systematic quantification 
of loss and damage to ecological and coastal infrastructure around the riverbanks 
and coastal regions in Southern Africa could significantly inform estimation of 
adaptation needs and hence bolster attainment of SDG 15. 

Regardless of which Shared Socioeconomic Pathway is used for predicting 
climate futures, current best estimates are that the southern Africa regions are likely 
to experience increased drought relative to 1850–1900 (IPCC 2021). Hydrological 
impacts from increased drought include reduced stream flow, resulting in degreased 
water storage in dams (Forzieri et al. 2014; Trambauer et al. 2014), long-term 
declines in rainfall (Rahman et al. 2015; Kruger and Nxumalo 2017), increased 
evaporation from water bodies and increased plant transpiration (Meybeck 2003). 
The reductions in stream flow and storage will be accompanied by climatically 
induced increases in the demand for water in environments such as agriculture 
(especially in terms of irrigation) and, to a lesser extent, power generation (Brown 
et al. 2013). 

The Southern African region is considered to be water stressed, with South 
Africa and Namibia being the worst affected. In South Africa, more than half of 
the country’s water management areas are in deficit (Alcamo and Henrichs 2002). 
Southern Africa has also been identified as a region characterized by a relatively 
high degree of flow alteration caused by the construction of dams (Döll et al. 2009). 
A review of studies on the impacts of climate change on stream flow found that 
reductions are projected for many basins in southern Africa including the Zambezi, 
Pungwe, Limpopo, Thukela, Okavango, Ruvhuma, Orange, Gwayi, Odzi and 
Sebakwe (Kusangaya et al. 2014). Given these patterns and the growing populations 
and economies in the region, the ability of aquatic ecosystems to provide ecosystem

http://doi.org/10.1007/978-3-031-10948-5_13
http://doi.org/10.1007/978-3-031-10948-5_14
http://doi.org/10.1007/978-3-031-10948-5_15
http://doi.org/10.1007/978-3-031-10948-5_16
http://doi.org/10.1007/978-3-031-10948-5_17
http://doi.org/10.1007/978-3-031-10948-5_18
http://doi.org/10.1007/978-3-031-10948-5_19
http://doi.org/10.1007/978-3-031-10948-5_20
http://doi.org/10.1007/978-3-031-10948-5_21
http://doi.org/10.1007/978-3-031-10948-5_22
http://doi.org/10.1007/978-3-031-10948-5_23
http://doi.org/10.1007/978-3-031-10948-5_6
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services is considered under threat. A challenge to the management of water in 
the region is the transboundary nature of many of the river basins, with 12 such 
basins existing across the Southern African Development Community countries 
(Kusangaya et al. 2014). 

In the southern African region, drought occurred simultaneously with heat 
waves and the combined contributes to crop losses (Engelbrecht and Scholes 
2021), stresses on regional water supplies and to widespread livestock mortality 
(Sivakumar 2007). In addition, reduced rainfall and increased drought frequency 
could result in a reduction in forage quality and quantity, hence affecting the 
dynamics and ecosystem function for wildlife and the vegetation (Nangombe 2015). 

Heat waves are defined as warm extreme temperature events or excessively hot 
weather (Nairn and Fawcett 2013) that have socioeconomic and ecological impacts. 
Extreme temperatures are a threat to development in Southern Africa. The region 
experiences increased frequency of fires due to drastic increases in heat waves events 
(Engelbrecht et al. 2015; Garland et al. 2015; Mbokodo et al. 2020). Garland et al. 
(2015) reported warming over southern African region using the Conformal Cubic 
Atmospheric Model (CCAM) forced with the A2 emission scenario. Their model 
results suggested that extreme apparent temperature days in Africa are projected to 
increase in the future climate. This was in accord with Engelbrecht et al. (2015) 
who also projected substantial increases in the annual number of heat waves days 
over southern Africa. Moreover, a case study by Mbokodo et al. (2020) projected 
that there will be an increase in the number of hot extreme events in the most parts 
of the interior of South Africa throughout the year 2070–2099, while the number of 
cold events is decreasing. As a developing region (southern Africa), the substantial 
changes in the number of extreme temperature and heat wave events are a threat 
to a number of sectors including ecosystems, agriculture, water resources, energy 
demand and human health (Zuo et al. 2015). 

For tropical and subtropical biomes, studies suggest that large landscapes in 
sub-Saharan Africa are prone to relatively fast shifts in vegetation structure and 
biodiversity due, in part, to shifts in fire regimes (Chap. 14, Lehmann et al. 2011; 
Bond and Midgley 2012; Moncrieff et al. 2014). 

Foden et al. (2007) conducted a study on the distribution of Aloe dichotoma 
and observed changes in species distributions based on ~100-year (1904–2002) 
observational records. This study provides evidence that the range of a Namib 
Desert tree is shifting poleward, with extinction along trailing edge exceeding 
colonization along leading edge. Similar impacts are anticipated for countless other 
species. 

Decision by African policy makers and stakeholders toward the attainment of 
SDG 15 goals must consider making urgent choices relating to trade-offs between 
biodiversity, carbon sequestration capacity of biomes and their direct ecosystems 
service. Such a decision could benefit from mechanistic studies that consider 
important plant functional types, herbivory and climate feedbacks (Huntley et al.

http://doi.org/10.1007/978-3-031-10948-5_14
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2014). Investment in early warning systems could help curb some of the major 
losses on ecosystems, especially around ecosystems that host critically endangered 
species. 

3.7 An Analysis of SDGs and Ecosystem Threats 

Changes in the biophysical environment, including droughts, floods, water quantity 
and quality, and degrading ecosystems, are expected to affect opportunities for peo-
ple to generate income thus altering the synergistic nature of the SDGs. Interactions 
between targets for SDG 14 and SDG 15 with other SDGs show that generally, there 
are more synergies between goals and targets than there are trade-offs. Cumulative 
impacts from direct and indirect (via climate change) human pressures on marine 
and coastal ecosystems are potentially large and require concerted action in attaining 
both SDG 14 and SDG 13 (Griggs et al. 2017). The pursuit of food (SDG 2) and 
energy (SDG 7) goals can cause significant trade-offs with other SDGs, especially 
water (SDG 6) and ecosystems (SDG 15) (Pham-Truffert et al. 2020). Examples 
of interactions between SDG 14 and SDG 15 with other SDGs are outlined in 
Table 3.2. 

3.7.1 Policy Implications for Ecosystem Protection and Restoration 

Implementation of the adaptation component of the global climate policy is 
intractably linked to progress the SDG 14 and 15. This chapter posits that adaptation 
to the impacts of climate change-induced threats, in the least and developing 
countries in Southern Africa would be constrained without improved access to 
global climate finance by both private and public institution actors. Adaptation 
support in a form of technologies and means of implementation, of the global 
climate policy, would therefore accelerate the two SDGs through: fast tracking 
of ecosystem restoration and rehabilitation, e.g., nature-based solutions, intensify 
“working for” projects; protection of coastal settlements, ecological infrastructure 
and other uses of natural or seminatural ecosystems and landscapes for the delivery 
of ecosystem services; implementation of climate risk informed land-use planning. 
Reversal of some of the loss and damage and climate-proofing of infrastructure for 
all sectors of development (e.g., through improved design of dams, flood drainage 
and water reservoirs); and tailoring of climate services informed by researchers, 
service providers and fellow users’ communities should not be negotiable.
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Table 3.2 Examples of interactions between SDG 14 and SDG 15 with other SDGs 

Interactions between SDG 14 and other SDGs Interactions between SDG 15 and other SDGs 

Sustainable management of fisheries in terms 
of supporting food security. Globally, fisheries 
play an important role in food security (SDG 
2). SDG 14 includes the target to end 
overfishing and illegal, unreported and 
unregulated fishing and destructive fishing 
practices and implement science-based 
management plan to support restoring fish 
stocks in the shorted possible time and to 
produce the maximum sustainable yield as 
determined by their biological characteristics 
(WWF 2017). 
Water use (SDG 6) can impact the oceans, 
seas and marine resources referred to in Goal 
14. Unregulated sewage disposals into these 
water bodies, as well as fossil-fuel mining and 
agricultural activities can have adverse 
impacts on the marine water resource, 
including the flora and fauna within it. 
Oceans and coastal ecosystems both affect 
and are affected by climate change, and this 
results in strong synergistic and bidirectional 
links between SDG 13 and SDG 14 (Griggs et 
al. 2017). An example of a synergy in 
achieving SDG 14 and SDG 13 is through 
conservation of coastal ecosystems acting as 
blue carbon sinks. A trade-off between SDG 
13 and 14 is, for example, based on risks of 
coastal squeeze when trying to protect coasts 
from sea-level rise. Climate adaptation and 
coastal and marine protection measures need 
to be carefully managed to ensure that they do 
not conflict. 

Life on land (SDG 15) is impacted by the 
availability and quality of water (SDG 6), as 
such, SDG 15 sets a two-fold target of 
protecting inland freshwater ecosystems and 
the services they provide, and to reduce the 
impact of invasive alien species on water 
ecosystems (WWF 2017). While land and its 
ecosystem services clearly sustain food 
systems (mostly positive interactions), food 
production often generates important 
land-related trade-offs (both positive and 
negative interactions) (Pham-Truffert et al. 
2020). 
Agricultural intensification rarely leads to 
positive ecosystem impacts, for example, in 
some parts of sub-Saharan Africa, promoting 
food production can also constrain 
renewable-energy production (SDG 7) and 
terrestrial ecosystem protection (SDG 15) by 
competing for water and land (Nilsson et al. 
2016). Agriculture’s extensive land use also 
drives biodiversity loss (Lanz et al. 2018), as 
well as land degradation (Nowak and 
Schneider 2017). Conversely, limited land 
availability constrains agricultural production 
(Nilsson et al. 2016) 
An example of a positive interaction between 
SDG 7 and SDG 15 is that of renewable 
energy which can help decrease the role of 
firewood as an energy source in southern 
Africa, and so reduce the dangers of 
deforestation and help to protect habitats and 
ecosystems (WWF 2017) 

3.8 Conclusion 

There is an inextricable link between ecosystem function and the various SDG goals 
and targets. Invariably global climate change and the projected outlook threaten 
both the terrestrial and aquatic ecosystems impacting people’s livelihoods. It is 
anticipated that climate and environmental change will hamper poverty reduction, 
or even exacerbate poverty in some or all of its dimensions. These changes, together 
with a shortage of adequate coping mechanisms and innovations to adapt to climate 
change, are to result in a surge in economic and social vulnerability of communities, 
particularly among the poor. While pollution could be regarded as a historical
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threat to aquatic biota, and thus outside the realm of a review focused on emerging 
threats, the scale of pollution impacts is accelerating in parallel with exponential 
human population growth and demographic population shifts to nearby surface 
water sources and coastal cities. 
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4Overview of the Macroeconomic Drivers 
of the Region 

Johann F. Kirsten, Bernhard Dalheimer, and Bernhard Brümmer 

Abstract 

The ecosystems in Southern Africa are impacted by economic activity and 
population growth and pressure. There are several macro-economic drivers 
shaping these economic and population pressures and it is for this reason that 
this chapter unpacks the macro-economic drivers in the region.With the economy 
of South Africa dominating the regional economy (90% of Gross value added) 
it makes sense to discuss to the macroeconomic situation in Southern Africa 
by referring to policy and macro indicators in South Africa as a proxy of 
the regional situation. We also focus on the Limpopo province which shares 
boundaries and an ecosystem with three other countries in Southern Africa. 
Starting from the general macropolicy situation, major macro indicators for 
the region, the country and Limpopo are presented, jointly with the specific 
challenges, regulatory frameworks and policies that govern the development 
processes in the region. We focus on environmental, agricultural and trade policy 
measures, including their interlinkages, and illustrate that they provide a volatile 
and uncertain environment for structural development of the agricultural sector. 
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4.1 Introduction 

The economy of the Southern Africa is dominated by the sheer size, diversity, and 
magnitude of the South African economy. South Africa is responsible for 90% of 
all gross value added in the region and its markets, policies, infrastructure have an 
important impact and effect on all the other economies and people of the region. 
The study region of Limpopo is imposed in the region of Southern Africa, which 
is a point in case of the heterogeneous economic conditions that can be found in 
Africa. Most predominantly, the stark contrast of the value addition in South Africa 
compared with those of neighboring countries, but also the different importance of 
sectors in other economies of the region is striking. However, these macroeconomic 
conditions critically determine economic, social and environmental value creation 
in the study region of Limpopo. Moreover, as Limpopo borders with Botswana, 
Zimbabwe and Mozambique, the macroeconomic developments of these regions— 
as much as potential differentials therein—are important to consider. 

This chapter sets the stage by providing an overview of the macroeconomic 
drivers in the region using an analysis of South Africa indicators and trends as the 
reference point. We focus on environmental, agricultural and trade policy measures, 
including their interlinkages, and illustrate that they to provide a volatile and 
uncertain environment for structural development of the agricultural sector. Given 
the geographical location of the Limpopo region, the chapter adopts a hierarchical 
structure and provides insights at the supranational, the national and the regional 
level. In the rest of the chapter, we describe the macroeconomic trends starting from 
the broader region and subsequently narrowing down to the national and finally the 
regional level. Similarly, we provide key agricultural and trade policy insights again 
on these three levels. Finally, we conclude the chapter with recommendations for 
policy reforms. 

4.2 Macroeconomic Trends in Southern Africa 

Southern Africa1 is responsible for about one third of Africa’s GDP. Average per 
capita incomes are higher than the average per capita income of Africa. In the 
more recent past, growth in the region was slower than in most other parts of

1 Southern Africa may refer to three different regional entities, each with a different composition 
of countries. First, in a geographical sense, it comprises countries that are south of the Congo river 
basin, but usually excluding the Democratic Republic of the Congo (DRC). Second, in a political 
sense, Southern Africa is often used to refer to members of the Southern African Development 
Community (SADC)—the regional economic and trade community—headquartered in Gaborone, 
Botswana. Third, Southern Africa also groups the countries of Botswana, Eswatini, Lesotho, 
Namibia and South Africa into a subgroup of the United nations (UN) geoscheme for Africa. 
In this chapter, we adopt a slightly modified denition of Southern Africa where we extend the UN 
subgroup with Zimbabwe and Mozambique to more adequately reflect the surrounding economies 
of our focus region, the province of Limpopo in the Republic of South Africa (RSA). 
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Africa, due to the already relatively large economies compared with others on 
the continent. In further comparison with the continent at large, the economies 
of southern Africa are characterized by homogeneously strong mining sectors and 
comparably large contributions from the secondary and tertiary sectors. Table 4.1 
shows the relative contributions to total value added by sector in Southern Africa 
and selected southern African countries. With the exception of Eswatini, mining 
and utilities are responsible for between 10% and 15%, and in all countries, the 
secondary and tertiary sectors mostly make up for more than 70% of GDP. The 
importance of agriculture to national income on the other hand is the most diverse 
indicator, ranging from 2.1% in South Africa to almost one third in Mozambique 
(UNCTADstat 2022). 

In the past, the development of manufacturing, predominantly in South Africa 
and Zimbabwe, benefited from larger investments in infrastructure, education and 
healthcare and led to improvements in related development indicators. Both regions 
were classified as lower-middle income countries since the 1980s. The region as 
a whole developed better than other countries in other parts of Africa in terms of 
income and other developmental outcomes. However, since the 1990s, increased 
competition with East Asia and South East Asia led to staggering manufacturing 
sectors and even deindustrialization in Zimbabwe. Today, poverty, inequality, 
corruption, HIV/AIDS and skilled workers emigration are the predominant imped-
iments to GDP growth in the region (Nshimbi and Fioramonti 2014; Moyo et al.  
2014). 

As evidenced in Table 4.1, South Africa is by far the most important economy 
in the region with about 90% of the GDP of the political Southern Africa. Also 
compared with other countries in the region its GDP exceeds others by a factor of 
10 or more in some cases. Given the predominant economic role of South Africa 
in the region, as well as the fact that Limpopo is a region within South Africa, the 
following section focuses on the macroeconomic situation in RSA in more detail. 

4.2.1 The Situation in South Africa 

Statistics South Africa (StatsSA) has in August 2021 released a new set of GDP 
numbers for South Africa. Real gross domestic product (GDP) is now measured at 
constant 2015 prices instead of 2010 prices. The revised estimate of GDP in 2020 is 
R5 521 billion, an increase of 11% compared with the previous estimate of R4 973 
billion. The annual growth rate for 2020 was revised from −7.0% to −6.4%. With 
this GDP revised numbers, the South African GDP per capita is now R79 913 per 
person. 

Based on the latest estimates by StatsSA, shown in Table 4.1, the tertiary sector 
makes up 65% of the South African economy—while the primary sector—mining 
and agriculture—which is dominant in the Limpopo region, is responsible for only 
8.9% of gross value added in the South African economy. 

The biggest concern for the South African economy is the alarming unem-
ployment statistics. According to the most recent Quarterly Labour Force Survey
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(QLFS), 7.8 million people were unemployed in the second quarter of 2021. 
The reality is even worse: besides the almost eight million officially classified as 
unemployed, we should add people who are not seen as part of the labor market 
because they have given up looking for work. These discouraged work seekers 
totaled 3.3 million in the second quarter. So, in broad terms there were 11.1 million 
people of working age not employed during the second quarter. Given an estimated 
labor force of 22.8 million, this means that the expanded unemployment rate in 
South Africa is now heading toward a staggering 50% (48.9% in the second quarter). 

For some perspective, during the first quarter of 2008, which was the first 
time that the current version of the QLFS was published, 4.2 million people were 
unemployed. At the time, discouraged work seekers were 1.2 million. Therefore, 5.4 
million were unemployed if the broader measure is used. In terms of the expanded 
definition of unemployment, roughly 5.5 million more people did not have a job in 
the second quarter of 2021 compared to early 2008. In the first quarter of 2008, the 
expanded unemployment rate was at an already worrisome 30%. For the expanded 
unemployment rate to deteriorate by roughly another 19 percentage points to almost 
50% over the following decade suggests a major crisis. 

A multitude of factors, including two very severe external shocks in the form 
of the global financial crisis (GFC) in 2007/8 (and its aftermath) and the COVID-
19 pandemic since 2020, more than a decade of periodic Eskom (the South 
African power utility) load-shedding (switching of electricity to municipalities on a 
rotational basis to prevent total power grid collapse), and the devastating period of 
state capture help to explain why the labor market has deteriorated so significantly 
over the last decade and more. Not long after the release of the first iteration of the 
current QLFS in early 2008, the aftermath of the GFC resulted in a severe global 
economic downturn in 2009. As a result, real GDP in South Africa contracted by 
1.5% in the same year. At the time, this was by far the worst GDP performance of 
the democratic era since 1994. As a result, 1.2 million private sector jobs were lost 
between 2008Q4 and 2010Q3, before a recovery followed. 

The South African economy was already shedding jobs before the Covid-19 hard 
lockdown and the associated massive private sector job losses of 2.2 million in the 
second quarter of 2020. The weak pre-Covid labor market followed a sustained 
period where domestic real GDP growth was unable to keep up with the rate of 
population growth. Even after incorporating StatsSA’s GDP rebasing and historical 
revisions that were released this week, real GDP growth averaged only 1% in the six 
years between 2014 and 2019. The weak growth meant that the economy was unable 
to absorb most of the new entrants into the job market. Compared to this period of 
weak output expansion, real GDP growth averaged 4.5% between 2003 and 2008, 
translating into average total annual private sector employment growth of 3.4% 
during these years. During a period of sustained robust GDP growth, the economy 
was able to generate jobs. One therefore needs to ask the critical questions such as 
what in government policy, political processes and general governance contributed 
to this weak growth performance. If policy levers, policy incentives and clean and 
effective government were in place (and which ones), would South Africa would 
have had better growth performance?
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It is important to appreciate that the paltry GDP growth between 2014 and 2019 
and the sharp rise in unemployment since 2008 was despite significantly more 
accommodate macropolicy settings than in the preceding period. Between 1994 and 
2007, the SA Reserve Bank’s repo policy interest rate averaged 12%. On average, 
the policy rate was almost halved to an average of 6.7% between 2008 and 2019. The 
policy rate was subsequently reduced dramatically further, amid the Covid shock 
last year and remains accommodate. Indeed, after adjusting for forward-looking 
inflation, the policy rate is negative in real terms. 

In terms of fiscal policy, expressed as a share of the economy’s size, main 
budget noninterest expenditure rose from just below 23% of GDP during the 2006/7 
fiscal year to 26.5% in 2019/20. Expenditure rose further to 28.5% of GDP in 
2020/21. The quoted numbers already incorporate the higher denominator (nominal 
GDP) after the recent GDP revisions. The key here is that despite a much lower 
policy interest rate and more government spending, real GDP growth severely 
underperformed in the years before Covid-19. This again flies against the argument 
that more government spending would bring about higher economic growth. While 
the pandemic has been a major blow to GDP and the local job market, weak 
output and employment growth precede it. Importantly, the sustained poor growth 
performance of recent years should not be laid at the door of excessively restrictive 
macroeconomic policy settings. 

Except for gold, the prices of SA’s major export commodities continued to rise 
in 2021Q1. Relative to 2020Q1, all South Africa’s major export commodity prices 
were notably higher. Rhodium remained the star performer, but there were strong 
annual gains across the board. In some cases, the price gains continued in the 
early part of 2021Q2, with palladium reaching an all-time (nominal) high above 
$2900/oz. in the week ending 23 April. The platinum group metals (platinum, 
palladium and rhodium) continue to be supported by stricter vehicle emission 
standards in places like Europe and China. This increases the demand for these 
metals, which are used in catalytic converters. 

The price movements have had a major impact on the contribution of the 
individual commodities to SA’s total mineral export sales. In a nutshell, while the 
contribution of gold (long-term trend, 2020 being an exception), platinum (since 
2015) and coal has declined, the opposite is true for iron ore, palladium and 
rhodium. 

Regarding SA’s import bill, the Brent crude oil price has increased at a faster 
tempo than anticipated. The sharp price gains in 2021Q1 were again driven by an 
improved outlook for global GDP growth and oil demand. Developments on the 
supply side also supported the price. In early March, the OPEC+ grouping of major 
oil producers agreed to extend oil output curbs. In addition, one-off events affected 
the oil price through the quarter. These included disruptive weather in Texas, which 
shut-in oil production totaling more than 10% of US oil supply, drone attacks on 
Saudi Arabia oil facilities and delays caused by the blockage in the Suez Canal. 
This increased shipping costs, as well as the oil price. 

Focusing on the agricultural sector amidst all of the negative impacts and 
projections as a result of the COVID-19 pandemic, the South African agricultural
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sector has emerged as a shining light, growing by 13% in 2020 (StatsSA 2022). This 
represents a sharp turnaround and an illustration of the sector’s ability to recover 
from extremely tough conditions over the past five years where the agricultural real 
growth rate averaged negative 1.3% per annum. 

Compared to other economic sectors, the agriculture and food sector has been 
relatively insulated from the effects of the COVID-19 crisis because as an essential 
service, operations were allowed to continue, with the exception of alcoholic bev-
erages and tobacco and initially also wool, mohair and cotton. Overall, agriculture 
was mainly affected in the short-run by a decline in sales due to the closure of 
hospitality, take-away-food outlets and informal trading and the ban on alcohol and 
tobacco sales greatly impacted the liquor and tobacco value chains. Moreover, the 
devaluation of the South Africa Rand during lockdown affected the cost of imported 
inputs like agrochemicals but also benefited exporting industries. 

4.2.2 The Situation in Limpopo 

The economy of Limpopo province has developed along similar trends as South 
Africa at large. Some differences emerge, however, because of the differences in the 
sectoral composition of GDP (Fig. 4.1). 

As Fig. 4.1 illustrates, the primary sector has a much larger role in Limpopo than 
in South Africa at large. Mining and quarrying, as the largest industry, contributes 
about 28% of the provincial level GDP while agriculture, forestry and fishing add 
another 4%, totaling to about a third of provincial level GDP from the primary 

Fig. 4.1 Composition of Limpopo province’s GDP (2019 and 2020). Source: StatsSA
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Fig. 4.2 Number of employed persons over the past 15 years in the Limpopo province. Source: 
before 2008—Quantec, since 2008—StatsSA QLFS 

sector. Nationwide, the contribution of the primary sector is below 10%. The tertiary 
sector contributes to the GDP of Limpopo province to a similar extent as in national 
GDP but the secondary sector, with only 2.6% in 2020, is very underdeveloped 
compared to the rest of the country. This situation persisted already before the 
Covid-19 crisis and must thus be viewed as a structural property of Limpopo 
province. 

The important role of the primary sector is visible in the trade statistics for 
Limpopo, too. Limpopo’s share in the total value of South African exports was 
at 4.5% in 2020 and almost exclusively consisted of raw materials. Since the 
population of Limpopo province amounts to 5.8 million people, equivalent to 9.8% 
of the total South African population, the per capital export value from the province 
is less than half of the average number for South Africa. The most important 
agricultural exportables were fruit and nuts, which alone contributed 5.6% of the 
export value of the province. 

The lackluster development of Limpopo province can at least to a large extent 
again be explained by the difficult conditions on the labor market. Figure 4.2 depicts 
the number of employed persons over the past 15 years. While a mild positive trend 
in employment numbers is present over the years between 2005 and 2018, when 
employment grew on average by 3.3% per year, this development came to an end 
already in 2019, before the Covid-19 shock hit the world economy. This shock, 
however, had a very strong negative effect on the labor market in Limpopo, even 
when compared to the rest of South Africa. With a drop of 10.7%, the loss of jobs 
was most marked among all provinces in South Africa.
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The agricultural sector in Limpopo is dominated by horticultural production, 
followed by animal production activities, and field crop production. The contri-
bution of horticulture to gross farming income amounts to about 60%, while the 
contributions of livestock and crop production are about 20% and 15%, respectively. 
Limpopo is well known for its substantive production of tomatoes, potatoes, onions, 
mangoes, avocadoes, citrus fruits and various nuts, confirming the dominance of the 
horticultural industry, which is water intensive and labor intensive. For tomatoes, 
pumpkins and subtropical fruits, Limpopo has the largest planted area in South 
Africa. In particular, Mopani district in Limpopo, where many of these crops are 
grown, is ranked sixth among all districts in SA with the highest agricultural 
employment numbers (29,000 workers). 

The farm structure in Limpopo is characterized by a mixture of commercial, 
emerging and smallholder farms. There are about 3000 commercial farming units 
(540 of these are owned /operated by black farmers) in the province employing 
97,400 farm workers, (63,000 are full-time employees). 

4.3 The Policy Arena 

At the Southern African level, the economic, trade and agricultural policies in 
RSA are embedded within the regional integration framework of the Southern 
Africa Development Community (SADC). The organization is one of the eight 
Regional Economic Communities (RECs) in Africa. Its current form emerged in 
the early 1990s with the aim of an intensified socioeconomic, political and security 
cooperation among its members. Between 1996 and 2012 a total of 27 protocols 
were ratified, which define the cooperation activities in various subfields, including 
agriculture and trade. In 2008, an additional free trade agreement (FTA) was 
implemented with the long-term targets to implement a customs union, a common 
market, a monetary union and eventually a single currency. However, besides the 
FTA, none of these milestones have been achieved to date (SADC 2022). 

The main challenge of further integration within to SADC is overlapping mem-
berships of its economies. For example, RSA and Botswana are also members in the 
Southern Africa Customs Union, Zambia joined the Common Market for Eastern 
and Southern Africa, and Tanzania is also part of the East African Community. 
Since all of these organizations target integration in overlapping or even identical 
areas, a number of regulatory, organizational and political conflicts of aims have 
arisen as impediments to negotiations and integration processes as a whole. In 
particular with regards to trade policy, where for instance tariff rates, quotas and 
rules of origin are regulated differently across these different economic integration 
endeavors, inducing contradicting trade governance that are not solved generically, 
but rather on a case by case basis. 

However, efforts with regards to regional integration in SADC and neighboring 
RECs in the more recent past are likely to be outpaced by developments on the 
continental level. Since the foundation of the African Union (AU) in 2002, a 
number of socioeconomic, justice, political and security cooperation agreements
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have been negotiated at the continental level. On the one hand, this added a further 
layer of complexity to the already cumbersome regional integration processes. 
On the other hand, these AU-based initiatives allowed for some overarching, 
continent wide regulations. For example, in 2021, the African Continental Free 
Trade Area (AfCFTA) was launched, which aims at the implementation of free trade 
relationships across all of the African continent. Even though many of the details 
of the agreement remain to be negotiated, it is expected that in the medium term, 
the AfCFTA subsumes most of the regionally regulated trade relationships, such as 
those of SADC, and eventually forms a viable umbrella for most of intra-African 
trade. 

In South Africa, the National Development Plan (NDP) identifies the key 
challenges facing South Africa as a country but argues that the country can eliminate 
poverty and reduce inequality by 2030. It emphasizes the importance of hard 
work, leadership and unity. It furthermore identifies Infrastructure Development, Job 
Creation, Health, Education, Governance, Inclusive Planning and the Fight against 
Corruption as key focus areas and spells out specific projects for each. 

The NDP was developed after a detailed diagnostic assessment of the issues con-
straining economic development and improvement in social wellbeing. It identifies 
the critical interventions needed to improve education and health outcomes as well 
as grow the economy and reduce unemployment and alleviate poverty. 

As the primary economic activity in rural provinces such as Limpopo, the NDP 
identifies agriculture as having the potential to create close to one million new jobs 
by 2030, a significant contribution to the overall employment target. To achieve this, 
the NDP proposes the following policy imperatives: 

• Expand irrigated agriculture. Evidence shows that the 1.5 million ha under 
irrigation (which produce virtually all South Africa’s horticultural harvest and 
some field crops) can be expanded by at least 500,000 ha through the better use 
of existing water resources and developing new water schemes. 

• Use some underused land in communal areas and land-reform projects for 
commercial production. 

• Pick and support commercial agricultural sectors and regions that have the 
highest potential for growth and employment. 

• Support job creation in the upstream and downstream industries. Potential 
employment will come from the growth in output resulting from the first three 
strategies. 

• Find creative combinations between opportunities. For example, emphasis 
should be placed on land that has the potential to benefit from irrigation 
infrastructure; priority should be given to successful farmers in communal 
areas, which would support further improvement of the area; and industries and 
areas with high potential to create jobs should receive the most support. All these 
will increase collaboration between existing farmers and the beneficiaries of land 
reform. 

• Develop strategies that give new entrants access to product value chains and 
support from better-resourced players.
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The NDP makes the following detailed recommendations, in achieving the goal 
of 1 million new jobs by 2030: 

• Substantially increase investment in water resources and irrigation infrastructure 
where the natural resource base allows and improves the efficiency of existing 
irrigation to make more water available. 

• Invest substantially in providing innovative market linkages for small-scale 
farmers in the communal and land reform areas, with provisions to link these 
farmers to markets in South Africa and further afield in the subcontinent. 

• A substantial proportion of the agricultural output is consumed in the “food-
away–from-home” market in South Africa. While this includes restaurants and 
take-away outlets, which are hardly relevant in most rural areas, it also includes 
school feeding schemes and other forms of institutionalized catering, such as 
food service in hospitals, correctional facilities and emergency food packages 
where the state is the main purchaser. As part of comprehensive support packages 
for farmers, preferential procurement mechanisms should be put in place to 
ensure that new entrants into agriculture can also access these markets. 

• Create tenure security for communal farmers. Tenure security is vital to secure 
incomes from all existing farmers and for new entrants. Investigate the possibility 
of flexible systems of land use for different kinds of farming on communal lands. 

• Investigate different forms of financing and vesting of private property rights to 
land reform beneficiaries that does not hamper beneficiaries with a high debt 
burden. 

• There should be greater support for innovative public–private partnerships. South 
Africa’s commercial farming sector is full of examples of major investments that 
have resulted in new growth and new job opportunities. 

• Increase and refocus investment in research and development for the agricultural 
sector. 

Although the NDP is very ambitious with the 1 million jobs in agriculture target, 
the plan and vision for the agricultural sector is much more inspiring and innovative 
than many of government’s current action programs. 

From our review of all the relevant policy documents and frameworks relevant to 
the agricultural and food sector, it is evident that the main focuses of these policies 
and plans are job creation in agriculture and dealing with process of empowerment 
and redistribution of resources and opportunities in the sector. Although food 
security and nutrition issues are mentioned and discussed as one of the main 
challenges it is merely seen as an important outcome if the agricultural and food 
sector performs optimally. 

The National Development Plan is the only policy framework reviewed here 
that presents specific plans and suggestions on how to tackle the problems of food 
insecurity and malnutrition. To reduce the acute effects of poverty on millions of 
South Africans over the short term, the plan proposes to:
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• Introduce a nutrition program for pregnant women and young children and 
extend early childhood development services for children under five. 

• Ensure household food and nutrition security. 
• Urgent action is required on several fronts: Households and communities. Proper 

nutrition and diet, especially for children under three, are essential for sound 
physical and mental development. The Commission makes recommendations on 
child nutrition, helping parents and families to break the cycle of poverty, and 
providing the best preparation for young children—including a proposal that 
every child should have at least two years of preschool education. 

It has to be stated that these are just recommendations and suggestions and have 
yet to be translated into real policies with action programs and budgets. This point 
applies equally to most of the policy frameworks discussed above. The translation 
of strategic plans and policy frameworks into well-funded and efficiently executed 
government programs remain a major omission in the South African government. 
Implicitly most of the policies to promote increase agricultural production are listed 
and well argued—but never executed. South Africa has always the best plans and the 
most modern legislation but political rhetoric and nondelivery and general political 
insecurity flies against all these noble plans resulting in further job shedding and 
decrease in production. 

4.3.1 Agricultural Policies 

At the Southern African level, the key role of agricultural policies has been 
recognized in various of the regional organizations. SADC has recognized the 
importance of agriculture to food security in the region as the incomes of about 
70% of the population in SADC countries depends on agriculture. Moreover, as 
agriculture in the region is relatively labor intensive, it is also heavily affected 
by the HIV/AIDS pandemic, which SADC identified as a major challenge for 
agricultural development. Given the mainly smallholder-based agricultural sectors 
of most member states, another pertinent issue is the access of smallholders to 
functioning product and factor markets, exacerbated by problems of road and 
marketing infrastructure. On the other hand, agricultural products account for about 
13% of the total export value SADC, highlighting the key role of agricultural 
development from yet another perspective (SADC 2022). 

The Dar-Es-Salaam declaration of agriculture and food security in the SADC 
region of 2004 addressed both market access as well as labor shortage problems. 
The declaration furthermore aimed at streamlining regional agricultural and food 
security policy with the Millennium Development Goals (MDG) of the United 
Nations (UN). In the short term, members agreed to facilitate smallholder access 
to improved seed varieties, fertilizers, agrochemicals, tillage services, farm imple-
ments and the construction of irrigation systems. For the medium and long terms, the 
SADC member countries also mandated the allocation of at least 10% of national 
budgets to agriculture and decided to implement national food reserves programs
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to buffer negative food supply shocks that are also pertinent in the region (SADC 
2004). 

In 2008, the SADC Multi-country Agricultural Productivity Programme imple-
mented further measures to achieve the targets of the Dar-Es-Salaam declaration. 
The most overarching concern was low agricultural productivity in the region. The 
program stretches over a 15 year period and targets to enhance (1) food (crop, 
livestock and fishery) production and productivity through improved access to 
and sustainable use of agricultural productive assets, (2) diversification and value 
added through the establishment of a supportive policy and an adequate institutional 
environment for the development of efficient agroindustrial commodity chains, (3) 
disaster prevention, preparedness and mitigation through the implementation of a 
comprehensive strategy involving the development of drought and pest tolerant crop 
and livestock varieties, and (4) institutional collaboration in the region. These targets 
are mandated to be pursued and implemented by the member states. 

The Government of National Unity (GNU) that was formed in April 1994 set in 
motion radical changes in the political economy of South Africa, but in agriculture 
policy changes had to wait until 1996 when the GNU was replaced by the ANC 
government whose policies over the following 27 years focused on the delivery 
of basic services, reducing poverty and expanding the payment of social grants to 
poor communities, all of which have implications for the demand for agricultural 
products. 

In the agricultural sector, the most important policy initiatives in the post 
1994 years included land reform; institutional restructuring in the public sector; the 
promulgation of new legislation, including the Marketing of Agricultural Products 
Act (No 47 of 1996) and trade policy and water and labor policies and laws 
within the framework of wider macroeconomic policy reform. At the same time, 
the political decision was made to dismantle the support services that favored white 
commercial farmers as part of the restructuring of government services to the popu-
lation at large and reprioritization of government expenditure. The combined effect 
was that South African agriculture was exposed to all the volatilities of international 
commodity markets. The reduced levels of subsidization were supposed to reduce 
land values and hence to support land reform and the transformation of the agrarian 
economy. In reality, the impact was different: it made the process of integrating 
new and previously disadvantaged farmer communities into commercial agricultural 
value chains very difficult and was one of the main reasons for the failure of 
agrarian transformation in general and of land reform in particular (e.g., Hebinck 
and Cousins 2013). In an effort to correct these weaknesses, the government 
initiated various support programs to help land reform beneficiaries, including the 
Comprehensive Agricultural Support Programme (CASP), the Recapitalization and 
Development Programme (RECAP) and the Micro Finance Scheme for Agriculture 
(MAFISA), but these have met with little success (Kirsten et al. 2019). 

The withdrawal of this support to white farmers had two consequences. First, it 
allowed the growth of very large-scale (“mega”) farming operations (about 2600 (or 
6.5%) of them), especially (but not exclusively) in intensive irrigated horticulture 
production (StatsSA 2020). Second, it was accompanied by the abolition of support
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measures, from direct subsidies to indirect market interventions, from funding of 
research and extension to the withdrawal of subsidies on conservation works (Vink 
2000). The result was that black farmers were bereft of the support services that they 
had been denied under the previous regimes. 

Unfortunately, the many attempts to remedy this situation (e.g., through the 
Comprehensive Agricultural Support Programme CASP and other programs) have 
been ex post, piecemeal and unsuccessful. Unless this is changed, commercial 
agriculture will remain white dominated, only slightly less racially segregated than 
in the 1980s, but with a strong bias against those smaller scale family farming 
operations whose development can do much to initiate growth and employment 
opportunities throughout the country, in the manner envisaged in the National 
Development Plan. 

In the last three decades, the value of South African agricultural output more 
than doubled in real terms (DALRRD 2020). This growth has largely been driven 
by increased productivity, which has been underpinned by technological innovation, 
as well as growth in traditional export markets as well as access to new ones and has 
spanned across all subsectors of agriculture (livestock, horticulture and field crops). 

Black farmers were largely excluded from the benefits of this agricultural growth 
while the various programs and plans were not sufficiently broad based to foster an 
inclusive and prosperous sector and, combined with the slow pace of land reform, 
contributed to frustrations among black farmers. 

Despite remarkable growth during the last three decades, South Africa’s agricul-
tural sector remained plagued by dualism, mistrust and suboptimal performance. 
On the one hand, South Africa agriculture has surpassed the NDP targets in 
expanding a number of high-value commodities (citrus, macadamias, apples, table 
grapes, avocados, dairy and pork), but on the other hand the country has not fully 
achieved the jobs target and expansion of agriculture in the former homelands. The 
dualistic nature of the sector remains therefore entrenched. The only way this can 
change is through a capable and effective state (provincial and national), stable 
and conducive policy and investment environment; infrastructure development and 
services including electricity and water; and effective farmer support programs, 
among other support measures. 

The expansion and growth of the industry over the last three decades was driven 
by new technology (irrigation, cultivation techniques, genetic material, etc.) and by 
the 2607 large farm enterprises that have capital and systems in place to invest, 
to expand and to export. Although these large enterprises are responsible for 67% 
of total farm output, cornerstone of the agricultural sector remains the many small 
family farms. More than 90% of all commercial farming units in South Africa are 
small family-based operations at different levels of commercial activity. 

A number of prevailing and perpetuating cross-cutting factors are hindering 
inclusive growth and investment in the agriculture and agroprocessing value 
chains to a greater degree. These factors include continued policy ambiguities, 
mainly related to access to land and ownership as well as water rights, diminish-
ing/unreliable infrastructural capacity (electricity, water, rail, roads, fresh produce 
markets and ports), major safety concerns for farmers and farm workers living in
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rural areas and a sharp increase in theft of stock and farming equipment, limited 
drive to opening new export markets and the inability to comply with stringent 
market access protocols, deteriorating biosecurity management, rising concentration 
and market power at food production, processing and distribution levels partly due 
to growing barriers to entry that limit access to key routes to market, and skills 
shortages and decaying research capacity in the country. 

Moreover, coupled with consistently low and ineffective farmer support, in 
particular to subsistence and emerging farmers and high barriers to entry, these con-
straints contribute to an uncertain and unstable investment environment, resulting in 
limited growth and job creation in the sector, and thereby perpetuating inequality 
and exclusion of historically disadvantaged farmers and agripreneurs in agriculture 
and food value chains in the country. 

The constraints and factors hindering the agricultural sector to grow and to 
transform to be more inclusive, are not new and have been identified in 1995 (White 
Paper on Agriculture), affirmed in 2001 (Agricultural Strategic Plan) and again in 
the diagnostics leading up to the National Development Plan (NDP) in 2011 and 
more recently by the High Level Panel Report led by former president Motlanthe 
and the Presidential Panel Report on Agriculture Land led by the late Vuyo Mahlati. 
They have not changed, and while some progress in some areas has been achieved 
since the adoption of the NDP, there are still areas of substantial underperformance. 
These include: 

• Investment in agriculture and agroprocessing of the former homeland regions 
and state acquired land to drive overall productivity and commercial production 
to boost food security and alleviate poverty. 

• Effective farmer support services and financing to increase black farmers’ share 
of total agricultural output. 

• Redistribution of agricultural land for sustainable agricultural production. 
• Increased state capacity to open new export markets for a broader range of 

agricultural produce. 
• Maintenance and upgrading of key infrastructure (roads, rail, ports, electricity.) 
• Greater inclusion, participation and competition in agroprocessing. 
• Transformation of agricultural and agroprocessing value chains, including the 

removal of barriers to entry. 

4.3.2 Trade Policies 

Trade policies constitute the key policy framework for the development of the 
South African economy. This holds in particular for Limpopo province, with its 
relatively strong reliance on the primary sector. Unleashing the full potential of 
agriculture in particular requires improved market access to high-value export 
chains. The development in this regard has been quite remarkable over the past 
decades, starting from the free trade agreement with the European Union (1999, 
fully implemented since 2004) and the regional free trade agreement within the



128 J. F. Kirsten et al.

Southern African Development Community (fully implemented since 2012) up to 
the African Continental Free Trade Area (2020). Nevertheless, macroeconomic 
instability and policy incoherence remain substantial risk factors for agricultural 
value chains (SADC 2022). 

Trade policy in South Africa has always had a strong regional focus. From the 
beginning of the Southern Africa Customs Union (SACU) more than 50 years ago, 
South Africa has been the driving and dominating force in regional integration. 
Currently, regional trade relations are mainly governed by the SADC free trade area. 
The loss of national decision power over tariffs and other trade-related policies that 
usually goes hand in hand with the formation of a free trade area or a customs union, 
has been not a major challenge for South Africa since the country accounts for about 
half of the current GDP of the SADC FTA. This retained national autonomy might 
explain why the regional integration within SADC FTA has remained somewhat 
subdued, with only 10% of the bloc’s total trade being intra-FTA trade. While lack 
of physical infrastructure and the strong role of nontariff measures are common to 
many, in particular smaller, developing countries (Fiankor et al. 2021),  the role of  
the policy process seems to be specific to SADC (Sikuko 2018), where a dominating 
influence seems to be exerted by South Africa. 

The meager intraregional trade development within SADC has been present in 
many of the continents regional trade agreements. In the early 2000s, SADC and two 
more regional blocs (COMESA and EAC) aimed at forming a larger regional trade 
agreement, the Tripartite Free Trade Area. However, this initiative was never ratified 
but was replaced by a continent-wide initiative for boosting intra-African trade, the 
African Continental Free Trade Area (AfCFTA). This agreement is effective since 
2019, and the expected effects on intra-African trade are huge. For instance, the 
World Bank (2020) estimates that intra-AfCFTA imports will double relative to 
the baseline by 2035. For total exports in agricultural products, the study expects 
an increase of more than 30% relative to the baseline. While the main effects for 
South Africa will materialize in increasing trade opportunities in manufacturing and 
services, the important role of agriculture in Limpopo suggests that for this province, 
new opportunities for intra-African exports might open up. 

Overall, the trade policy of South Africa can be viewed as relatively liberalized, 
with open import and export markets. However, access to high-value export markets 
remains hampered by sanitary and phytosanitary measures (e.g., Kalaba et al. 2016) 
and the increasing role of private standards (e.g., Fiankor et al. 2020) that are 
increasingly used by developed countries’ food importers and retailers. 

4.4 Recommendations for Reform 

In terms of macroeconomic policies, the hindrances to economic development are 
related to labor markets, monetary stability and external trade. The basic lessons to 
pursue these objectives can be learnt from other countries’ experience and have 
frequently been put on the policy agenda. The willingness of policy makers to 
commit to these objectives, however, seems to be much less of a clear issue.
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In light of these structural realities in the field of agricultural policies, the  
necessary guidelines to facilitate the growth and financial sustainability of the 
agricultural sector at large should be obvious and clear. What has been lacking 
over the past two decades is the practical implementation of the government policy 
frameworks and legislation, which, in turn, reinforced the lack of access among 
black farmers, and few opportunities within the input supply, agroprocessing and 
food retail sectors. The underlying factors behind this lack of implementation can 
be categorized into four broad streams. First, the limited government capacity 
to execute government programs together with a misalignment of functions and 
priorities between the three spheres of government. Second, the misallocation 
of the budget by the national and provincial governments. Third, the poor and 
uncoordinated transformation programs between government, private sector and 
civil society. Fourth, the abolishment of crucial institutions such as the Agricultural 
Credit Board and corporatization of farmer cooperates that were essential in 
coordinating and providing financial and nonfinancial support to farmers prior to 
1998. 

Biosecurity for plants and animals are becoming a critical issue as South Africa 
expands its production of exportable products. Government systems have time and 
again failed the agricultural sector in this regard with them unable to deal with 
animal diseases and plant diseases. At the same time, these impact South Africa— 
and especially the Limpopo province to trade with other countries in livestock 
products such as beef, game meat, and chicken and eggs. Stronger emphasis on 
developing and implementing standards and technical regulations in the field of 
biosecurity is therefore warranted, including cooperation with trading partners like 
the EU to both ensure the mutual acceptance of standards and technical regulations 
and to develop solutions for managing isolated outbreaks of pests or diseases in a 
better way. Promising ideas, e.g., “green corridor” zones with stricter regulation that 
could remain in export business even in case of phytosanitary problems elsewhere 
in the country, should be explored by bringing policy makers and private actors in 
the value chain from both South Africa and important destination markets together. 
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Abstract 

We review our knowledge of the climate variability in southern Africa over the 
past millennium, based on information provided by proxy data and by climate 
simulations. Since proxy data almost exclusively record past temperature and/or 
precipitation, the review is focused on those two variables. Proxy data identify 
three thermal phases in the region: a medieval warm period around year 1000 
CE (common era), a Little Ice Age until about the eighteenth century, and a 
clear warming phase since that temperature minimum until the present period. 
Variations of precipitation are different in the summer-rainfall and winter-rainfall 
regions. In the former, precipitation tends to accompany the temperature, with 
warm/humid and cold/dry phases. In the winter-rainfall zone, the variations 
are opposite to temperature. Thus, past precipitation variations display a see-
saw pattern between the summer- and winter-rainfall zones. However, climate 
simulations do not display these three different hydroclimatic periods. Instead, 
the simulations show a clearly warm twentieth century and punctuated cooling 
due to volcanic eruptions, with otherwise little variations during the pre-
industrial period. Also, the simulations do not indicate an anticorrelation between 
precipitation in the summer- and winter-rainfall zones. Possible reasons for these 
discrepancies are discussed. 
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5.1 Introduction 

Climatology is a branch of science where experiments are very difficult, if not 
impossible, to perform. Therefore, we are bound to use as much information from 
observations as possible, to try to understand the mechanisms of climate change 
and its possible impacts on society and ecosystems. Although climate models and 
basic physical considerations unambiguously agree that an increase in atmospheric 
greenhouse gases must lead to generally warmer temperatures, regional climate 
changes are more uncertain, in particular concerning other climate variables. For 
instance, questions such as whether warmer climates will lead to increased or 
decreased precipitation over a particular region are much more difficult to answer. 
The climate of the past can help find an answer. 

The observational record is, however, usually too short, spanning at most the 
last 200 hundred years and more usually only the last few decades. Many relevant 
questions about the present climate, such as the unprecedented character of current 
temperatures, climate trends, and climate extremes, are better addressed by looking 
beyond the period covered by observations. This goal can be partially achieved by 
analysing indirect climate information from the so-called proxy data—tree rings, 
lake sediments, etc.—that are natural archives, sensitive to past environmental 
conditions. The period covered by these natural archives can be vast, but the past 
few centuries span climate conditions that are, from the geological perspective, not 
very much different from the present and future climate, so that the lessons learnt 
there may find applications for the understanding of present climate trends. 

Simulations with Earth System Models that cover the past few hundred years 
can, together with proxy data, provide useful insights about the relevant climate 
mechanisms. Here, each of these two sources of information serve as independent 
confirmation (or rebuttal) of the other. Both are inherently uncertain, displaying 
different sources of error, and their combination leads to more robust conclusions 
than each of them taken in isolation would be able to provide. 

In the following sections in this chapter, we will review the existing literature 
on climate variability in southern Africa during approximately the past millennium. 
We start with a summary of evidence available from proxies, both at the global scale 
and more specifically for southern Africa. These sections are followed by selected 
results obtained from climate simulations. Finally, we discuss their agreements 
and inconsistencies and conclude with the main take-home implications for future 
climate changes in this region. 

5.2 The Climate of the Past Millennium: Global Background 

Our knowledge of the climate of the past millennium is derived from indirect 
indicators that archive information about past environmental conditions. Trees tend 
to form thicker annual growth rings or produce wood of higher density in years 
with more suitable environmental conditions, usually warmer and/or wetter. These



5 Past Climate Variability in the Last Millennium 135

biological characteristics can be calibrated to reconstruct past physical magnitudes 
such as temperature or precipitation variations by statistically comparing recent tree 
rings to meteorological observations. Apart from dendroclimatological data, other 
proxy records also contain information from past environmental conditions: carbon 
and oxygen stable isotopes in old wood, oxygen isotopes in stalagmites, pollen 
assemblages in lake sediments, historical documents, etc. In this fashion, global 
networks of proxy data can be translated by means of complex statistical methods 
to annually resolved climate patterns in past periods (Li et al. 2010). These climate 
reconstructions, however, rely on some general assumptions that may not be always 
fulfilled. For instance, dendrochronological proxy records reflect the environmental 
conditions during the growing season, i.e., are seasonally biased. Also, other non-
climatic factors may affect the growth of trees, such as availability of nutrients, 
fires, etc. Other types of records suffer from other corresponding caveats, so that 
it is not totally surprising that discrepancies between reconstructions derived from 
different proxy records arise. This highlights the need to combine different sources 
of information to reach robust conclusions. 

In addition, depending on the method applied to translate the proxy information 
and on the network of proxy data, the reconstructions of past climate may differ 
on the amplitude of past climate variations and on the specific regional details. 
However, most of the temperature reconstructions published so far indicate that 
the Earth’s climate of the past millennium can be described by relatively warm 
centuries around year 1000 CE (common era)—the Medieval Climate Anomaly or 
Medieval Warm Period, followed by colder centuries between around 1500 CE and 
1850 CE—usually denoted as the Little Ice Age—which in turn were followed by 
a warming trend that has strongly intensified from around 1980 CE onwards until 
present (Crowley 2000). 

These centennial climate fluctuations have been attributed to different external 
climate forcings (Schmidt et al. 2012). One is volcanic activity that tends to cool 
the global climate due to the volcanic aerosols ejected to the stratosphere, dimming 
the incoming solar radiation. Solar output itself is also variable through time. Land-
use and forest cover can modulate the regional climate due to the implied changes 
in the surface reflectivity. Concerning land use, major changes have occurred in 
some regions such as Europe and East Asia over the past few centuries. Finally, 
greenhouse gases since the industrial revolution have contributed to the warming 
trend since the end of the Little Ice Age and are the single most important factor for 
the warming since the mid-twentieth century. 

The variations of these external factors can be reconstructed by the analysis of 
polar ice cores. They archive the composition of the past atmosphere. Ice acidity 
records show sharp peaks due to the deposition of volcanic aerosols, allowing for 
an accurate dating and estimation of the strength of eruptions. The concentrations 
of cosmogenic isotopes such as . 10Be are indicative of past solar activity. These 
records show that around the Medieval Climate Anomaly volcanic activity was 
sparse and the Sun was stronger than in the ensuing centuries. By contrast, the Little 
Ice Age witnessed an intense and frequent volcanic activity and a weaker Sun. The
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recent decades are characterised by an almost constant solar output, relatively weak 
volcanism, and a very strong forcing due to greenhouse gases. 

In addition, internal climate variations, not caused by any particular external 
factor but due to the slow variations of ocean currents and the inter-play between 
ocean and atmosphere, could have also contributed to some of these past variations. 
For instance, it is unclear yet as to whether the external factors could have been 
solely responsible for the Medieval Climate Anomaly or whether some sort of 
slowly varying internal mechanism might have contributed to generally warmer 
temperatures. This is perhaps more relevant at regional scales, for which internal 
climate patterns such as the El Niño-Southern Oscillation (ENSO) may have a 
stronger immediate influence than global external forcings. 

5.3 The Climate of the Past Millennium: Southern Africa 

Earlier literature reviews on the paleoclimate of southern Africa during the last 
2000 years (Tyson and Lindesay 1992; Hannaford and Nash 2016) have identified 
the warm and cold climate phases in the past millennium previously mentioned 
in Sect. 5.2. A long 3000-year-long stalagmite record from Cold Air Cave in the 
Makapansgat Valley, which displays colour banding that is correlated to local 
temperature, also confirms the sequence of warm–cold–warm periods over the past 
millennium (Holmgren et al. 2001). According to this record, the Little Ice Age 
would have been about 1 ◦C colder than present. This is approximately confirmed 
by a stalagmite-based . 18O isotope record from the same site spanning the past 350 
years, which has been interpreted as indicators of a sharp and well-defined cold 
multi-decadal period centred around 1720 CE (Sundqvist et al. 2013). The cooling 
may have amounted to 1.4 ◦C colder than present. The rise and fall in temperature 
in these different thermal phases would have been roughly homogeneous over the 
whole region. 

The picture derived for precipitation is more nuanced. As explained in Chap. 6, 
southern Africa is characterised by two regions with different annual precipitation 
regimes: a (mostly) winter-precipitation region around Cape Town and a summer-
precipitation region located further to the east and northeast (Reason 2017). During 
the Little Ice Age, the winter-precipitation region may have received more precip-
itation due to a northward displacement of the belt of westerly winds (Dunwiddie 
and LaMarche 1980), whereas the summer-precipitation zone of southern Africa 
would have faced a generally drier climate due to diminished evaporation from the 
Indian ocean leading to lower air humidity (Woodborne et al. 2015). The reversed 
precipitation pattern is found in the prior warmer centuries during the Medieval 
Climate Anomaly. In this period, proxy indicators of precipitation in the summer-
rainfall region based on stable carbon isotopes in baobab trees show increased 
rainfall (Woodborne et al. 2015). 

Thus, an important feature of the pattern of the variability of annual precipitation 
totals in southern Africa, as derived from proxy information, appears to be a see-saw 
pattern between the winter-precipitation zone in the southwest and the summer-
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Fig. 5.1 Reconstructions of 
southern African precipitation 
over the past 500 years in the 
winter-rainfall zone (blue, left 
axis, based on cedar tree-ring 
widths) and summer-rainfall 
zone (red, right axis, based on 
concentrations of .13C in 
baobab trees). Figure copied 
from Woodborne et al. (2015) 
(freely available) 

precipitation zone in the northeast (Fig. 5.1). Whether or not this see-saw type of 
variability recurs over time no matter which is the main external climate driver is 
indeed an interesting question, relevant for future climate changes. 

The nineteenth century was relatively colder than the twentieth century. This 
period, with a more dense network of direct observations, offers the opportunity 
to test that working hypothesis suggested in the previous paragraph. Unfortunately, 
the available studies that provide more detailed analysis for the nineteenth century 
precipitation variations reach contradicting conclusions, indicating either drier 
(Nicholson et al. 2012) or wetter conditions (Neukom et al. 2014; Nash et al.  2016; 
Nash 2017) during the nineteenth century in the summer-precipitation zone. By 
contrast, precipitation in the winter-rainfall zone has likely remained temporally 
stable over the last two centuries (Nash 2017). An explanation for this discrepancy 
may lie in the different nature of the records analysed. Whereas Nicholson et al. 
analysed long instrumental and documentary records, the conclusion reached by 
the other studies is derived from a more comprehensive set of data, including, in 
addition to instrumental and documentary records and indirect proxies (dendrocli-
matological, corals). This highlights the difficulty of inferring past climates and the 
need to combine all available sources of information. 

5.4 Paleoclimate Simulations with Earth System Models 

Comprehensive climate models, very similar to those used to project the impact 
of greenhouse gases on future climate (Edwards 2011), have also been used to 
retrospectively simulate the climate of the past millennium (Fernández-Donado 
et al. 2013). These models, akin to weather prediction models, incorporate our 
knowledge of the main climate processes. They contain a representation not only 
of the atmosphere, but also of the ocean, of sea-ice, of soils and some of them also 
of the terrestrial and oceanic biosphere. All in all, they are one of the most complex 
software packages actually in use. Nevertheless, the climate system is very complex, 
with processes that typically occur over a vast range of spatial and temporal scales, 
from seconds to millennia and from millimetres to thousands of kilometres. Due
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Fig. 5.2 An example of the annual cycle of precipitation in the two southern African precipitation 
zones simulated by the climate model MPI-ESM-P in the pre-industrial centuries (850–1800 CE). 
The magnitude of precipitation depends on the location of the selected model grid cells 

to computing limitations, some of these processes need to be represented in a more 
simplified form. Typically, a climate model has a spatial resolution of about 100 km, 
and all smaller-scale processes are represented in an averaged fashion. Climate 
models, for instance, do not directly simulate the formation of clouds, but only the 
average effect of clouds over an area of typically 1̃00 km long and wide. This leads 
to inaccuracies and uncertainties in the simulation of precipitation and to differences 
in climate projections obtained with different models. In spite of mentioned model 
uncertainties, climate models are indeed able to reasonably replicate the two 
precipitation regimes observed in southern Africa. An example is shown in Fig. 5.2, 
which can be compared with the corresponding figure in Chap. 6. This means that 
the main mechanisms behind these two precipitation regimes, namely extratropical 
cyclones for the winter-precipitation zone and convective precipitation within the 
South Indian Convergence Zone for the summer-precipitation zone (Cook 2000; 
Reason 2017), are reasonably well simulated by global climate models. 

To simulate the climate of the past, climate models need to be driven by 
the external factors that provide or modulate the energy that reaches the Earth.
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As mentioned in Sect. 5.2, in the past millennium, these external factors were 
volcanism, solar output, and atmospheric greenhouse gases (Schmidt et al. 2012). 
The magnitude of these factors in the past millennium can be approximately 
reconstructed from chemical analysis of polar ice cores, including the air bubbles 
trapped in them, and then used for climate simulations. There exists a relatively 
large set of climate models that has been used to estimate future climate change, as 
included in the different reports by the Intergovernmental Panel on Climate Change 
(IPCC). Some of these models have also been used to simulate the climate of the past 
centuries, more precisely the period 850–2005 CE. These simulations are part of the 
Coupled Model Intercomparison Project CMIP5 (Taylor et al. 2012). As indicated in 
the Introduction, the results of these simulations may differ from model to model, so 
that it is necessary to consider several models not only to identify the robust results 
but also to be aware of the uncertainties inherent in these simulations. 

Figure 5.3 displays the near-surface air temperature in southern Africa simulated 
by a suite of climate models in the period 850–2005 CE. Table 5.1 lists these 

Fig. 5.3 Near-surface annual mean air temperature averaged in southern Africa (land areas 
between 10S-40S and 10E-45W) as simulated by a suite of climate models from the Climate Model 
Intercomparison Project CMIP5 for the period 850–2005 CE (Taylor et al. 2012). The time series 
represent deviations from the twentieth century mean temperature and have been smoothed with a 
20-year running-mean filter
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Table 5.1 List of global climate models and their spatial resolution (atmospheric model only) in 
geographical degrees used in this study 

Model Institution latitude longitude 

MPI-ESM-P Max-Planck-Institute for Meteorology (Germany) 1.875 1.875 

CCSM4 National Center for Atmospheric Research (USA) 0.9 1.25 

GISS-2-ER Goddard Institute for Space Sciences (USA) 2 2.5 

IPSL-CMA5-LR Institute Pierre & Simon Laplace (France) 1.89 3.75 

BCC-CSM1 Beijing Climate Centre (China) 2.81 2.81 

HadCM3 Hadley Centre (UK) 1.875 3.75 

climate models and their spatial resolution. All simulated temperatures display 
clear similarities but also differences. Most models, with the only exception of 
HadCM3, estimate colder pre-industrial temperatures of the order of 0.5 ◦C relative 
to the twentieth century mean. There seems to exist little doubt, from the models’ 
perspective, that temperatures in the twentieth century have clearly been above 
the pre-industrial average level. The model HadCM3 estimates twice as cold pre-
industrial temperatures with respect to the twentieth century mean. 

The warming trend simulated during the twentieth century stands out compared 
to the trends in all other centuries, with the possible exception of the nineteenth 
century. The climate of the nineteenth century is, however, strongly impacted by the 
two first decades of intensive volcanism (see next paragraph), and by its associated 
strong cooling. The models that estimate the strongest impact of these eruptions 
(e.g., GISS-2-ER) are the ones for which the ensuing warming trend is also stronger. 
Even so, considering all models, the simulated twentieth century warming, about 
1.2 ◦C, is larger than the bracket of nineteenth century warming of 0.5–0.8 ◦C 
spanned by the majority of models. 

Further back in time, superposed to colder pre-industrial mean temperature, the 
models produce temperature variations that can be attributed to the impact of the 
external forcings. For instance, the clear cooling simulated after the mid-thirteenth 
century is due to the very strong eruption in Samalas (Indonesia) in 1258 CE (Guillet 
et al. 2017). Also clear in the figure are the series of eruptions in the early nineteenth 
century, one of them the famous Tambora eruption in 1815, which caused in Europe 
“the year without summer” (Raible et al. 2016) and serious societal disruptions there 
in 1816 CE. After around 1800 AD, the current warming trends set in, mainly caused 
by an increase of the solar output during the nineteenth century and by the increase 
of greenhouse gases in the second half of the twentieth century. 

The succession of warm–cold–warm centennial or even multi-centennial periods 
(MCA-LIA-present) previously identified in the proxy-based reconstructions is not 
so clearly recognised in the simulations. Although the centuries around 1000 CE are 
slightly warmer in the simulations, the LIA is barely recognisable in the simulated 
series as a clearly cold differentiated centennial or multi-centennial period. As a 
result, the simulated temperature evolution during the pre-industrial period appears 
rather stable, with the interruptions caused by volcanism. In this respect, all models
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Fig. 5.4 Near-surface annual precipitation in southern Africa (land areas between 10S-40S and 
10E-45W) as simulated by a suite of climate models from the Climate Model Intercomparison 
Project CMIP5 over the period 850–2005 CE, (a) for the winter-rainfall zone and (b) summer-
rainfall zone (see Chap. 6). The time series represent deviations from the twentieth century mean 
precipitation and are smoothed with a 20-year running-mean filter 

seem to agree. The possible reasons for the discrepancies between models and 
reconstructions are later discussed in Sect. 5.5. 

Concerning past changes in precipitation, we again need to differentiate between 
the winter-rainfall zone and the summer-rainfall zone (see Chap. 2, Fig.  2.2). Since 
the mechanisms behind precipitation in these two zones are different, their long-
term evolution could also diverge. The evolutions of simulated precipitation in 
these two zones in the past millennium are displayed in Fig. 5.4. Precipitation in 
the winter-rainfall zone (around Cape Town and along southern coast in the pre-
industrial period) is in all simulations generally larger than in the twentieth century. 
The decadal variations of the pre-industrial mean precipitation are, however, much 
larger than for temperature, and a few decades in the simulations are indeed as 
dry as some decades of the twentieth century. Generally, the models do seem to 
indicate a tendency towards a drier climate in this region in the recent decades, in 
accordance with the analysis of observational data shown in Chap. 6. Precipitation 
in the summer-rainfall zone (continental northeast during the pre-industrial period, 
Fig. 5.4b) also shows a slight tendency to be larger than during the twentieth century. 
However, the suite of models displays a larger spread than for the winter-rainfall 
zone, so that the uncertainty is here also larger. One model, again the model 
HadCM3, behaves rather differently from the others and shows the opposite result. 

Are the variations of the precipitation in the summer-rainfall and winter-rainfall 
zones mutually related? This is an interesting question regarding future climate 
change. If, for instance, the see-saw pattern suggested by proxy data (Sect. 5.3) 
is temporally stable, it is plausible that it will also be present in future climate, 
with enhanced rainfall in the summer zone and weaker in the winter zone, or vice
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versa. The model simulations, however, do not support this result. The temporal 
correlations, within each simulation, between annual mean precipitation in the two 
zones are very small (all cases smaller than 0.2). This happens irrespective of the 
timescale, for instance, after decadal or multi-decadal smoothing of the time series. 
All in all, the simulated precipitation shows rather wide interannual (not shown) 
and decadal variations, compared to any centennial or multi-centennial trends. 
The possible reasons for the disagreement between models and reconstructions are 
discussed in Sect. 5.5. 

Variables other than temperature or precipitation may also be important to 
characterise past climates and estimate the impact of climate change on ecosystems. 
This is the case for wind, and more particularly coastal winds. Winds flowing 
along the western southern Africa coast are the main drivers of coastal upwelling 
in the Benguela Upwelling System and, therefore, are critical for the biological 
productivity of that ocean region. How upwelling could change under anthropogenic 
climate change was the focus of the hypothesis put forward by Bakun (1990); 
Bakun et al. (2015). According to this hypothesis, the intensity of upwelling-
favourable winds should increase in the future due to the widening temperature 
difference between continental and oceanic surface caused by global warming. The 
studies that have analysed this hypothesis using observations or climate simulations 
are, however, not univocally conclusive (Sydeman et al. 2014). A confirmation 
by possible paleoclimate data from oceanic sediment cores, which may record 
past ocean productivity, and paleoclimate simulations could in theory shed light 
on this question. However, the analysis of paleoclimate simulations over the past 
millennium does not indicate that the intensity of upwelling-favourable winds had 
in the past varied hand-in-hand with global temperatures (Tim et al. 2016). Thus, 
these simulations do not in principle support Bakun’s hypothesis. This can happen 
because the effect predicted by Bakun’s hypothesis has been in the past too small 
compared to the natural wind variations, or because the modelled variations of past 
temperatures are unrealistically too narrow (Sect. 5.5). Other possible explanation 
assumes that state-of-the-art global climate models cannot realistically represent the 
reaction of coastal wind to variations in external forcing yet, due to their too coarse 
spatial resolution (Small et al. 2015). 

In summary, the results from the global climate simulations regarding southern 
Africa can be interpreted as follows. The past evolution of temperatures clearly 
shows the impact of volcanic eruptions and, in the twentieth century, the impact 
of anthropogenic greenhouse gases. The twentieth century would have been the 
warmest of the past millennium. By contrast, precipitation would have varied 
little along the whole millennium, with a tendency of the twentieth century to be 
somewhat drier than the previous centuries but only in the winter-rainfall zone. The 
simulations do not show clear, well-defined, warm, cold, wet, or dry centuries in the 
pre-industrial centuries. Thus, the pre-industrial period appears in the simulations 
as a rather stable climatic background against which the 20th temperatures, but not 
so much precipitation, clearly stand out.
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5.5 Comparison Between Proxy Data and Model Simulations 

The combined analysis of climate simulations and climate reconstructions aims 
at a better understanding of the processes of climate variability and change and 
helps identify robust model results but also deficiencies that need to be addressed to 
increase our confidence in spatially detailed future climate projections. 

The simulated temperatures over the past millennium show agreements with 
proxy-based reconstructions but also clear discrepancies. Both clearly suggest that 
the twentieth century has been a very warm period against the backdrop of the pre-
industrial centuries. However, looking further back into the past, several climate 
reconstructions using independent data do show a well-defined cold period—the 
Little Ice Age, around 1700 CE—differentiated from a prior warmer period during 
medieval times. The simulations do not show these thermally differentiated periods. 
Instead, the simulations yield rather stable pre-industrial temperatures, punctuated 
by decadal cooling episodes caused by volcanic eruptions, which do not extend over 
several centuries. 

One reason for this discrepancy may lie in the external forcing used to drive 
the climate models. The forcing used in the CMIP5 model suite of past millennium 
simulations follows a commonly agreed protocol that incorporates the knowledge of 
past variations of solar output and volcanism. These estimations are to some extent 
uncertain. Whereas volcanic forcing is relatively short-lived, the variations of solar 
output display longer timescales, with cycles of several hundred years. The assumed 
amplitude of those solar variations of past solar output in the CMIP5 protocol 
represents a temporally narrower version of previous solar output reconstructions, 
which tended to have much wider, even tenfold, amplitude of variations (Schmidt 
et al. 2012). It is conceivable that this assumed reduction of the amplitude of past 
solar output variability turns out to be somewhat unrealistic. Stronger solar output 
variability in the past could have led to wider temperature variability at centennial 
timescales. 

Concerning past precipitation, the proxy-based reconstructions in southern 
Africa indicate two important characteristics. One is the link between past pre-
cipitation and past temperature. Precipitation in the summer-rainfall zone varies, 
according to the reconstructions, in accordance with temperature, with lower 
precipitation during the Little Ice Age and higher precipitation during the Medieval 
Climate Anomaly. In the winter-rainfall zone, by contrast, the link between pre-
cipitation and temperature is opposite. Thus a second characteristic is the opposite 
variations in the summer-rainfall and winter-rainfall zones. 

The simulations do not show this behaviour. Since the simulations do not 
present clearly defined thermal sub-periods, they cannot show a link between 
temperature and precipitation variations. Also, the simulated precipitation in the 
summer- and winter-rainfall zones does not appear anti-correlated in any of the 
model simulations. Should the see-saw character of precipitation variability be 
confirmed by further analysis of additional proxy records, it would raise the question
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as to why the models fail in this respect, and whether this deficiency is critical for 
more robust projections of future precipitation. 

It is known that the simulation of precipitation can be a challenge for global 
climate models. Due to their coarse resolution (Table 5.1), the much smaller-scale 
formation of clouds and the condensation of water vapour to liquid water cannot 
be explicitly represented in the models. Instead, they use heuristic equations that 
translate large-scale humidity convergence and atmosphere stability to average 
precipitation over a whole grid cell. These heuristic, empirically derived, equations 
are prone to errors. One possible explanation is, therefore, that precipitation in 
the summer-rainfall zone, which is caused by convective systems associated to the 
South Indian Convergence Zone (Cook 2000), might not be perfectly simulated. 
However, other studies raise the question as to whether climate models realistically 
represent the connection between large-scale patterns of climate variability, such as 
ENSO, and southern African rainfall. It has been found that the CMIP5 models 
do not replicate the observed link between southern African rainfall and ENSO 
(Dieppois et al. 2015, 2019). Therefore, a targeted investigation on whether this 
deficiency is solved in the next generation of climate models is needed to increase 
the confidence of future precipitation projections in this region. 

Concerning climate reconstructions based on proxy data, we have to bear in 
mind that the amount of those types of data in the southern African region is 
sparse compared to other regions, such as Europe or North America. On the other 
hand, there exist a few sources of historical data that can be further exploited. 
One example is the collection of log books from the British Navy, which contain 
valuable information about wind intensity and duration at daily timescales. These 
data can be used to reconstruct atmospheric variables in the region over the few past 
centuries (Hannaford et al. 2015). A more dense network of proxy data could allow 
to construct spatially resolved gridded climate field reconstructions (Tingley et al. 
2012) covering the whole region, instead of a collection of climate reconstructions 
that refer to the relatively smaller subregions where the proxy records are located. 
A gridded reconstruction covering the whole southern African region would allow 
a much better comparison with the output of climate models. This also remains a 
research focus for the future. 

5.6 Conclusions and Outlook 

The main conclusions that can be derived from this brief review of the climate of 
southern Africa over the past millennium are as follows:

• Proxy records, such as dendroclimatological data, indicate a succession of a 
relatively warm medieval period around 1000 CE, following by colder centuries 
denoted as the Little Ice Age, and a warm twentieth century.
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• Precipitation in the two relevant precipitation zones—winter-rainfall and 
summer-rainfall zones—was linked to the average regional temperatures, 
with precipitation in the summer-rainfall positively correlated to temperature. 
Precipitation in the winter-rainfall zone was negatively correlated to temperature.

• Climate simulations with state-of-the-art climate models do indicate a particu-
larly warm twentieth century but show no thermally differentiated sub-periods 
nor correlations between temperature and precipitation. They do show, however, 
that the twentieth century might have been dry in the context of the past 
millennium. 

These conclusions already indicate a possible way forward for future research. 
The disagreement between climate reconstructions and model simulations should be 
clarified in order to buttress the future climate projections obtained with those same 
climate models. Thereby, a particularly important aspect is the correlation between 
temperature and precipitation changes. 
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6Southern Africa Climate Over the Recent 
Decades: Description, Variability and Trends 

Mathieu Rouault, Bastien Dieppois, Nele Tim, Birgit Hünicke, 
and Eduardo Zorita 

Abstract 

South of 15◦S, southern Africa has a subtropical climate, which is affected 
by temperate and tropical weather systems and comes under the influence of 
the Southern Hemisphere high-pressure systems. Most rainfall occurs in austral 
summer, but the southwest experiences winter rainfall. Much of the precipitation 
in summer is of convective origin forced by large-scale dynamics. There is a 
marked diurnal cycle in rainfall in summer. The El Niño Southern Oscillation 
(ENSO) influences interannual rainfall variability. In austral summer, drought 
tends to occur during El Niño, while above-normal rainfall conditions tend 
to follow La Niña. During El Niño, higher than normal atmospheric pressure 
anomalies, detrimental to rainfall, occur due to changes in the global atmospheric 
circulation. This also weakens the moisture transport from the Indian Ocean 
to the continent. The opposite mechanisms happen during La Niña. On top of 
the variability related to ENSO, the Pacific Ocean also influences the decadal 
variability of rainfall. Additionally, the Angola Current, the Agulhas Current, the 
Mozambique Channel and the southwest Indian Ocean affect rainfall variability. 
Over the last 40 to 60 years, near-surface temperatures have increased over 
almost the whole region, summer precipitation has increased south of 10◦S, 
and winter precipitation has mostly decreased in South Africa. Meanwhile, the 
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Agulhas Current and the Angola Current have warmed, and the Benguela Current 
has cooled. 

6.1 Annual Cycle of Rainfall in Southern Africa 

Climatologically speaking, sub-Saharan Africa can be divided into four regions: (i) 
West Africa, a classic monsoon climate; (ii) East Africa, fed by an intense flux of 
moisture coming from the Indian Ocean; (iii) Central Africa, which has a tropical 
climate, hot and wet with rainfall maximum following an annual latitudinal pattern 
and (iv) southern Africa, a relatively dry and hot climate that can be found south 
of 15◦S to 20◦S depending on longitude (Fig. 6.1). Therefore, in this chapter, we 
will define southern Africa as the continental areas south of 15◦S. While there is 
a high range in annual rainfall and timing at the regional scale, southern Africa is 
characterized by distinct summer and winter rainfall regions (Figs. 6.2 and 6.3). 
There is also a region where rainfall is almost equal all year long to the far south. 
The longitudinal rainfall variation is due to a warm ocean to the east composed of 
the Agulhas Current, the Mozambique Channel and the southwest Indian Ocean. 
The longitudinal variation is also due to the South Atlantic high-pressure system’s 
influence on the west, creating subsidence and preventing rainfall. The subsidence 
created to the east by the South Indian high-pressure system is offset by east-to-west 
moisture flux from the ocean to the continent and the presence of a convergence zone 
leading to air uplift and rain. Figure 6.2 shows the spatial distribution of the wettest 
month of the year in southern Africa. The red and blue domains are the area used 
to calculate the summer and winter rainfall total presented in Fig. 6.3 by averaging 
all grid points of each domain. It is also used to calculate the summer Standardized 
Precipitation Index (SPI) and calculate the Summer Rainfall Index (SRI), as was 
done by Dieppois et al. (2016, 2019). 

Fig. 6.1 Mean 1950–2016 
Global Precipitation 
Climatology Centre (GPCC) 
January to December annual 
total rainfall (mm) for 
southern Africa
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Fig. 6.2 Spatial distribution of southern Africa’s wettest month of the year (calendar month: red, 
summer: November to March; blue winter: April to September). Lines and colors delineate the 
area used to calculate summer and winter rainfall averages and indices (SRI and WRI) 

Fig. 6.3 Mean 1950–2016 annual cycle of rainfall in mm/month for southern Africa’s southwest 
winter rainfall region (left) and summer rainfall region (right) as defined in Fig. 6.2 

The greatest precipitation rate and maximum timing range are especially marked 
in South Africa. South Africa is divided into eight climatic regions by the South 
African Weather Service (Rouault and Richard 2003). The North-Western Cape has 
very little rainfall, with a winter maximum in June of 30 mm. The Southwestern 
Cape also has a maximum in June but differs with a maximum of 70 mm. Both 
regions constitute the winter rainfall region. The South Coast, which encompasses 
most of the Garden Route, experiences regular rainfall all year long, from about
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30 mm to 40 mm per month, reaching about 100 mm in places over the Tsitsikamma 
region during October and November. There are even substantial spatial variations 
in rainfall within a region. For instance, Philippon et al. (2012) show that maximum 
monthly rainfall can vary from 240 mm to 30 mm per month for the Western Cape, 
primarily due to orography. The following five regions are part of the southern 
Africa summer rainfall region and have a maximum at different summer months. 
The Southern Interior has its maximum rainfall in late summer, March, with about 
60 mm. The Western Interior has its rainfall maximum in January, with about 
130 mm, but part of that region has a maximum in March (Dieppois et al. 2016). 
The Central Interior, KwaZulu-Natal and the North-Eastern Interior have maximum 
rainfall in January. KwaZulu-Natal is the wettest region, with a maximum in January 
of 130 mm. The North-Eastern Interior has the most significant difference between 
summer and winter. A comprehensive study of the annual cycle, regional differences 
and timings can be found in Favre et al. (2015). It indicates that while a rainfall 
deficit of 10 mm for a given month could be considered a drought in one region, 
it is not in another. Furthermore, the onset and demise of the rainy season are 
different for the eight areas making water management and mitigation of agricultural 
or hydrological drought difficult. 

6.2 Synoptic Drivers of Rainfall 

In southern Africa, much of the precipitation received in summer is of convec-
tive origin and forced by large-scale dynamics (Tyson and Preston-White 2000). 
Southern Africa has a subtropical climate and is affected by temperate and 
tropical weather systems. The country comes under the influence of the Southern 
Hemisphere high-pressure systems, but a heat low is found over the subcontinent in 
summer. This helps break the subsidence associated with high-pressure systems that 
prevent rain from occurring, allowing a diurnal cycle of rainfall to exist (Rouault et 
al. 2013). Most of the interior lies on an elevated plateau, and orography plays an 
important role in rainfall (Tyson and Preston-White 2000). The southwest region 
and the west coast receive most of their precipitation in austral winter through 
temperate systems such as cold fronts and cut-off lows, while the rest of the country 
gets most of its rainfall in austral summer. Summer rainfall is caused by large-scale 
synoptic systems leading to convection, but the diurnal cycle of rain has a substantial 
effect in the interior and along the East Coast. Such large rain-bearing systems 
include Tropical Temperate Troughs (TTTs; Chikoore and Jury 2010; Vigaud et 
al. 2012; Hart et al.  2012; Macron et al. 2014), Cut Off Lows (Favre et al. 2013), 
Mesoscale Convective Cloud systems (Blamey and Reason 2013) and occasionally 
tropical cyclones or tropical low-pressure systems associated with easterly waves 
(Malherbe et al. 2012). A substantial amount of rainfall in the summer rainfall 
region of southern Africa is due to TTTs and attendant cloud bands. The relative 
contribution of TTTs to rainfall during the summer ranges from 30% to 60%. 
While the annual cycle is dominant over southern Africa, intraseasonal rainfall 
oscillations occur with spectral peaks around 20 and 40 days associated with TTTs
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(Chikoore and Jury 2010). The Madden-Julian Oscillation also affects rainfall on 
a 40–60 days’ timescale (Pohl et al. 2007). Over the South Coast, nearly half of 
the annual rainfall is due to ridging anticyclones (Engelbrecht et al. 2015). The 
South Indian Anticyclone over the southwest Indian Ocean, Mozambique Channel 
and the Agulhas Current also plays an essential role in the source of moisture 
transported onto the interior plateau (Rapolaki et al. 2020; Imbol et al. 2021). 
Severe weather and flooding can occur due to cut-off lows, especially when the 
South Indian Anticyclone is quasi-stationary or blocking. Cut-off lows contribute 
significantly to rainfall over South Africa, especially along the south and east coasts 
and the Karoo regions (Favre et al. 2013). With some regional exceptions, spring is 
the season of the most substantial contribution by cut-off lows to annual rainfall. 
Over the Kalahari region, the most considerable contribution by cut-off lows to 
rainfall occurs during late summer. In contrast, the coastal regions, particularly the 
south coast, receive the most considerable cut-off low contribution to rainfall during 
the winter season (Favre et al. 2013). Over the south coast, cut-off lows have been 
associated with the autumn rainfall peak (Engelbrecht et al. 2015). For South Africa, 
the standardized amplitudes, indicative of the strength of the diurnal cycle across a 
region, are most substantial over the interior and along the East Coast, with up to 
70% explained variance of hourly rainfall associated with the diurnal cycle (Rouault 
et al. 2013). The time of maximum precipitation is late afternoon to early evening in 
the interior and midnight to early morning along the Agulhas Current and inland in 
the northeast of the country (Rouault et al. 2013). In general, annual mean rainfall 
is overestimated by the regional climate model in South Africa (Favre et al. 2015), 
and also ocean–atmosphere global climate models (Dieppois et al. 2015, 2019). 
However, despite these general overestimations of rainfall totals, regional climate 
models have been demonstrated to simulate the main features of the annual cycle 
in circulation patterns and rainfall realistically across the southern African region 
(Engelbrecht et al. 2015). 

6.3 Interannual Variability 

The climate of southern Africa is highly variable and vulnerable to extremes such 
as droughts and floods. During the last decades, much has been gained on how the 
oceans can influence the climate of southern Africa on interannual scale (Richard et 
al. 2000, 2001; Fauchereau et al. 2003, 2009; Pohl et al. 2010; Crétat et al.  2012). 

ENSO is the primary driver of southern Africa’s rainfall interannual variability. 
Figure 6.4a shows the average normalized sea surface temperature and rainfall 
anomalies during the mature phase of El Niño in austral summer since 1982. This 
would be the average difference from normal during a typical El Niño event in 
austral summer. The normalized anomaly, which is presented in Fig. 6.4a, is a  
departure from the mean of November to March divided by the corresponding 
climatological standard deviation for 11 El Niño events. For instance, for values 
superior to one mean the anomaly is above one standard deviation. Roughly 66% 
of the values are between −1 and −1 standard if the data is normally distributed.
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Fig. 6.4 (a), top: Average November–March sea surface temperature seasonal standardized 
anomalies during the mature phase of El Niño in austral summer (anomaly from the mean of 
November to March divided by the climatological corresponding standard deviation for 11 El Niño 
events). Blue/green is colder than normal; yellow/red is warmer than normal. (b), bottom: Average 
November–March rainfall seasonal standardized anomalies during the mature phase of El Niño in 
austral summer. Blue/green is wetter than normal; yellow/red is dryer than normal 

As shown in Fig. 6.4a, most sea surface temperature anomalies are due to changes 
in global atmospheric and regional oceanic circulation, which are associated with 
El Niño. The impact of ENSO on sea surface temperature, land temperature, wind 
speed and rainfall offers predictability at the seasonal scale. This is because ENSO 
events’ starting months precede the southern African rainy season, and atmospheric 
models relatively well reproduce this lagged relationship. 

Note that we use the Oceanic Niño Index (ONI) provided by the Climate 
Prediction Center to detect El Niño and La Niña years on Figs. 6.4 and 6.5. 
In addition, in Fig. 6.4b, the precipitation rate is estimated from satellite remote 
sensing using the 2.5-by-2.5 degrees resolution Global Precipitation Climate Project 
dataset available since 1979. For sea surface temperature, we use the 1-by-1-degree 
resolution Reynolds SST Optimally Interpolated, available only since 1982. For 
that reason, we have selected the following 11 El Niños, 1982/1983, 1986/1987, 
1987/1988, 1991/1992, 1994/1995, 1997/1998, 2002/2003, 2004/2005, 2006/2007, 
2009/2010 and 2014/2015. 

Although early works suggested that there were no strong relation between the 
strength of El Niño and the intensity and spatial extension of the southern African 
drought (Rouault and Richard 2003, 2005), Ullah et al. (2023) highlight significant 
statistical relationships between El Niño and large-scale extreme rainfall events. 
Indeed, seven of the ten strongest droughts since the 1950s happened during the
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Fig. 6.5 November to March southern Africa summer rainfall Standardized Precipitation Index 
from 1950 to 2016. Red bars denote El Niño, and blue bars denote La Niña austral summers 
according to the ONI 

mature phase of El Niño (Fig. 6.5), this provides ample early warning for drought 
monitoring. Droughts lasting two seasons always involve El Niño (Rouault and 
Richard 2003, 2005). The relationship between El Niño and drought occurrence 
has been particularly strong since the late 1970s (Fauchereau et al. 2003; Richard 
et al. 2000, 2001). However, this statistical relationship is not linear. For instance, 
the 1997/1998 strong El Niño did not lead to widespread drought (Lyon and 
Mason 2007), and severe drought can occur during a weak El Niño (Rouault and 
Richard 2005). Such nonlinear behavior in the El Niño-rainfall teleconnection has 
a significant impact on seasonal forecasts built on linear statistical models or in 
coupled or noncoupled general atmospheric circulation models, which, therefore, 
tends to be overconfident in predicting drought when El Niño occurs (Landman and 
Beraki 2012). Nevertheless, it may be noted that seasonal forecasts are skillful over 
the summer rainfall region of southern Africa during periods exhibiting significant 
ENSO forcing, even more so during La Niña, while forecasts are generally not 
skillful during neutral years (Landman and Beraki 2012). 

The mechanisms linking the Pacific and southern Africa climate are relatively 
well understood and reasonably well simulated in state-of-the-art climate models 
(Dieppois et al. 2016, 2019). During El Niño events, near-surface divergence, 
detrimental to rainfall, is observed over southern Africa due to changes in theWalker 
and Hadley circulations. Along with the anomalous near-surface divergence, high-
pressure anomalies (Fig. 6.6) over the landmass during El Niño also reduce the 
maritime moisture transport from the Indian Ocean to southern Africa. 

A mid-tropospheric anticyclone becomes established and persistent during El 
Niño leading (not shown) to the anomalies presented in Fig. 6.6. Large-scale mid-
troposphere disturbances (around 5000 m) are present globally during the mature
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Fig. 6.6 Average December–February standardized El Niño normalized anomalies of the 500 hPa 
geopotential height in austral summer indicating global anomalies of atmospheric circulation in the 
mid-troposphere 

phase of El Niño. There is a significant positive correlation between geopotential 
height anomalies over southern Africa at 500 hPa and the ONI Index. A more 
robust than normal Botswana high-pressure system causes enhanced subsidence for 
prolonged periods over much of the subcontinent. Moreover, El Niño is associated 
with extratropical atmospheric Rossby waves propagating poleward, influencing 
the southern hemisphere mid-latitude storm track (Fig. 6.6), and that could be 
responsible for an eastward shift of the South Indian Convergence Zone (Cook 2000, 
2001). The eastward shift of the South Indian Convergence Zone is visible in Fig. 
6.4b (bottom), where most of the large-scale synoptic-scale rain-bearing systems 
that affect southern Africa, such as Tropical temperate Troughs, preferably develop. 
The Indian Ocean warming during El Niño (Fig. 6.4a) also shifts atmospheric 
convection and rainfall eastward above the ocean, increasing subsidence above 
southern Africa and reducing the maritime moisture flux to the continent. During 
La Niña, a low-pressure anomaly is found over southern Africa, which favors the 
transport of moisture into southern Africa from the Indian Ocean, and consequently, 
rainfall is enhanced. Cut-off lows occur more frequently in a latitudinal band 
situated at lower latitudes during the La Niña years compared to El Niño years, 
during which these systems are located too far south of the country to contribute to 
seasonal rainfall amounts (Favre et al. 2012). El Niño and La Niña also change the 
wind strength along the coast and influence the ocean. In the upwelling system of the 
West Coast of South Africa, the Southern Benguela Current, El Niño often triggers 
lower than normal wind, weaker upwelling and warmer sea surface temperature due 
to the mid-latitude low-pressure anomalies shown in Fig. 6.6 (Rouault et al. 2010; 
Dufois and Rouault 2012; Tim et al. 2015; Blamey et al. 2015) and the opposite 
effect happens in the Northern Benguela (Rouault and Tomety 2022). During La 
Niña, the opposite occurs. Refer to Chap. 9 in this volume for more information 
on the northern and southern Benguela systems. El Niño also impacts the Western 
Cape rainfall and wind patterns in winter (Philippon et al. 2012). 

Other modes of climate variability have been correlated to southern African 
rainfall, such as the Antarctic Annular Oscillation in winter, which is also called 
Southern Annular Mode (Reason and Rouault 2005; Malherbe et al. 2016) and the

http://doi.org/10.1007/978-3-031-10948-5_9
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Table 6.1 NDJFM synchronous cross-correlation between Summer Rainfall Index Standardized 
Precipitation Index (SRI SPI), ONI, South Indian Ocean Subtropical Dipole (SIOD) and Antarctic 
Annular Oscillation (AAO). In bold are correlations significant at the 95% confidence level 

SRI SPI ONI SIOD AAO 

SRI SPI 1 −0.67 0.42 −0.03 
ONI 1 −0.45 −0.1 
SIOD 1 0.16 
AAO 1 

South Indian Ocean Subtropical Dipole in summer (Behera and Yamagata 2001; 
Hoell et al. 2017). 

Table 6.1 shows the correlation between the southern rainfall summer Standard-
ized Precipitation Index, ONI, SIOD and AAO for austral summer (November to 
March). The strongest correlation, −0.67, is between ONI and SRI. There is a 
weaker correlation, 0.42, between SIOD and SRI but there is also a correlation of the 
same magnitude, −0.45, between ONI and SIOD, which means that the SIOD does 
not necessarily impact southern African rainfall directly but could be a symptom of 
the effect of ENSO on both the Indian Ocean and southern African rainfall although 
Hoell et al.  (2017) proposed that the phase of the SIOD can disrupt or augment the 
southern Africa precipitation response to ENSO. 

Next, we investigate the impact of ENSO on Water Management Areas and 
stream flow of South Africa, focusing on the seasonal average measured flow of 
water in all rivers of a specific Water Management Area. Observed stream flow 
monthly time series data were summed in summer from November to March per 
Water Management Areas from 1969 to 2004. The most striking result is that for 
Water Management Areas of South Africa situated in the summer rainfall region 
(Fig. 6.2), flows are between 1.6 and 2.8 times higher during La Niña years than 
during El Niño years (Rouault 2014). This confirms and extends the findings of 
Landman et al. (2001). For instance, from the 1970s, for WMA 6, Usutu Mhlathuze 
Swazi WMA (including the following major rivers: the Usutu River, Pongola River, 
Mhlathuze River, Mfolozi River and Mkuze River and covers the Oedertrouw dam 
and the am Mhlathuze River dam; Fig. 6.7), the five driest years are all El Niño years 

Fig. 6.7 Total summer stream flow volume averaged for all stations of the Water Management 
Area 6 (Usutu Mhlathuze Swazi). El Niño years are in red, and La Niña years are in blue. Stream 
flow is summed from November to March
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(2015/2016, 1982/1983, 1994/1995, 2014/2015 and 1991/1992), and four out of five 
wettest years are La Niña years (1983/1984, 1987/1988, 2000/2001, 1988/1989 and 
2010/2011). Four of the five lowest stream flow volume summer seasons occurred 
during El Niño (1982/1983, 2015/2016, 1994/1995, 1984/1985 and 1991/1992), 
although one occurred during la Niña. Three out of five of the highest stream flow 
volume years happened during La Niña. 

Regional oceanographic and atmospheric features that have been reported to 
influence the southern African climate are the Agulhas Current (Jury et al. 1993; 
Nkwinkwa Njouodo et al. 2018; Imbol Nkwinkwa et al. 2021), the Angola Current 
(Rouault et al. 2003; Desbiolles et al. 2020; Koseki and Imbol Koungue 2021), 
the Mozambique Channel (Barimalala et al. 2020), the Angola low-pressure system 
(Crétat et al. 2019; Desbiolles et al. 2020) and the Botswana high-pressure system 
(Driver and Reason 2017). The Southern Annular Mode (Reason and Rouault 2005; 
Malherbe et al. 2016), the South Indian Ocean Dipole (Behera and Yamagata 2001; 
Hoell et al. 2017; Dieppois et al. 2016, 2019; Ullah et al. 2023) have also been 
linked to climate variability in southern Africa. 

6.4 Decadal Variability of Southern Africa’s Climate 

As illustrated in Fig. 6.8, while interannual variability (2–8 years) mainly related 
to ENSO explains approximately 70% of the total rainfall variance on average 
over southern Africa, a third of rainfall variability is explained by variations on 
quasi-decadal (8–13 years) and interdecadal timescales (15–23 years; Dieppois et 
al. 2016, 2019). In addition, we note that the amplitudes of those decadal variations 
strengthen and weakened over the twentieth century in summer and winter rainfall 
areas (Dieppois et al. 2016). Teleconnections with global sea surface temperature, 
in particular, the Pacific Ocean and atmospheric circulation anomalies, reminiscent 
of the impact of ENSO, were shown to impact southern Africa’s summer and 
winter rainfall at the interdecadal and quasi-decadal timescales (Dieppois et al. 
2016, 2019). This could help understanding why, during some periods, ENSO does 
not strongly influence southern Africa as a cold or warm sea surface temperature 
background in the Pacific could make the impact of ENSO on the atmosphere 
weaker or stronger (Fauchereau et al. 2009; Pohl et al. 2018). This might also help 
understand the development of various ENSO flavors and their contrasted effects on 
southern Africa (Ratnam et al. 2014; Hoell et al.  2017). Indeed, the development of 
ENSO flavors might partly result from interactions between Pacific SST anomalies 
occurring on different timescales (e.g., Pacific Decadal Oscillation SST anomalies 
influencing ENSO anomalies). In austral summer, on interdecadal timescales, 
decadal ENSO-like forcing of the Pacific Decadal Oscillation (PDO) decadal 
variance indeed leads to shifts in the Walker circulation. At the regional scale, it 
contributes to ocean-atmosphere anomalies in the South Indian Ocean to shift the 
South Indian Convergence Zone toward the continent. According to Dieppois et al. 
(2016, 2019), combinations of ENSO forcing and ocean–atmosphere anomalies in 
the South Indian Ocean are thus needed in the relationship between Pacific Decadal
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Fig. 6.8 Timescale patterns of variability for summer (SRI) and winter (WRI) southern African 
rainfall index (a) Global wavelet spectra of the SRI (red) and the WRI (blue), and of every grid-
point used for their calculations (light red and blue). The dashed blue and red lines indicate the 
red noise spectra (b–c) Continuous wavelet power spectrum of the SRI and the WRI. Bold lines 
delineate the area under which power can be underestimated due to edge effects, wraparound 
effects and zero padding; thin contour lines show the 95% confidence limits. Note that SRI and 
WRI variability could be poorly represented from the mid-1990s due to a deficient number of 
rain gauges available in the Climatic Research Unit (CRU TS version 3.23) precipitation and 
temperature dataset that could substantially reduce interannual to interdecadal variability 

Oscillation and southern African rainfall. The Interdecadal Pacific Oscillation (IPO) 
also drives such anomalies at the quasi-decadal timescale. At each timescale, colder 
or warmer Pacific SSTs result in changes to the Walker circulation: these interact 
with ocean-atmospheric modifications in the South Indian Ocean, which act together 
with varying degrees of importance to alter the intensity and longitudinal location 
of the South Indian Convergence Zone and, thus, to modulate the Tropical Trough 
developments and deep-convection over southern Africa (Dieppois et al. 2016, 
2019; Pohl et al. 2018). The influence of tropical Pacific Ocean climate variability 
on austral winter southern African rainfall variability is almost negligible over the 
twentieth century. However, according to Philippon et al. (2012), the influence 
of tropical Pacific climate variability may have become more important since the 
1970s. Decadal winter rainfall variability is strongly related to regional changes in 
the Southern hemisphere’s subtropical high-pressure system and, thus, mid-latitude 
westerly low-pressure activity (Dieppois et al. 2016). This corroborates previous 
findings by Reason and Rouault (2005), highlighting that the Southern Annual Mode 
(SAM) influence is strong in austral winter.
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6.5 Current Climate Trends 

The increase in the concentration of atmospheric greenhouse gases is causing a 
global rise in temperatures and possibly also trends in precipitation, as the content of 
water vapor in the atmosphere has increased. However, regional climate change may 
be somewhat different from the global picture, since regional orography, proximity 
to water masses and atmospheric circulation may also modulate regional climate 
trends. In the following paragraphs, we present a summary of temperature and 
precipitation trends in southern Africa over the last decades, as these two variables 
are probably the most important for stakeholders. However, one should bear in 
mind that trends in water availability for societal needs may also be impacted by 
nonclimatic management decisions (Muller 2018), so water scarcity maybe not 
always linked to climate trends. In addition, and as discussed in the previous section, 
precipitation in southern Africa is prone to significant natural decadal variations 
(Dieppois et al. 2016, 2019; Mahlalela et al. 2019), so trends derived over the recent 
decades may result from the impact of greenhouse gas forcing but may also reflect 
shorter natural swings. Disentangling both, i.e., unambiguously attributing recent 
observed trends to anthropogenic climate forcing, requires a detailed analysis of 
observations and model simulations. In that sense, only a few studies highlighted 
an increase in the likelihood of extreme climate conditions, notably drought and 
fire-prone weather, in the southwestern regions of southern Africa (Otto et al. 2018; 
Zscheischler and Lehner 2022; Liu et al. 2023). In addition, according to climate 
future projections, Pohl et al. (2017) highlighted that southern Africa could expect 
fewer rainy days and more extreme rainfall by the end of the twenty-first century. 
This is also consistent with recent analyses identifying an increased severity of 
drought in South Africa from the mid-1980s (Phaduli 2018; Jury  2018). Therefore, 
an ongoing analysis of all available data sets to identify long-term trends in societal 
climate impacts due to climate change or other human impacts is paramount. 

Beyond South Africa, southern Africa is not as densely covered by a net of 
meteorological stations as western Europe or North America, so estimating long-
term climate trends from point observations may provide only a partial illustration of 
regional climate trends. Previous studies focusing on long-term trends were mainly 
based on meteorological stations’ data (Jury 2018; Kruger and Nxumalo 2017; Ullah 
et al. 2021). Here, we use climate reanalysis and observations. 

The reanalysis is essentially a retrospective hindcast using weather prediction 
models that incorporate the information from available meteorological observations. 
The trends in precipitation and air temperature over the last decades are shown here 
with the global reanalysis data sets, ERA5, of the ECMWF (European Centre for 
Medium-Range Weather Forecasts, Hersbach et al. 2020) and the observational 
data set CRU (Climate Research Units gridded time-series data set; Harris et al. 
2020). Both are analyzed over the period 1979–2020. In Fig. 6.9, the trends in 
precipitation of the two data sets are shown for the two rainfall seasons, winter 
rainfall in June–August (JJA) and summer rainfall in December–February (DJF). 
The summer rainfall zone (SRZ) covers most of southern Africa, and the winter
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Fig. 6.9 Precipitation trends of CRU (a, b) and ERA5 reanalysis (c, d). Subfigures a, and  c, left,  
are for the winter rainfall season (June–July–August), and subfigures b and d, right, are for the 
summer rainfall season (December–January–February). The winter rainfall zone is marked with 
black rectangular. Trends are given in mm/decade for the period 1979–2020. Based on typical 
standard deviation, trends of (a) 0.77, (b) 15.76, (c) 2.14 and  (d) 31.8 mm/decade and larger are 
significant at a 95% level 

rainfall zone (WRZ, black box in Figure 6.9a and c) covers the cape region in the 
southwest of South Africa. 

For the winter rainfall zone, CRU and ERA5 provide somewhat different results. 
CRU shows a slight decrease in precipitation (Fig. 6.9a), while ERA5 shows an 
increase in the southwest of the winter rainfall zone (Fig. 6.9c), which has been 
found previously by Onyutha (2018) and MacKellar et al. (2014a, 2014b). In DJF in 
the summer rainfall zone, the precipitation has increased in most parts of southern 
Africa (Fig. 6.9b, d, Onyutha 2018; MacKellar et al. 2014a, 2014b; Kruger and 
Nxumalo 2017). Ullah et al. (2021) found a significant trend in the intensity of 
wet spells from 1965 to 2015 using daily observation and ERA5. Both CRU and 
ERA5 data sets show a drying at parts of the South African coast, which has 
also been found at the southeast coast by Jury (2018). Thus, the precipitation has
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mainly increased in the SRZ and decreased in the winter rainfall zone over the last 
40 years. It must also be considered that the assessment provided by the sixth IPCC 
assessment report does not differentiate between summer and winter precipitation 
(Ranasinghe et al. 2021), so it is not directly comparable with the assessment 
provided here. Also, the available precipitation data sets do not always agree in 
this region, illustrating their inherent uncertainty. 

Air temperature trends near the surface are shown in Fig. 6.10. The temperature 
has risen along the coast in both seasons. This has also been found in station data sets 
(Jury 2013) and in the pace of record-setting temperatures (McBride et al. 2021). 
In addition, ERA5 shows an area in central southern Africa where cooling or no 
trend occurred in DJF over the analyzed period. An even more pronounced cooling 
has been detected in other reanalysis data sets (e.g., ERA-Interim and JRA-55) and 
has also been found in annual mean trends by Jury (2013). Further analysis of the 

Fig. 6.10 2 m air temperature trends of CRU (a, b) and ERA5 reanalysis (c, d). Subfigures a, 
and c, left, are for winter (June–July–August), and subfigures b and d, right, are  for summer  
(December–January–February). Trends are given in ◦C/decade for the period 1979–2020. Based 
on typical standard deviation, trends of (a) 0.09, (b) 0.11, (c) 0.19 and  (d) 0.16  ◦C/decade and 
larger are significant at a 95% level
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Fig. 6.11 Sea surface temperature (SST) trends of HadISST1, (a, left) for winter (June–July– 
August), (b, right) for summer (December–January–February). Trends are given in ◦C/period, 
which is 1958–2019. Based on typical standard deviation, trends of (a) 0.17 and  (b) 0.35  
degree/period and larger are significant at a 95% level 

JRA-55 data set has shown that this cooling trend is likely an artifact of the data 
assimilation procedure. Fewer observational data can be assimilated in earlier years, 
and the introduction of increasingly more data can lead to this false-negative trend. 
The warming along the coast is accompanied by the warming of the adjacent oceans. 
The trends of sea surface temperature, as shown in Fig. 6.11, have been calculated 
using the interpolated observational data set, HadISST1 (Rayner et al. 2003). SSTs 
in the Agulhas Current and in the retroflexion, the region where the Agulhas Current 
turns eastward, have increased (Fig. 6.11 and Rouault et al. 2009), while SSTs in 
the Benguela Current have decreased (Fig. 6.11). 

This warming in the Agulhas Current along the African coast of the Indian 
Ocean is upwind of the African continent. It may contribute to the positive trend 
in precipitation as the sea surface temperature of the Agulhas Current system 
influences southern Africa’s rainfall (Nkwinkwa Njouodo et al. 2018; Imbol 
Nkwinkwa et al. 2021). The warming of the ocean off Angola could also have 
contributed to increased inland rainfall due to more significant atmospheric water 
content and subsequently increased moisture flux from the tropical Atlantic (Rouault 
et al. 2003). 

To sum up, as found in basically all data sets analyzed here, the Agulhas Current, 
the Angola Current, the tropical Atlantic and the Indian Ocean have warmed, near-
surface air temperatures along the coasts have risen, and rainfall has increased over 
large parts of the summer rainfall zone of southern Africa during austral summer 
while it has decreased over coastal areas of South Africa in both rainfall seasons of 
the last few decades.
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6.6 Further Research Questions 

Over the last ten years, much progress has been made in understanding the 
climate and weather of southern Africa, which has led to a significant number of 
publications in peer-reviewed journals, and which our paper cannot pay homage 
due to their sheer numbers. Seasonal forecasts of rainfall are used in the region 
and are more reliable during El Niño and La Niña. It is essential to maintain the 
precipitation and temperature observing system in South Africa and develop it in the 
other countries of southern Africa especially because we want to precisely quantify 
the effect of global climate change in southern Africa. It would also be essential to 
foster transdisciplinary studies involving social and economic sciences. Questions, 
which must be further explored in the future, remain, e.g., 

• What are the exact drivers of the annual cycle of rainfall? 
• If the Pacific influences southern African climate at the interannual and decadal 

scale, can it influence the annual cycle? 
• How do the annual cycle and interannual variability of climate impact regional 

processes relate to agriculture, water resources, management of cities and 
harbors, or any other relevant societal matter? 

• Why do the maxima of summer rainfall happen in different months across the 
SRZ? 

• Is there a climate fluctuation in the probability of extreme events? 
• What are the drivers of the Hadley circulation, Walker circulation and the 

temperate circulation, and what are their roles in the annual cycle of rainfall and 
temperature? 

• What is the role of the oceans and land feedback on the annual cycle of 
precipitation and temperature? 

• Does the extratropical ocean affect the atmospheric circulation of South Africa? 
• What is the contribution of the different synoptic systems and the diurnal cycle 

of rainfall to the annual cycle of precipitation and temperature? 
• Why is the timing of the maximum of the diurnal cycle at a different time of the 

day in southern Africa? 
• Why are the onset and demise of the rainy season occurring at different times of 

the year? 
• Why is there no robust relationship between the strength of El Niño or La Niña 

and their impact on the intensity and spatial extent of southern African rainfall 
and temperature? 

• Why is La Niña better correlated with southern African rainfall than El Niño? 
• What exact mechanisms link El Niño and La Niña to southern African rainfall? 
• Why is ENSO not related to the southern African climate for some decades? 
• What is the role of the adjacent ocean, namely the Agulhas Current, the Mozam-

bique Channel and the Benguela Current, on the southern African Climate? 
• What is the role of the Indian Ocean and the tropical Atlantic Ocean? 
• Are all relevant processes included in the models used for seasonal rainfall and 

temperatures forecasts or for future climate projections for southern Africa?
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7Projections of Future Climate Change 
in Southern Africa and the Potential for 
Regional Tipping Points 

Francois A. Engelbrecht, Jessica Steinkopf, Jonathan Padavatan, 
and Guy F. Midgley 

Abstract 

Southern Africa is a climate change hotspot with projected warming and 
drying trends amplifying stresses in a naturally warm, dry and water-stressed 
region. Despite model-projected uncertainty in rainfall change over the eastern 
escarpment of South Africa, strong model agreement in projections indicates 
that southern African is likely to become generally drier. Sharply increased 
regional warming and associated strong reductions in soil-moisture availability 
and increases in heat-waves and high fire-danger days are virtually certain under 
low mitigation futures. Changes are detectible in observed climate trends for the 
last few decades, including regional warming, drying in both the summer and 
winter rainfall regions, and increases in intense rainfall events. The southern 
African climate is at risk of tipping into a new regime, with unprecedented 
impacts, such as day-zero drought in the Gauteng province of South Africa, 
collapse of the maize and cattle industries, heat-waves of unprecedented intensity 
and southward shifts in intense tropical cyclone landfalls. Many of these adverse 
changes could be avoided if the Paris Accord’s global goal were to be achieved, 
but research is urgently required to quantify the probabilities of such tipping 
points in relation to future levels of global warming. Adaptation planning is an 
urgent regional priority. 
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7.1 Introduction 

Southern Africa (here defined as Africa south of 10◦S) was classified as a climate 
change hotspot by the Intergovernmental Panel on Climate Change (IPCC) Special 
Report on Global Warming of 1.5◦C (SR1.5; Hoegh-Guldberg et al. 2018). It 
is a region with a warm climate and pronounced wet-dry seasonality, which is 
acknowledged to be water stressed in the context of naturally occurring droughts 
(Chap. 6), a growing population and the industrial ambitions of a developing 
economy (Chap. 4). Under low mitigation emission scenarios southern Africa is 
certain to become substantively warmer and likely drier (Engelbrecht et al. 2009, 
2015b; Engelbrecht and Engelbrecht 2016; Hoegh-Guldberg et al. 2018; Lee et 
al. 2021), justifying its classification as a climate change hotspot, as under such 
scenarios, the options for adaptation will become limited. While drying is a general 
projection for the region, climate models also project likely subregional increases in 
intense rainfall events in eastern southern Africa, including the eastern escarpment 
region of South Africa and Mozambique, reflecting longer dry spells between more 
intense downpours (Ranasinghe et al. 2021). 

The IPCC has recently assessed that general trends of drying and substantial 
warming can already be detected across this region (Ranasinghe et al. 2021). More-
over, the signal of increasing intense rainfall events in eastern southern Africa can 
also be detected in observed statistics over the last few decades (Ranasinghe et al. 
2021). In Mozambique, increases either in the number of intense tropical cyclones 
(Fitchett 2018), or in the rainfall amount that they produce, likely contribute to the 
upward trend in the number of recorded intense rainfall events. A recent climate 
change attribution study has assessed that climate change has likely resulted in an 
increase in precipitation associated with the series of tropical cyclones that made 
landfall in Mozambique in 2022 (Otto et al. 2022). 

Over the last six decades, average temperatures have been increasing at a 
surprising rate over southern African, at 2–4◦C/century over large inland regions 
(Engelbrecht et al. 2015b; Kruger and Nxumalo 2016), with the highest warming 
rates recorded over northern Botswana and southern Zambia (Engelbrecht et al. 
2015a). Extreme temperature events such as very hot days, heat-wave days and 
high fire-danger days have correspondingly increased sharply in frequency over the 
last several decades (Kruger and Sekele 2013). It is certain that further increases in 
oppressive temperature events will occur in the region for as long as global warming 
continues (Engelbrecht et al. 2015b; Garland et al. 2015; Seneviratne et al. 2021). 

Generally, across most of southern Africa, intermodel agreement is strong across 
the ensembles of the Coupled Model Intercomparison Project Phase Six (CMIP6), 
Coordinated Regional Downscaling Experiment (CORDEX) and CORDEX-core 
ensembles, in terms of the general pattern of projected decreases in rainfall (Dosio 
et al. 2021). However, there is less agreement over the eastern escarpment areas of 
South Africa, where some models do not project general reductions in rainfall totals, 
but rather rainfall total increases (Lee et al. 2021).

http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_4
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Confidence in the projections of a general drying in southern Africa in a warmer 
world follows not only from model agreement, but also from the understanding 
of the dynamic circulation of the region in a warmer climate. The poleward 
displacement of the westerlies in a warmer world, one of the best document changes 
in circulation that can already be detected in the Southern Hemisphere, is associated 
with a reduction in frontal rainfall over South Africa’s winter and all-year rainfall 
regions (the southwestern Cape, and the Cape south coast; Engelbrecht et al. 2009, 
2015a). The southward displacement of the rain-bearing frontal systems of southern 
Africa occur in association with the strengthening of the subtropical high-pressure 
belt over southern Africa (Engelbrecht et al. 2009), a mechanism directly linked to 
the now infamous 2015–2017 Cape Town “day-zero” drought (Burls et al. 2019). 
A recent attribution study found that the likelihood of droughts of this magnitude 
occurring in South Africa’s winter rainfall region has already increased by a factor 
of three as a consequence of anthropogenic climate change (Otto et al. 2018). 
During summer, the increase in the intensity and frequency of occurrence of the 
subtropical highs manifests in the mid-levels (Engelbrecht et al. 2009), including 
via the Kalahari high-pressure system. The more frequent occurrence of mid-level 
subsidence in mid-summer relate to longer dry spells, reduced precipitation and 
more sunlight reaching the surface, thereby contributing to sharply increased surface 
warming (Engelbrecht et al. 2009, 2015a). 

In this chapter, our focus is on exploring in more detail the main climate 
change signal projected for southern Africa, namely that of a strongly warmer 
and generally drier climate, through the application of the CMIP6 ensemble (e.g., 
Fan et al. 2020)—the largest ensemble of global climate model (GCM) projections 
obtained to date. This includes an analysis of projected changes in weather extremes 
associated with a drastically warmer and generally drier climate. Increases in the 
number of heat-wave and high fire-danger days, for example, which may occur in 
conjunction with a general trend of drying, may have potentially devastating impacts 
on agriculture, water security, human and animal health, and biodiversity under low 
mitigation climate change futures. 

7.2 Data and Methods 

For projections in mean rainfall and temperature, the CMIP6 ensemble was used 
to derive average changes relative to a baseline period of 1850–1900 (i.e., a 
preindustrial baseline), under the SSP5–8.5 scenario (a largely unmitigated fossil 
fuel scenario). The projections were used to obtain changes in regional climate 
as a function of different levels of global warming, namely 1.5◦C and 2◦C (i.e., 
the end members of the global goal as defined by the Paris Accord), and 3◦C and 
4◦C of global warming. Twenty-year moving averages are used to define periods 
representative of the above levels of global warming, separately for each GCM in 
the ensemble, as per the methodology of Lee et al. (2021). 

For extreme event analysis, daily rainfall, average temperature, minimum and 
maximum temperature, relative humidity and surface wind speed data were obtained



172 F. A. Engelbrecht et al.

for the CMIP6 ensemble (Tebaldi et al. 2021) of GCM simulations. These six 
surface variables are essential for the calculation of the drought and fire indices 
that are key to the analysis undertaken here. Six CMIP6 models had available the 
mentioned six surface variables under the low mitigation scenario SSP5–8.5 (Socio-
economic Pathway 5–8.5). 

The relatively low resolution CMIP6 GCM data were interpolated to a common 
1◦ latitude-longitude grid, toward a model-intercomparison of the projected climate 
change futures being undertaken. Since the extreme weather events of interest in 
this analysis, namely heat-waves in the presence of drought or reduced rainfall 
totals, are synoptic-scale features, their main characteristics are well-represented at 
1◦ resolution. All changes are shown for a specific level of global warming relative 
to the preindustrial baseline period (1850–1990), which enables an assessment of the 
strengthening climate change signal as a function of the level of global warming. 

Three extreme weather-event definitions were employed in the analysis. The 
first is the World Meteorological Organization (WMO) definition for heat-waves, 
as events when the maximum temperature at a specific location exceeds the average 
maximum temperature of the warmest month of the year by 5◦C,  for a period of at  
least 3 days (Engelbrecht et al. 2015b). The second is the Keetch-Byram drought 
index, D, which is defined in terms of a daily drought factor, dQ: 

. dQ = (203.2 − Q)
[
0.968 × e(0.0875T +1.5552) − 8.30

]

[
1 + 10.88 × e(−0.001736R)

] (7.1) 

Here R is the mean annual precipitation (mm) and Q (mm) is the soil-moisture 
deficiency that results from the interaction between rainfall and evaporation. Once 
Q has been updated by dQ, the drought index is calculated from the equation 

. D = 10Q

203.2
(7.2) 

Note that D ranges from 0 to 10, where D = 10 indicates completely dried out 
soil and vegetation (Keetch and Byram 1968; Engelbrecht et al. 2015b). 

We employed the McArthur forest fire index (FFDI) (Dowdy et al. 2009) to  
quantify fire-danger risks: 

.FFDI = 2e(−0.45+0.987lnD+0.0338T −0.0345H+0.0234U) (7.3) 

Here T is maximum temperature (◦C), H is relative humidity and U is average wind 
speed (measured at a height of 10 m in ms−1).
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7.3 Projected Changes in Rainfall and Temperature 

7.3.1 Projected Changes in Annual Rainfall Totals 

Changes are calculated with respect to the preindustrial baseline period of 1850– 
1900, with the pattern of change scaling in a remarkably stable way across 
increasingly higher levels of global warming. A generally drier future is projected 
for southern Africa by the CMIP6 SSP5–8.5 ensemble average, a signal that is 
expected to manifest even under 1.5◦C of global warming but strengthening in 
amplitude at higher levels of global warming (Fig. 7.1). Overall, this analysis 
provides a clear picture of the potential avoided adverse impacts projected under 
a wide range of potential future warming scenarios that encompass the global goal 
according to the Paris Accord (top two panels), and beyond (bottom two panels), 
representing failure to meet the global goal. 

There are three regions where increases in rainfall are consistently projected by 
the ensemble average: South Africa’s KwaZulu Natal Province, east of the country’s 
eastern escarpment; the most northern parts of the southern African domain and 

Fig. 7.1 Changes in annual rainfall totals (% change) over southern Africa projected by the 
CMIP6 SSP5–8.5 ensemble-average, across various levels of global warming reached with respect 
to the 1850–1900 baseline period, with the upper two panels directly representing the end members 
of the global mitigation goal expressed in the Paris Accord
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the subtropical Atlantic Ocean along the coast of Angola. There is some variation 
across the ensemble members in terms of the projected pattern of rainfall change 
across southern Africa (see the next section, also see Dosio et al. 2021), but only two 
regions where model agreement is weak (that is, where conflicting signals of change 
are projected across the ensemble members). These regions are the KwaZulu-Natal 
Province of South Africa and the subtropical Atlantic Ocean west of Angola (Lee 
et al. 2021). Since model disagreement over these regions persists at high levels 
of global warming, the uncertainty is likely structural, rather than being caused by 
model internal variability. In the case of the KwaZulu-Natal province, this structural 
uncertainty may relate to the parameterization of convection over South Africa’s 
steep eastern escarpment, and area long known to be associated with substantial 
model rainfall biases (Engelbrecht et al. 2002; Dedekind et al. 2016). 

The pattern of general drying projected across the southern African domain has 
previously been linked to general increases in subtropical subsidence over southern 
Africa and the poleward displacement of frontal systems in winter (Engelbrecht 
et al. 2009, 2015b). This pattern of change is remarkably robust (in terms of the 
ensemble average, at least) across the CMIP6, CMIP5, CORDEX and CORDEX-
core ensembles (Dosio et al. 2021). Moreover, the IPCC in Assessment Report 
Four (Christensen et al. 2007), Assessment Report Five (Niang et al. 2014), 
SR1.5 (Hoegh-Guldberg et al. 2018) and Assessment Report Six (Lee et al. 2021; 
Ranasinghe et al. 2021) made the assessment of the southern African region 
becoming generally drier, and/or to become more drought-prone in a warmer world. 

The pattern of drying is particularly strong for the winter rainfall region of the 
southwestern Cape in South Africa, across all the ensemble members. The strong 
climate change signal over this region may be linked to a reduction in frontal 
rainfall linked to the poleward displacement of the westerlies, an already detectable 
change in the Southern Hemisphere (Goyal et al. 2021, Chap. 6) that has been 
linked to an increased likelihood for multiyear droughts to occur. The increase 
in precipitation over the northern part of the domain is consistent with general 
increases in precipitation in tropical Africa in a warmer world (Lee et al. 2021), 
and the expansion of the tropical belt. 

7.3.2 Projected Changes in Annual Average Near-Surface 
Temperature 

The CMIP6 SSP5–8.5 ensemble average projected changes in annual average near-
surface temperature are shown in Fig. 7.2, across different levels of global warming. 
As with the rainfall projections, this analysis provides a clear picture of the potential 
avoided adverse impacts projected under a wide range of potential future warming 
scenarios that encompass the global goal according to the Paris Accord (top two 
panels), and beyond (bottom two panels), representing failure to meet the global 
goal. 

Consistent with trends that can already be detected (Engelbrecht et al. 2015b), 
the strongest warming is centered over Botswana, extending across the western and
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Fig. 7.2 Changes in near-surface mean annual temperature (◦C) over southern Africa projected 
by the CMIP6 SSP5–8.5 ensemble-average, across various levels of global warming reached with 
respect to the 1850–1900 baseline period, with the upper two panels directly representing the end 
members of the global mitigation goal expressed in the Paris Accord 

central interior regions of southern Africa. The interior regions of southern Africa 
are projected to warm at a higher rate than tropical Africa, while the moderating 
effect of the ocean also tempers the rate of warming over coastal areas. The 
relatively high rate of warming over subtropical interior southern Africa has been 
attributed to a strengthening of mid-level anticyclonic circulation and subsidence, 
which suppresses cloud formation and rainfall, resulting in more solar radiation 
reaching the surface, thereby driving the relatively high rate of temperature increase 
(Engelbrecht et al. 2009, 2015b). 

7.3.3 Projected Changes in Extremes 

With a view to gaining insight into weather extremes in southern Africa in a warmer 
world, projections of six CMIP6 GCMs are considered for which daily data are 
available for the variables of precipitation, minimum and maximum temperature, 
relative humidity and surface wind speed (allowing for the calculation of fire-danger 
indices). To facilitate comparison with Figs. 7.1 and 7.2, projected changes in
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Fig. 7.3 Projected changes in annual rainfall totals (% change) over southern Africa under 3◦C of  
global warming relative to preindustrial climate, as per an ensemble of six CMIP6 GCMs 

annual rainfall totals (Fig. 7.3) and annual average surface temperature (Fig. 7.4) 
are plotted for each of the six GCMs under 3◦C of global warming. This level 
of global warming is selected for extreme event analysis since it is likely to be 
associated with a clear climate change signal (as opposed to the relatively larger role 
that climate/internal variability may play under 1.5◦C, and possibly 2◦C, of global
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Fig. 7.4 Projected changes in annual average temperature (◦C) over southern Africa under 3◦C of  
global warming relative to preindustrial climate, as per an ensemble of six CMIP6 GCMs 

warming). Moreover, under current international commitments to greenhouse gas 
reductions, the exceedance of even the 2◦C threshold of global warming remains 
entirely possible. 

The rainfall projections are indicated variation in rainfall patterns across the 
ensemble (Fig. 7.3). For example, three of the six projections indicate slight rainfall
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increases over South Africa’s KwaZulu-Natal Province, while all six indicate 
pronounced drying over the winter rainfall region of the southwestern Cape. Three 
of the six projections also indicate slightly wetter conditions over all or parts of 
western Botswana (the larger CMIP6 ensemble shows model agreement in this 
region, in terms of a general signal of drying, see Sect. 7.3.1). All the simulations are 
indicative of pronounced warming over southern Africa, peaking over the western 
interior at levels of 4–6◦C (Fig. 7.4). 

The projected changes in the Keetch-Byram drought index (Fig. 7.5) are indica-
tive of general reductions in soil-moisture availability across southern Africa under 
3◦C of global warming. This is an important finding: although there is variation in 
the pattern of rainfall change in the 6-member model ensemble considered here, 
with conflicting signals in some regions, all projections are in agreement of general 
reductions in soil-moisture availability, even in the areas of projected increases 
in rainfall. These reductions are the consequence of enhanced evaporation in the 
substantially warmer regional world. Thus, it is possible to conclude with some 
certainty that most of southern Africa is likely to become generally drier in terms of 
rainfall totals, but is virtually certain to become generally drier in terms of soil-
moisture availability. This finding is consistent with strong model agreement in 
terms of projected decreases in soil-moisture as parameterized in CMIP6 GCMs 
(Wang et al. 2022; Zhai et al. 2020). Moreover, earlier work has indicated that such 
general reductions in soil-moisture in southern Africa translate to a shortening in the 
growing season in the summer rainfall region. That is, the amount of soil-moisture 
needed for crops to be planted is reached later in the season in a warmer world 
compared to a cooler world; moreover, soil-moisture peaks at lower values at the 
end of the rainy season in a warmer compared to a cooler world (Engelbrecht et al. 
2015b). 

Consistent with the sharp increases in temperature, the six GCMs considered here 
also project substantial increases in the number of heat-wave days over southern 
Africa. These increases range from 20 to 60 days per year over much of the western 
and central interior regions, implying that heat-waves, compared to the preindustrial 
threshold, will become a common and in some regions a semipermanent feature 
of summer climate. The geographical “center” of heat-wave increases is over 
Botswana in all of projections considered here. This pattern of change likely 
relates to increases in mid-level highs and associated subsidence (Engelbrecht et al. 
2009), specifically through the intensification and more frequent occurrence of the 
Botswana high. Indeed, over northern Botswana and southern Zambia, the observed 
rate of increase in average temperature in decades has been about 4◦C per century 
(Engelbrecht et al. 2015b) (Fig. 7.4). 

In a generally drier regional world (Fig. 7.3), that is also warming at an almost 
unprecedented rapid rate, meteorological fire-danger may also be expected to 
increase. This is illustrated by Fig. 7.6, which shows the projected change in the 
number of high fire-danger days, as defined by the McArthur Fire Danger Index 
(Eq. 7.3). Substantial increases in the number of high fire-danger days, of between 
20 and 80 days per year, are projected for extensive parts of the western and central 
interior, in some projections extending into the Limpopo River Valley. In relation
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Fig. 7.5 Projected changes in the Keetch-Byram drought index over southern Africa under 3◦C 
of global warming relative to preindustrial climate, as per an ensemble of six CMIP6 GCMs 

to generally drier conditions, these changes also translate to a lengthening of the 
fire season in southern Africa (Engelbrecht et al. 2015b). It may be noted that one 
of the ensemble members analyzed (MPI-ESM1–2) is indicative of pronounced 
decreases in high fire-danger days over Zambia. This change is underpinned by
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Fig. 7.6 Projected changes in the number of high fire-danger days per year over southern Africa 
under 3◦C of global warming relative to preindustrial climate, as per an ensemble of six CMIP6 
GCMs 

rainfall increases (Fig. 7.3) and an increase in the number of rainfall days in this 
particular model projection. 

Despite the likely wide-scale decreases in rainfall, including virtually certain 
decreases in rainfall in the west, and virtually certain increases in average tempera-
tures, heat-wave days and high fire-danger days, general increases in intense rainfall
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Fig. 7.7 Projected changes in the number of intense rainfall events (more than 20 mm of rain 
falling over an area of 10,000 km2) over southern Africa under 3◦C of global warming relative to 
preindustrial climate, as per an ensemble of six CMIP6 GCMs 

events are likely in a warmer world in eastern southern Africa, including eastern 
South Africa and Mozambique (Ranasinghe et al. 2021). Such a trend can already 
be observed (Ranasinghe et al. 2021). The ensemble of six projections considered 
in Fig. 7.7 are indicative of the spatial variability in the projections of changes
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in extreme events. All the projections are indicative of increase in intense rainfall 
events across the northern part of the domain, a more consistent change compared 
to the model projections of changing annual rainfall totals. Northern Mozambique 
is included in this zone. Some of the projections are also indicative of the potential 
of pronounced increases in intense rainfall events over and to the east of the eastern 
escarpment. 

7.4 The Risk of Regional Tipping Points 

Regional tipping points refer to shifts in regional climate system that would establish 
a novel climate regime, where weather events unprecedented in the historical record 
have the potential to occur. Once a given threshold of global warming has been 
reached, these shifts are irreversible on the scale of human lifetimes. Tipping 
points in regional climate systems would, in all likelihood, induce ecological or 
socioeconomic changes at regional scales that are similarly irreversible. 

For southern Africa, the almost certain reductions in soil-moisture availability 
and increases in heat-wave and fire-danger days, combined with a generally drier 
and warmer climate, hold the risks of triggering a number of regional tipping points. 
Four examples of such potential tipping points are discussed below: the potential 
of a “day-zero” drought in South Africa’s Gauteng Province, the collapse of the 
maize crop and cattle industry across southern Africa, unprecedented heat-waves 
impacting on human mortality, and the risk of intense tropical cyclones making 
landfall further to the south than in the historical record (Engelbrecht and Monteiro 
2021). 

In September 2016, at the end of four consecutive years of drought in South 
Africa’s summer rainfall region, the level of the Vaal Dam fell to 25%. Water 
restrictions were in place in South Africa’s Gauteng Province, which depends on 
about 50% of its water supply from the integrated Vaal River system. If the level of 
the Vaal Dam should fall to below 20%, the Gauteng water supply would be severely 
compromised, for two reasons. The first relates to the engineering limitations of 
pumping water uphill to Johannesburg. The second relates to poor water quality at 
a dam level at 20% or lower, to the extent that the water would not be suitable for 
human consumption. It may be noted that the four-year-long period of below normal 
rainfall that resulted in dam levels being this low culminated in the occurrence of 
the 2015/16 El Niño and related drought in southern Africa. The 2015/16 El Niño 
was the strongest in recorded history, at least in terms of the magnitude of anomalies 
in the Niño 3.4 region, and there is evidence that climate change strengthened the 
event. Moreover, the IPCC in AR6 did not make high confidence statements about 
changes in El Niño and La Niña amplitudes and frequencies in a warmer world, 
it did assess that impacts are likely to strengthen in amplitude in most regions 
of the world (Lee et al. 2021). This finding, in conjunction with projections of 
generally drier conditions in southern Africa, reduced soil-moisture availability 
and increased temperatures and evaporation, suggest that the possibility exists that 
multiyear droughts in South Africa’s eastern mega-dam region may occur more
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frequently, last longer and be more intense under higher levels of global warming. 
This in turn, suggests that the likelihood of the Vaal Dam’s level falling below the 
critical threshold of 20% will increase in a warmer world, creating the possibility of 
a “day-zero” drought in the Gauteng Province. Such a drought is probably the largest 
climate change risk South Africa faces in the context of socioeconomic impacts (the 
Gauteng Province is South Africa’s industrial heartland, where 15 million people 
live). A drought of duration and intensity to severely compromise Gauteng’s water 
supply from the integrated Vaal River system has never occurred in the historical 
record, and if materialized would represent a tipping point in the regional climate 
system. The four-year drought including the 2015/16 El Nino was broken by good 
falls of rain in October 2016, but represents a near-miss. Quantifying the probability 
of a Gauteng day-zero drought under different levels of global warming should thus 
be a research priority. Given the potentially severe impacts of such a drought, a 
disaster risk reduction plan needs to be in place for such an event, even if it is low-
probability event. 

The terminology of “day-zero” droughts had its origin in the 2015–2017 Cape 
Town drought, during which the city came close to running out of water. This 
multiyear drought brought substantially reduced rainfall totals in the Theewater-
skloof catchment, which is key to the City’s water security. Associated with the 
substantially reduced rainfall totals projected for the southwestern Cape (Fig. 7.1) is  
the more frequent occurrence of multiyear droughts. A tipping point may be reached 
where multiyear droughts in the southwestern Cape will occur so frequently that it 
will impact on the City of Cape Town’s sustainable growth, to the extent that it will 
require a new water resource. Desalination plants are often proposed as a solution in 
this regard, although the large electricity needs and excessive costs of the associate 
technologies render its implementation nontrivial. The mechanism underpinning 
day-zero droughts in the southwestern Cape is the poleward displacement of the 
Southern Hemisphere westerlies, a fingerprint of climate change that can already 
be detected (Goyal et al. 2021, Chap 6). Observed trends in rainfall in the winter 
rainfall region over the last thirty years are consistently negative (Wolski et al. 2021). 
Moreover, an attribution study concluded that the risks of day-zero-type droughts 
occurring in the southwestern Cape is already three times as large as in preindustrial 
times (Otto et al. 2018). The risk of day-zero-type droughts extends into the all-year 
rainfall region and South Africa’s Eastern Cape Province (Archer et al. 2022). 

Multiyear droughts occurring in association with intense and heat-waves pose 
risks to the agricultural sector, including the maize-crop (southern Africa’s staple 
food) and the high commodity cattle industry. The 2015/2016 summer, experienced 
intense El Niño induced drought and heat-waves and was the driest in recorded 
history across South Africa’s Free State and North West Provinces, which together 
produce more than 60% of South Africa’s maize crop. The South Africa the 
maize crop was reduced by about 40% compared to yield of the previous summer. 
Botswana lost 40% of its cattle. IPCC warned that the collapse of both the maize 
crop and cattle industry are likely in southern Africa under 3◦C of global warming 
(IPCC 2017). This assessment is based purely on the biophysical effects of heat-
stress on the maize plant and cattle in a southern African climate that is warming
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drastically compared to the global rate of temperature increase, and which is likely 
to also become generally drier (Hoegh-Guldberg et al. 2018). However, if one 
also takes into account the socioeconomics of farming, including the ability of 
subsistence farmers and small commercial farmers to absorb the shocks of multiyear 
droughts becoming more intense, and occurring more frequently, the possibility 
exists that such droughts may occur more frequently. Generating probabilistic 
assessments of tipping points in these key commodities in southern Africa thus 
require a combined approach that is informed by both the physical science base and 
the socioeconomics of farming. To this end, more reliable seasonal forecasts would 
provide critical adaptation support as they could facilitate important decisions such 
as risk assessments relating to planting timing to minimize costly drought related 
crop failure. Cultivar or crop species selection matched to the projected climate 
conditions would also comprise a valuable potential adaptation option. 

The 2015/16 El Niño brought heat-waves of unprecedented frequency and 
intensity to southern Africa, and there are clearly detectable upward trends in 
the frequency of occurrence of extreme (warm) temperature events in the region. 
Climate model projections indicate potentially devastating increases in heat-wave 
occurrences across southern Africa under high levels of global warming (Fig. 7.8; 
Seneviratne et al. 2021). It is also clear though, that heat-waves of unprecedented 
intensity will already occur in southern Africa in the near-term (the next twenty 
years). Millions of people live in informal housing in southern Africa, without 
air conditioning, and often without easy access to cool water. The elderly are 
particularly vulnerable to such heat-related stresses. The possibility exists of 
regional climate change in the near-term reaching a tipping point where heat-waves 
of unprecedented intensity and duration may kill thousands of people and livestock 
across southern Africa. Heat-adaptation plans in southern Africa will benefit from 
an enhanced understanding of the risk of heat-waves associated with high mortality 
occurring. 

The fourth example of a tipping point worthy of highlighting is quite different 
from those related to oppressive temperatures and drought. It involves the potential 
landfall of intense tropical cyclones (that is, a category 4 or 5 hurricanes) at latitudes 
further to the south than ever recorded before in southern Africa. Global tropical 
cyclone statistics are indicative of the more frequent occurrence of intense systems 
as well as of landfall at more poleward locations. Warmer sea-surface temperatures 
in the southwest Indian Ocean, and in particular in the Mozambique Channel, may 
similarly allow for the more southward landfall of intense tropical cyclones in a 
warmer world. Indeed, recent decades has brought an increase in the number of 
category 4 and 5 hurricanes in the southwest Indian Ocean (Fitchett 2018), although 
actual landfall of a category 5 hurricane has never been recorded in Mozambique. 

Intense tropical cyclone Idai reached category 4 status in the Mozambique 
Channel, before making landfall as category 3 hurricane at Beira around midnight 
on 14 March 2019 (Engelbrecht and Vogel 2021). In the destructive winds, storm 
surge and pluvial and fluvial flooding that followed, hundreds of people lost their 
lives. The total death toll in tropical cyclone Idai’s path across Malawi, Mozambique 
and Malawi is estimated to have been more than 1000. This makes Idai the worst
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Fig. 7.8 Projected changes in the number of heat-wave days over southern Africa under 3◦C of  
global warming relative to preindustrial climate, as per an ensemble of six CMIP6 GCMs 

flood disaster in the history of Africa south of the equator. In Beira, there is 
some experience in local populations and disaster management agencies in terms 
of dealing with the impacts of tropical lows and cyclones. Tropical cyclone Idai 
serves as a stark reminder of how severe the impacts of category 3 to 5 hurricanes 
in southern Africa can be.
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Further to the south, in cities such as Maputo and Richards Bay, or in the 
Limpopo River valley between South Africa and Zimbabwe, there is no community 
or governance experience in coping with the impacts of intense tropical cyclones 
as no such events have occurred in the historical record. Should the climate regime 
shift into a regime where such southern landfalls of intense tropical cyclones become 
possible, or where the landfall of category five cyclones start to occur in southern 
Africa, impacts may well be devastating. The probability of such a tipping point 
being breached is not well understood; however, AR6 of the IPCC had to base 
its assessment on only two regional climate modeling studies focused on tropical 
cyclone landfall in southern Africa (Malherbe et al. 2013: Muthige et al. 2018). 
In addition to the observational increases in the occurrence of category 4 and 5 
hurricanes in the southwest Indian Ocean, a recent study confirms the high rainfall 
associated with tropical cyclones in Mozambique can be attributed to anthropogenic 
warming effects (Otto et al. 2022). 

7.5 Conclusions 

Southern Africa is classified as a climate change hotspot in the IPCC’s SR1.5. This 
stems from the region being naturally warm, dry and water stressed, with climate 
change projections indicating a substantially warmer and likely also generally drier 
future. Such changes will imply limited options for climate change adaptation. 
There is model uncertainty in terms of the signal of rainfall changes over South 
Africa’s KwaZulu-Natal Province and the eastern escarpment, with some models 
indicative of general increases in rainfall. Over South Africa’s eastern interior, and 
northward over Mozambique, general increases in intense rainfall events are likely. 
The main patterns of projected change described above can already be detected in 
trends in observed data over the last few decades: substantial regional warming, 
negative trends in rainfall in both the summer and winter rainfall regions, and 
increases in intense rainfall events across the eastern escarpment and northward 
into Mozambique. These observed changes, consistent with the assessment of 
projections, indicate to us the most likely climate change future of southern Africa: a 
generally drier and substantially warmer regional climate system, with more intense 
rainfall events in the east. Climate change adaptation plans first and foremost need 
to prepare for such a future. 

Additionally, the analysis we have presented point out that general reductions 
in soil-moisture availability are virtually certain to occur across the region, even in 
regions where the model ensemble average, or individual models, are indicative of 
increases in rainfall. This is a consequence of enhanced evaporation in the warmer 
regional climate, and implies a generally shorter growing season and longer wildfire 
season across the region. Moreover, substantial increases in the number of heat-
wave days and high fire-danger days are virtually certain to occur under high levels 
of global warming. 

Against this background, it is clear that the potential exists for the regional 
climate system to tip into a new regime, where unprecedented climate change
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impacts may start to occur in southern Africa. Examples include the possibility of 
a day-zero drought in Gauteng, the collapse of the maize crop and cattle industry, 
the occurrence of heat-waves of unprecedented intensity, and the landfall of tropical 
cyclones as far south as Maputo, the Limpopo River Valley, or Richards Bay. More 
research is urgently required to quantify the probabilities of these and additional 
tipping points being reached. This information is critical for the identification and 
implementation of climate change adaptation plans and actions, especially as any 
of these adaptation options are likely to be extensive, expensive and requiring 
of long lead time for implementation. It is clear though, that the risk exists of 
the southern African region to become less habitable under high levels of global 
warming. Imagine for example, a future southern Africa without its staple food 
maize, without a cattle industry, with frequent intense heat-waves impacting on 
human health and mortality, and with frequent long-lasting droughts hampering 
industrial development and the sustainable growth of cities. It is clear that southern 
Africa as a region needs to advocate strongly for climate change mitigation, and 
contribute its fair share to this mitigation effort, with the aim of avoiding these 
tipping points being reached in the first place. 
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Abstract 

The Agulhas Current system around South Africa combines the dynamics of 
strong ocean currents in the Indian Ocean with eddy–mean flow interactions. 
The system includes an associated interoceanic transport towards the Atlantic, 
Agulhas leakage, which varies on both interannual and decadal timescales. 
Agulhas leakage is subject to a general increase under increasing greenhouse 
gases, with higher leakage causing a warming and salinification of the upper 
ocean in the South Atlantic. The far-field consequences include the impact of the 
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Agulhas Current on the Benguela Upwelling system, a major eastern boundary 
upwelling system that supports a lucrative fishing industry. Through sea surface 
temperatures and associated air–sea fluxes, the Agulhas Current system also 
influences regional climate in southern Africa, leading to a heterogeneous pattern 
of rainfall over southern Africa and to a reduction of precipitation in most 
areas under global warming conditions. Changes in the Agulhas Current system 
and the regional climate also cause changes in regional sea-level and wind-
induced waves that deviate from global trends. Combining these oceanic changes 
with extreme precipitation events, global warming can considerably amplify 
flood impacts along the coast of South Africa if no adaptation measures are 
implemented. 

8.1 Introduction 

The waters around South Africa host a unique setting of ocean currents and water 
masses that is mainly determined by the Agulhas Current system, one of the world’s 
most intense and vigorous western boundary current systems. Owing to the southern 
termination of the African continent being located further north than the other 
continents in the Southern Hemisphere, circulation and hydrography of the Agulhas 
Current system are impacted by both the Atlantic and Indian Ocean dynamics. 
In turn, the Agulhas Current system also is an important driver of global oceanic 
climate, in particular, of the Atlantic Meridional Overturning Circulation (AMOC). 

We start our chapter with an outline of the characteristics and dynamics of the 
Agulhas Current flowing southward along the South African coast (Sect. 8.2). 

A significant portion of the Agulhas Current provides an interoceanic transport 
of mass, heat, and salt into the South Atlantic. This “Agulhas leakage” becomes part 
of the global overturning circulation and has far-field implications for the Atlantic 
circulation and hydrography. This includes a direct impact on one of the world’s 
four highly productive eastern boundary upwelling systems: the Benguela Current 
upwelling system. Dynamics and oceanic impacts of Agulhas leakage are analysed 
in Sect. 8.3. 

Both the Agulhas Current east of Africa and Agulhas leakage (south)west of 
Africa influence the regional climate through its impact on sea surface temperature 
and associated air–sea flux patterns. The result is a heterogeneous distribution of 
rainfall over southern Africa with drying in the future, but also potential risks for 
extreme events such as droughts and floodings, amplified under a warming climate 
(Sect. 8.4). 

Changes in the Agulhas Current and leakage can affect the regional oceanic 
heat budget, leading, in combination with eustatic sea-level rise, to regionally 
variable changes in coastal sea levels. Additionally, changes in climatic drivers (e.g., 
pressure, wind) can potentially affect the characteristics of waves, which constitute 
a primary driver of coastal flooding in the region. Together, those changes in the
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oceanic drivers, increased precipitation, and river discharge can exacerbate coastal 
impacts through compound flooding along the South African coasts (Sect. 8.5). 

Here we provide an introduction to the individual components of the Agulhas 
Current system, their temporal evolution during ongoing anthropogenic climate 
change, and their impact on oceanic and terrestrial climate, as well as flood 
vulnerability of African coastlines. The individual sections contain new insights 
from research within the project “Changes in the Agulhas System and its Impact on 
Southern African Coasts” (CASISAC, BMBF grant 03F0796). An important aspect 
of this chapter is the thread evolving from basic understanding to predictions and 
to impact studies, while specific details are published in separate topical studies. 
Technically, this chapter follows a chain of high-resolution ocean models under past 
atmospheric conditions, climate and wave models under future conditions, towards 
impact studies with direct socio-economic consequences in a changing climate. 

8.2 The Agulhas Current 

The Agulhas Current is the western boundary current of the South Indian Ocean 
(Lutjeharms 2006). Its structure and transport are shaped by a combination of wind-
related and thermohaline drivers from the atmosphere. While the trade winds over 
the Indian Ocean set up a horizontal basin-scale circulation in the Indian Ocean 
(Biastoch et al. 2009; Loveday et al. 2014), an additional global component arrives 
from the Pacific Ocean (Le Bars et al. 2013; Durgadoo et al. 2017). As a result, the 
Agulhas Current flows southward along the South African coast in the Indian Ocean 
and transports warm and saline waters from equatorial to higher latitudes. The 
combination of its own inertia and the westerly winds in the Southern Hemisphere 
cause the Agulhas Current to overshoot the southern tip of Africa and to retroflect 
back into the Indian Ocean. Since this retroflection is not complete, a significant part 
of the Agulhas Current finds its way into the South Atlantic. This “Agulhas leakage” 
combines the subtropical gyres in the Indian Ocean and the South Atlantic towards 
one “supergyre” (Speich et al. 2007; Biastoch et al. 2009). Agulhas leakage is not 
only a direct inflow, but also happens in the form of mesoscale Agulhas rings and 
filaments, which make the region around southern Africa one of the most eddying 
regions in the world ocean (Chelton et al. 2011). 

Fully constituted at . ∼27. ◦ S, the Agulhas Current flows with surface velocities 
of 1.5 m s. −1 and above (Lutjeharms 2006). At 32. ◦ S, it reaches down to below 
2000 m, in a typical v-shaped profile that hugs the African continental slope. With 
a width of 200 km, it transports more than 75 Sv (1 Sv . = 10. 6 m. 3 s. −1) (Bryden et al. 
2005). Owing to recirculations in the Southwest Indian Ocean Subgyre, the transport 
increases and reaches 84 Sv at . ∼34. ◦ S (Beal et al. 2015). On its further way towards 
the south, the shelf widens, leaving more room for evolving instabilities. South of 
Cape Agulhas, the Agulhas Current flows into the South Atlantic, before it abruptly 
turns back towards the east into the Indian Ocean as the Agulhas Return Current 
(Lutjeharms 2006). The dynamics of the retroflection are still not fully understood 
but built on a combination of the inertia of the current, the bathymetry, and the
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strength and position of the westerlies (Beal et al. 2011). At the retroflection, large 
mesoscale meanders are generated by loop exclusion as well as barotropic and 
baroclinic instabilities, leaving Agulhas rings with diameters of several 100 km and 
velocities reaching below 2000 m depth as a prominent characteristic (Van Aken 
et al. 2003b). Agulhas rings transport warm and saline waters from the Indian 
Ocean into the Atlantic Ocean and act as contributors to the surface branch of the 
Atlantic Meridional Overturning Circulation (AMOC), although the major portion 
recirculates in the subtropical gyre within the South Atlantic (Speich et al. 2001; 
Beal 2009; Rühs et al. 2019). 

Velocities and transport of the Agulhas Current are subject to temporal variability 
at a range of different timescales. The seasonal cycle with a minimum in austral 
winter and a maximum in austral summer is related to the wind field driving the 
subtropical gyre in the Indian Ocean (McMonigal et al. 2018). Although parts of the 
interannual variability have been linked to El Niño/Southern Oscillation (ENSO), 
the dominant mode of interannual variability in the Pacific Ocean (Putrasahan 
et al. 2016; Elipot and Beal 2018), it was also shown in a model study that the 
Agulhas Current can generate a year-to-year variability in the range of the observed 
variability through internal instabilities (Biastoch et al. 2009). 

A prominent feature of the Agulhas Current is the intermittent perturbations that 
impact the Agulhas Current. These “Natal Pulses” occur . ∼1.6 times per year (Elipot 
and Beal 2015) but strongly vary from year to year (Yamagami et al. 2019). Caused 
by eddy–mean flow interaction of arriving mesoscale eddies from the Mozambique 
Channel and from the South-East Madagascar Current (Biastoch and Krauss 1999), 
the Natal Pulses rapidly travel downstream and have the potential to generate the 
shedding of Agulhas rings (Schouten et al. 2002). 

Figure 8.1 shows the circulation around South Africa as simulated in the eddy-
rich ocean general circulation model INALT20 (Schwarzkopf et al. 2019) driven by  
the recent JRA55-do atmospheric forcing dataset (Tsujino et al. 2018) over the past 
six decades from 1958 to 2019. The Agulhas Current is fed by flow through the 
Mozambique Channel and the South-East Madagascar Current and reaches highest 
mean south-westward velocities of 1.6 m s. −1 at . ∼33.5. ◦ S. On its way further south, 
the Agulhas Current crosses the location of the Agulhas Current Timeseries (ACT) 
array (Beal and Elipot 2016, indicated by the black line in Fig. 8.1a) before it 
detaches from the coast. At the ACT transect, the Agulhas Current is represented 
by a . ∼350-km-wide coastal, surface-intensified current reaching down to . ∼1500 m 
depth (Fig. 8.1c). Further downstream, it changes its direction towards the west, 
where it retroflects between 15. ◦ E and 20. ◦ E into the meandering Agulhas Return 
Current back into the Indian Ocean. Although the 20-year mean surface velocity 
shows a straight path of the Agulhas Current and a robust meandering Agulhas 
Return Current, the velocity field is highly variable and eddying, not only along 
its main path but especially where the retroflection takes place (Fig. 8.1b). Another 
area of high variability is a corridor towards the Atlantic Ocean where Agulhas rings
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Fig. 8.1 Circulation in the Agulhas Current system around South Africa as simulated by a 1/20. ◦
ocean model (Schwarzkopf et al. 2019): (a) mean and (b) standard deviation of surface speed in 
the period 2000–2019 (in (a) vectors shown every 15. th grid point). (c) Mean section across the 
Agulhas Current at . ∼34. ◦ S (location indicated in (a)) 

transport Indian Ocean waters into the neighbouring basin, contributing to Agulhas 
leakage. 

8.3 Agulhas Leakage and Its Impact on the South Atlantic and 
the Benguela Upwelling System 

Agulhas leakage is defined as the transfer of relatively warm and salty water from 
the Agulhas Current in the Indian Ocean to the South Atlantic Ocean (Lutjeharms 
2006; Beal et al. 2011). It constitutes a key process of the global overturning 
circulation (Broecker 1991) and has been suggested to impact regional to global 
climate variability through various processes on a vast range of timescales (Beal 
et al. 2011). 

Agulhas leakage occurs at the retroflection of the Agulhas Current. It is mediated 
in large parts through anticyclonic Agulhas rings (Schouten et al. 2000) as well  
as cyclonic mesoscale eddies and filaments that are shed at the retroflection and 
travel north-westward into the South Atlantic. The generation of these mesoscale 
features in the retroflection region has been linked to barotropic instabilities of the 
Southern Hemisphere supergyre (that is, the interconnected subtropical gyres of the 
Atlantic, Pacific, and Indian Ocean) (Elipot and Beal 2015; Weijer et al. 2013), 
but individual ring shedding events can further be impacted by mesoscale upstream
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perturbations (Biastoch et al. 2008; Schouten et al. 2002) as well as regional sub-
mesoscale variability (Schubert et al. 2019, 2021). 

The turbulent and intermittent (sub-)mesoscale eddy-driven component makes 
Agulhas leakage difficult to measure. Different approaches to estimate its mag-
nitude and variability from ocean observations were introduced. The evaluation 
of subsurface floats and surface drifter pathways yielded the canonical number of 
15 Sv for the leakage transport in the upper 1000 m (Richardson 2007) and a more 
recent estimate of 21 Sv for the upper 2000 m (Daher et al. 2020). The imprints 
of Agulhas leakage on observed sea surface height (Le Bars et al. 2014) and sea 
surface temperature (Biastoch et al. 2015) patterns have been used to reconstruct 
timeseries of Agulhas leakage transport anomalies, revealing a large interannual to 
decadal variability. However, the observation-based estimates are limited in time 
and associated with great uncertainties. 

To test the observation-based estimates, to retrieve timeseries over a longer time 
period, and to better understand the processes that determine Agulhas leakage vari-
ability, ocean and climate models have been employed. In this context, Lagrangian 
model analysis (van Sebille et al. 2018) has proven particularly valuable (see 
Schmidt et al. 2021 for a review and comparison of the different Lagrangian tools 
and experiment designs used to estimate Agulhas leakage). Model-based studies 
suggest that interannual to decadal variability in Agulhas leakage can be related 
to larger-scale changes in the Southern Hemisphere winds (Biastoch et al. 2009; 
Durgadoo et al. 2013; Cheng et al. 2018). Moreover, they indicate that Agulhas 
leakage has increased since the 1960s (Biastoch et al. 2009; Rouault et al. 2009), due 
to a strengthening in the westerlies caused by increasing anthropogenic greenhouse 
gases and ozone depletion (Biastoch and Böning 2013; Ivanciu et al. 2021). A 
continuation of Agulhas leakage strengthening during future climate change and a 
resulting enhanced transport of salt into the South Atlantic may stabilise the Atlantic 
Meridional Overturning Circulation (Weijer et al. 2002; Biastoch and Böning 2013; 
Biastoch et al. 2015), while warming and ice sheet melting are projected to weaken 
it (Beal et al. 2011). 

Nevertheless, due to, e.g., (i) outstanding challenges in correctly representing 
Agulhas leakage in ocean and climate models (at minimum mesoscale resolving 
resolution is needed), (ii) the dependence of ocean-only model simulations on the 
availability and accuracy of the atmospheric forcing, as well as (iii) uncertainty 
regarding the future emission of anthropogenic greenhouse gases (GHGs) and the 
potential recovery of the ozone depletion, there are still many open questions 
regarding past and future changes of Agulhas leakage and their impact on climate 
(change). 

The exact temporal evolution of Agulhas leakage, in particular over the last 
decades, is still ambiguous. While some ocean model simulations (for example, 
a simulation in INALT20 under CORE forcing Schwarzkopf et al. 2019) indicate a 
nearly continuous increase since the mid-1960s that further accelerates in the 1990s 
and 2000s, other model simulations (for example, a simulation in INALT20 under 
JRA55-do forcing Schmidt et al. 2021) and observation-based reconstructions (for 
example, a timeseries reconstructed from HadISST Biastoch et al. 2015) do not
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Fig. 8.2 Temporal evolution of (a) Agulhas leakage (AL), (b) annual Southern Annular Mode 
(SAM) index calculated following Marshall (2003), (c) Agulhas current (AC), and (d) ratio AL / 
AC within simulations with the eddy-rich ocean model configuration INALT20 under JRA55-do 
forcing (Schmidt et al. 2021, black) and CORE forcing (Schwarzkopf et al. 2019, gray). An AL  
timeseries reconstructed from HadISST (Biastoch et al. 2015, pink line in (a)) and the station-based 
annual SAM index (pink line in (b)) are also shown 

exhibit a significant trend over the full time period and show a levelling since the 
1990s (Fig. 8.2a). Previous studies suggest that the different temporal evolutions 
of Agulhas leakage could be due to a different representation of the wind fields 
in the different atmospheric forcing datasets. However, such a relationship is not 
trivial and cannot be represented by simple integrative parameters such as the 
proposed Southern Annular Mode index (SAM, a measure of the strength of the 
westerly winds that shows only minor differences between the different simulations, 
Fig. 8.2b). It should also be emphasised that not only the temporal evolution of 
Agulhas leakage differs between the different simulations, but also that of other 
components of the Agulhas Current system. In particular, in contrast to Van Sebille 
et al. (2009) but consistent with Loveday et al. (2014), Durgadoo et al. (2013), 
Cheng et al. (2018), there is no clear relationship between the temporal evolution 
of the strength of the Agulhas Current and Agulhas leakage (Fig. 8.2c). Rather, 
interannual and longer-term fluctuations in Agulhas leakage represent a changing 
proportion of the transport of the Agulhas Current flowing into the South Atlantic 
(Fig. 8.2d). Hence, Agulhas leakage and Agulhas Current variability are driven by 
distinct processes and show different responses to changes in Southern Hemisphere 
winds. While the Agulhas Current responds to larger-scale changes in subtropical 
wind curl, including westerlies and trades and their modulation via ENSO (Elipot
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and Beal 2018), Agulhas leakage mainly responds to more regional changes in the 
westerlies (Durgadoo et al. 2013). However, changes in the winds alone cannot 
fully explain interannual to decadal Agulhas Current and leakage variability, and 
more research is required to better understand additional drivers as well as potential 
modes of intrinsic variability. 

The future temporal evolution of the Agulhas leakage transport will strongly 
depend on the changes experienced by the Southern Hemisphere westerly winds. 
The fate of the westerlies during the twenty-first century is controlled by two 
opposing factors: the increase in GHG concentrations and the recovery of the 
Antarctic ozone hole. The impact of these two factors on the westerlies, and hence 
on Agulhas leakage, was studied using three ensembles of three simulations: one 
ensemble included only the increase in GHGs, following the high-emission scenario 
SSP5-8.5 (Meinshausen et al. 2020), one ensemble included only the recovery of 
the ozone hole, and one ensemble included both. The simulations were performed 
with the coupled climate model FOCI (Matthes et al. 2020), which calculates the 
stratospheric ozone chemistry interactively and in which the ocean around southern 
Africa is represented at 0.1. ◦ horizontal resolution in order to resolve the mesoscale 
features of the region (FOCI_INALT10X Matthes et al. 2020). 

Timeseries of the westerly winds and of Agulhas leakage in the three ensembles 
are depicted in Fig. 8.3e and f, respectively. The increase in GHGs leads to a 
pronounced poleward intensification of the westerlies and, as a result, to a positive 
Agulhas leakage trend of 0.36 . ± 0.12 Sv per decade until the end of the century. 
This translates in about 28% more Agulhas leakage entering the Atlantic Ocean 
at the end of the twenty-first century compared to the current day. In contrast, the 
recovery of the ozone hole leads to a weakening of the westerly winds and to a 
weak but significant decrease in Agulhas leakage of . −0.13 . ± 0.12 Sv per decade. 
This implies that, in the absence of an increase in GHGs, Agulhas leakage would be 
7% weaker at the end of the century compared to today. When the impacts of ozone 
recovery and increasing GHGs are considered together, the impact of the increasing 
GHGs dominates. Agulhas leakage exhibits a trend of 0.18 . ± 0.12 Sv per decade, 
which implies an increase of 13% at the end of the century compared to today. These 
results are dependent on the high-GHG-emission scenario used. 

The future increase in Agulhas leakage has implications for the Atlantic Ocean. 
The waters contained in Agulhas rings are warmer and more saline compared 
to the surrounding waters (Van Aken et al. 2003b). Observations of Agulhas 
rings (Van Aken et al. 2003b; Giulivi and Gordon 2006) revealed that below a 
well-mixed surface layer, the rings carry subtropical mode water formed in the 
southwestern Indian Ocean, South Indian Ocean Central Water, and Sub-Antarctic 
Mode Water, while in the underlying intermediate layer the Antarctic Intermediate 
Water dominates, but the Red Sea Water is also present. As parts of Agulhas 
leakage feed into the upper limb of the AMOC, changes in its transport are linked 
to changes in the thermohaline properties of the Atlantic Ocean. This is revealed 
by a composite analysis, whereby low-pass filtered (5-year cut-off period) and 
detrended temperature and salinity anomalies were selected for the years when 
Agulhas leakage exceeded the 90th percentile of its distribution (Fig. 8.3). Periods
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Fig. 8.3 Composites of (a) sea surface temperature anomalies, (b) temperature anomalies aver-
aged over 20. ◦ S–40. ◦ S, in . ◦C, (c) sea surface salinity anomalies, and (d) salinity anomalies 
averaged over 20. ◦ S–40. ◦ S for the years when Agulhas leakage exceeds the 90th percentile of 
its distribution. The output from the simulations with fixed GHGs was used. The anomalies, as 
well as Agulhas leakage, were low-pass filtered to retain variations with periods above 5 years 
and a linear trend was removed. The stippling masks anomalies that are not significantly different 
from the time mean according to the Monte Carlo method. Timeseries of (e) zonal mean zonal 
wind averaged between 45. ◦ S–60. ◦ S, in m s. −1, (f) Agulhas leakage in Sv for the ensemble (which 
may average out some of the individual ensemble members in this highly stochastic process) that 
includes only ozone recovery (blue), only the increase in GHGs (orange), and both forcings (black). 
The dashed lines depict the corresponding linear trends, and the numbers at the top of the panels 
give the values of the trends per decade 

of high Agulhas leakage are associated with positive sea surface temperature (SST) 
and surface salinity anomalies, which propagate north-westward from the Agulhas 
retroflection region into the South Atlantic (Fig. 8.3a, c). These temperature and 
salinity anomalies extend below the surface, as seen in Fig. 8.3b and d, which shows 
the vertical profile of the anomalies averaged over the latitudinal band 20. ◦ S–40. ◦
S. The temperature anomalies extend down to 1000 m, while significant salinity 
anomalies can be found down to about 750 m. Therefore, an increase in Agulhas 
leakage leads to a warming and salinification of the South Atlantic. While the model
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does not exhibit salinity anomalies at intermediate depth, observations of Agulhas 
rings found positive salinity anomalies at these depths marking the presence of Red 
Sea Intermediate Water (van Aken et al. 2003a). The temperature anomalies appear 
to decay westward faster than the salinity anomalies do, as they are damped at the 
surface by heat release to the atmosphere. There is observational and modelling 
evidence that waters originating from the Agulhas region reach the North Atlantic 
and its deep convection regions (van Sebille et al. 2011; Biastoch and Böning 2013; 
Weijer and van Sebille 2014). From the Agulhas Current, the most frequent transit 
time to the North Brazil Current is 7 years (Rühs et al. 2019), to 26. ◦ N one to 
two decades (Rühs et al. 2013), and to the deep convection regions between one 
and four decades (van Sebille et al. 2011). These are estimates for the peak in the 
distributions of the transit times to the specific locations. The fastest reported transit 
time of Agulhas waters to the North Atlantic is only 4 years (van Sebille et al. 2011). 
The Agulhas thermohaline anomalies can potentially affect the AMOC. The positive 
Agulhas leakage trend predicted for the twenty-first century will contribute to the 
warming of the South Atlantic, as discussed in more detail in Sect. 8.4. 

While Agulhas leakage has an important role to play in the Indo-Atlantic ocean 
exchange segment of the global conveyor belt circulation, it also establishes the 
direct interaction between a western and an eastern boundary current system that 
is unique among the world’s oceans. This results in a region of intense turbulence 
(Matano and Beier 2003; Veitch and Penven 2017) within the Cape Basin where 
features associated with Agulhas leakage interact with those of the highly productive 
southern Benguela upwelling system that supports a lucrative fishing industry. This 
high level of turbulence has been shown to result in enhanced lateral mixing and 
reduced surface chlorophyll (Rossi et al. 2008) and, therefore, productivity within 
the Cape Basin. More direct impacts of the Agulhas on the Benguela upwelling 
system include its contribution to the development of a shelf-edge jet current (Veitch 
et al. 2017) that transports fish eggs and larvae from their spawning ground on the 
Agulhas Bank to their nursery area within St Helena Bay (Shelton and Hutchings 
1982; Fowler and Boyd 1998). Furthermore, this jet current presents a barrier 
to cross-shelf exchanges (Barange et al. 1992; Pitcher and Nelson 2006) on the  
southern Benguela shelf, which helps to promote both the concentration of upwelled 
nutrients and nearshore retention, thereby enhancing productivity. Additionally, 
Agulhas Rings have been observed to have a role to play in the generation of large 
upwelling filaments that have the potential to cause the offshore advection of large 
quantities of nutrient-rich waters (Duncombe-Rae et al. 1992). The characteristics 
of the upwelling source waters of the southern Benguela are a key component of the 
productive marine ecosystem. 

They enter the system directly from the south (Tim et al. 2018) via Agulhas rings 
at the continental slope, causing cross-shelf intrusions of water (and its properties) 
from the Agulhas leakage into the upwelling region (Baker-Yeboah et al. 2010).
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8.4 Impact on Climate in Southern Africa 

Southern African climate is strongly modified by the high-altitude interior plateau 
and the termination of the relatively narrow landmass in the mid-ocean subtropics 
that allows the Agulhas to flow in close proximity to the Benguela upwelling system. 
As a result of these moderating oceanic and topographic factors, surface land 
temperatures are typically less extreme in southern Africa than would be expected, 
and there are important implications for weather system development and rainfall 
patterns. 

As a simple example, Durban (29. ◦ 53’S) on the east coast adjacent to the Agulhas 
has an annual mean rainfall of 1019 mm compared to about 50 mm for Alexander 
Bay (28. ◦ 35’S) on the west coast in the central Benguela upwelling system. Annual 
mean temperatures at Durban are almost 5 . ◦C warmer than those at Alexander Bay. 
The influence of the broader Agulhas Current region on South African climate in 
particular has long been recognised. Large surface heat fluxes were associated with 
the southern Agulhas Current (Walker and Mey 1988). Latent heat fluxes in the 
central Agulhas Current (south of Port Alfred) have been found to be about 75% 
greater in the core of the current than further seawards and up to about 7 times 
greater than those measured inshore of the current, leading to modifications of 
the marine boundary layer and large increases in precipitable water content as air 
advected across the current (Lee-Thorp et al. 1999). These high fluxes associated 
with the core of the current are difficult to represent in operational models since 
it is typically only . ∼70–80 km wide (Rouault et al. 2003). Statistical relationships 
between interannual variability of SST in the Agulhas Current and summer rainfall 
over central and eastern South Africa were found (Walker 1990; Mason 1995). 
Evidence that the relative proximity of the Agulhas Current core to the coastline 
helps to account for the large increase in average rainfall along the east coast was 
given (Jury et al. 1993). For example, Port Elizabeth (. ∼34. ◦ S), where the continental 
shelf is wide and the current far from the coast, has an annual average rainfall 
of 624 mm, whereas Durban (. ∼30. ◦ S) with its narrow shelf is much wetter on 
average (1019 mm). Given that South Africa is semi-arid but with generally mild 
temperatures, most research on the influences of the Agulhas Current on regional 
climate has focused on rainfall or on the development of rain-producing weather 
systems. Emphasis has also typically been placed on the summer half of the year, 
since this is by far the dominant rainfall season over almost all of southern Africa. 

Various model studies have explored relationships between SST variability 
in the Agulhas Current region and southern African rainfall together with the 
potential mechanisms involved. In the simplest case, these studies have imposed 
idealised SST anomalies in the South-West Indian Ocean on the climatological SST 
forcing fields applied to coarse resolution atmospheric general circulation models 
(AGCMs). Warming in the Agulhas region resulted in statistically significant 
increased rainfall over southeastern Africa via enhanced latent fluxes over the 
SST anomaly, and advection of the anomalously moist unstable air towards the 
landmass (Reason and Mulenga 1999). While the greatest model response was
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found in summer, there were also large rainfall increases in autumn and particularly 
spring. In a similar idealised AGCM experiment, it was found that smoothing out 
the current so that the observed SST in the broader Agulhas Current region was 
replaced by zonally averaged SST and hence cooled led to a southward shift and 
weakening of midlatitude cyclonic weather systems tracking south of South Africa 
and reduced rainfall over southern South Africa (Reason 2001). The same type of 
experiment was performed about two decades later with a regional climate model 
(Nkwinkwa Njouodo et al. 2018). The results confirmed earlier work that the core 
of the Agulhas Current is associated with sharp gradients in SST and sea-level 
pressure, together with a band of convective cloud, and sometimes rainfall. Under 
favourable synoptic conditions, rainfall can then also occur over the nearby coastal 
landmass. There is evidence that SST gradients associated with Agulhas Current 
eddies and meanders affect the vertical air column up to the tropopause (Desbiolles 
et al. 2018). 

Other experiments have provided evidence that latent heat fluxes from the 
Agulhas Current can significantly impact the rainfall over coastal South Africa 
of high-impact weather events such as cut-off lows (Singleton and Reason 2006, 
2007) and mesoscale convective systems (Blamey and Reason 2009). In all cases, 
the presence of a low-level wind jet blowing across the current towards the land 
was important in transporting moist, unstable air that, when forced to rise by the 
coastal mountains, led to heavy rainfall. By removing the effect of the current in the 
model, it was shown that most of the moisture transported by the jet evaporated off 
the current. 

Over eastern South Africa, long-lived mesoscale convective systems, which are 
often associated with heavy rainfall in summer, tend to occur downstream of the 
Drakensberg mountains and over the northern Agulhas Current where convective 
available potential energy (CAPE) and wind shear environments are favourable 
(Morake et al. 2021). More generally, the northern Agulhas Current and adjacent 
southeastern Africa have been identified as one of the convective hotspots in the 
global atmosphere (Brooks et al. 2003; Zipser et al. 2006). Lagrangian trajectory 
analyses have confirmed that the Agulhas Current is one of the important moisture 
sources for summer rainfall over a large interior region in subtropical southern 
Africa (the Limpopo River Basin) on both seasonal and synoptic scales (Rapolaki 
et al. 2020, 2021). However, its role seems to be one of enhancing moisture uptake 
along the trajectory path (which often originates in the midlatitude South Atlantic), 
associated with large-scale weather systems such as ridging anticyclones and cloud 
bands, rather than as a source region in its own right. Nevertheless, summer dry 
spell frequencies (the number of wet days) have decreasing (increasing) trends 
between 1981–2019 over the Eastern Cape/central South Africa related to changes 
in moisture fluxes / winds over the southern Agulhas Current region (Thoithi et al. 
2021). 

In terms of the southern Agulhas Current region, there are as yet no continuous 
measurements of the strength of the Agulhas leakage here. Thus, analysis of the 
impact of this leakage on regional climate has usually been based on their inferred 
fingerprints on oceanic sea surface temperatures. For instance, a stronger advection
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of warm water masses from the Indian Ocean by a stronger leakage leads to warmer 
sea surface temperatures in the southeast Atlantic. Due to this data limitation, the 
simulations with ocean–atmosphere models have been conducted to provide more 
direct analysis of the regional climate anomalies that, in the simulations, may be 
correlated with the intensity of the Agulhas Current and leakage. These simulations 
also allow for a quantification of their contribution to the long-term trends of 
regional precipitation, and this is both in the current and in projected future climate. 
In the following, we summarise some of these analysis obtained for both periods 
with the global coupled ocean–atmosphere model (FOCI_INALT10X Matthes et al. 
2020), with interactive ozone chemistry, used in Sect. 8.3) for the past (1951– 
2013) and future (2014–2099, SSP5-8.5 scenario). These simulations were used 
to drive a high-resolution regional atmospheric model (CCLM, COSMO model in 
CLimate Mode, https://www.clm-community.eu/) that can better represent regional 
precipitation (Tim et al. 2023). Agulhas leakage is defined here as the amount 
of water crossing the Good Hope Line within a 5-year window, thus leaving the 
Agulhas system and entering the South Atlantic (Tim et al. 2018). A similar study 
based on a different atmosphere–ocean global model CCSM3.5 had previously been 
conducted for the current period (Cheng et al. 2018), and thus we can assess the 
robustness of the results when a different model is used. 

In the simulations of the current and future climate, a stronger Agulhas leakage 
leads, as expected, to warmer SST southwest of the Western Cape region as 
mentioned in the previous section (Fig. 8.3a). This results in a relatively high-
positive temporal correlation (.r = ∼0.5) between Agulhas leakage and SST in the 
Agulhas retroflection region, southwest of it, and in the corridor where Agulhas 
rings transport warm Indian Ocean water into the South Atlantic. The increase 
in Agulhas leakage over the last decades (as described in the previous section) 
and the warming of the Agulhas Current system (Rouault et al. 2010, 2009) both 
result in warming of the SSTs southwest of the Western Cape region, up to 2 . ◦C 
(historical period) and 4 . ◦C (in the scenario period). A linear regression analysis of 
the simulated temperature and leakage timeseries indicates that around 1/6 of both 
warming rates is due to the increase of Agulhas leakage. 

In the historical period, Agulhas leakage and precipitation along the southeast 
coast of South Africa are found to be positively correlated (Fig. 8.4a). A more 
intense Agulhas leakage imprints the SSTs patterns in the region, with warmer 
SSTs in the retroflection region and colder SSTs in the southwest Indian Ocean. 
Warmer SSTs are linked with higher convective precipitation at the southeast coast 
of South Africa during summer (Walker 1990), a result also found in the simulations 
with the model CCSM3.5 (Cheng et al. 2018). By contrast, the correlations of 
Agulhas leakage with precipitation in the winter rainfall zone around the Western 
Cape region are negative (Fig. 8.4a), as also found by Cheng et al. (2018). This 
may be due to the modification of cyclonic activity by the SSTs in this season, 
as discussed before. Concerning the long-term trends, the simulated precipitation 
displays a weak negative trend in most of southern Africa, with some precipitation 
intensification along the southeast coast (Fig. 8.4c). Around 1/10 of this trend can 
be statistically explained by Agulhas leakage (Fig. 8.4e). The areas with a positive

https://www.clm-community.eu/
https://www.clm-community.eu/
https://www.clm-community.eu/
https://www.clm-community.eu/
https://www.clm-community.eu/
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Fig. 8.4 The correlation of (a, b) Agulhas leakage (FOCI simulation) and the precipitation 
(CCLM simulation), (c, d) the precipitation trend over the simulation period, and (e, f) the  
contribution of Agulhas Leakage to the precipitation trend, in the (left column) historical 
simulation covering the period 1951–2013 and (right column) the scenario simulation covering 
the period 2014–2099. At a significance level of 95%, correlations of (a) 0.26 and (b) 0.22 and  
larger are significant. Based on typical standard deviation, precipitation trends of (c) 1.2 mm/y and 
(d) 0.76 mm/y and larger are significant
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precipitation trend are also the ones that are positively correlated to the leakage. 
In the Western Cape region (Fig. 8.4d), precipitation displays a long-term decline. 
Both trends reflect the long-term impact of the intensifying leakage on precipitation 
at the southeast coast of South Africa. 

Regarding changes in precipitation in the future scenario simulation, Agulhas 
leakage and precipitation in South Africa appear negatively correlated (Fig. 8.4b), 
contrary to the historical period. Thus, the simulation indicates both an inten-
sification of leakage and a diminishing precipitation along the whole coast and 
the southern inland, as also found by, e.g., Dosio et al. (2019) and Rojas et al. 
(2019). Again, around 1/10 of the trend in precipitation is due to Agulhas leakage 
(Fig. 8.4f). The change in the dependency of Agulhas leakage strength and precip-
itation comparing the current and future periods requires further investigation. One 
explanation could be related to the southward shift of the Agulhas Current in the 
future scenario. According to this explanation, Agulhas leakage intensifies, while 
the Agulhas Current weakens (Ivanciu et al. 2022) and is displaced poleward away 
from the coast (Yang et al. 2016). As found by Jury et al. (1993), the precipitation 
at the southeast coast is stronger when the core of the Agulhas Current is located 
closer to the coast. This leads us to the conclusion that the future trend in simulated 
precipitation in the winter rainfall zone may be directly linked to the strength of the 
Agulhas leakage, whereas the trend in precipitation at the southeast coast may be 
more strongly linked to the position and intensity of whole Agulhas Current system. 
It should be, however, kept in mind that other remote influences, for instance that of 
ENSO, can also modulate precipitation trends in this region (see Chap. 6). 

8.5 Impact on Coasts 

With more than 2500 km of coastline, South Africa is largely exposed to flooding 
and erosion from extreme water levels and waves. The majority of the largest 
South African cities such as Cape Town and Durban are located at the coastline, 
comprising around 40% of the South African population and 60% of the country’s 
economy (CSIR 2019). Exposure to coastal hazards is further exacerbated by socio-
economic development. Coastal cities are growing and developing at a rapid rate 
(ASCLME/SWIOFP 2012), with some areas of the coast having experienced a 
building boom over the past two decades (Smith et al. 2007). The main ports of 
South Africa such as Durban, Cape Town, and Port Elizabeth/Gqeberha are located 
in big cities along this coastline and provide the largest trades for the region (Mather 
and Stretch 2012). In addition, the tourism sector has a large contribution to the 
economy of the country (Fitchett et al. 2016). However, the risk of flooding has not 
been taken into account in coastal development planning, and several coastal cities, 
such as those previously mentioned as well as resorts, are built in low-lying areas, 
estuaries, and beachfront close to the high-water mark (Theron and Rossouw 2008; 
Mather and Stretch 2012), where the probability of flooding is often the highest. 

As a result, coastal flooding and erosion from extreme events can potentially 
cause large damages along the South African coastline. This was the case in March
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2007, when a combined spring tide and extreme swells produced up to a billion 
Rand (about 70 Mill e) of damages along the region of KwaZulu-Natal, South 
Africa (Smith et al. 2007). Despite these large damages, the event of March 2007 is 
estimated of having an average return period of only 10–12 years (Palmer et al. 
2011). As was the case in the event of March 2007, flooding can arise from a 
combination of different drivers such as tides, waves, and storm surges but also 
in combination with precipitation and river discharge. These so-called compound 
events are particularly important for estuarine areas, where the interaction between 
the flood drivers can exacerbate flood impacts (Zscheischler and Seneviratne 2017). 

Changes in the climate of the region due to changes in the circulation and 
atmospheric patterns discussed in former Sects. 8.2, 8.3, and 8.4 may lead to changes 
in the flood drivers and sea level. The IPCC AR6 (IPCC 2021) estimates a likely 
global mean sea-level rise (SLR) by 2100 up to 1.01 m under a very high emissions 
scenario (SSP5-8.5, upper likely range). However, higher sea-level rise scenarios 
above the likely range cannot be excluded due to large uncertainties in the ice sheet 
processes. In addition, regional deviations from the global estimates can be expected 
along the South African coastline as the west coast is dominated by variations in 
offshore buoyancy by the Benguela system (such as those caused by wind-driven 
coastal Kelvin waves) (Schumann and Brink 1990), while water levels along the east 
coast are influenced by fluctuations in the Agulhas Current system (van Sebille et al. 
2010). However, the effects of the Agulhas System on coastal sea levels are not fully 
understood due to the variability of several characteristics of the Agulhas current 
system (e.g., position of the core, eddies) and the lack of in situ measurements 
(Nhantumbo et al. 2020). 

In addition, future warming of the ocean will not be spatially uniform, so regional 
differences in the thermal expansion of the water column are also expected (Yin 
et al. 2010). For instance, the sea-level trend in the period 1992–2018 monitored 
by satellite altimetry shows that along the southern African coastline sea level 
has risen (Hamlington et al. 2020) faster than the global rate of 3.1 mm/year over 
the same period (Cazenave et al. 2018). However, the data from tidal-monitoring 
stations near Cape Town in the period 1957–2017 display temporal data gaps, 
especially in the last decades of the twentieth century, a situation that is common in 
Africa (Woodworth, Philip L. et al. 2007) and the linear trend derived from those 
data points to a rate of sea level of about 2 mm/year (Dube et al. 2021a). This is 
in agreement with the results of the analysis of the Durban tide gauge (Mather 
2007), and of other Namibian and South African tide gauges (Mather et al. 2009). 
Nevertheless, even along the southern African coast, regional differences in the 
relative sea-level trends are apparent, with sea level along the east coast having risen 
more rapidly (2.7 mm/year) than along the south (1.5 mm/year) and the west coast 
(1.9 mm/year). It is therefore difficult to conclude whether sea-level rise in this area 
has recently accelerated, since the measurements of tidal gauges and of satellite 
altimetry have different characteristics and very few studies exist so far (Brundrit 
1984; Mather et al. 2009). Following state-of-the-art methods and using tide gauge 
and altimetry records, Allison et al. (2022) suggest 7–14% higher SLR projections 
compared to the global IPCC estimates along the South African coastline, driven
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by larger contributions of all components of the sea-level budget. However, further 
research is needed for establishing the effects of the Agulhas system on coastal sea 
levels along the South African coast and to assess the impacts of the future potential 
changes in the Agulhas system (discussed in Sects. 8.2 and 8.3) on coastal sea-level 
rise. 

Mean sea-level rise and the possible intensification of sea-level extremes are 
expected to impact coastal regions of southern Africa, as has been observed in 
recent years for the Cape Town area (Dube et al. 2021b,a). Among the various 
flood drivers, wind waves have the relative largest contribution to total extreme 
water levels along the South African coastlines (Theron et al. 2010). A potential 
intensification of waves in this region due to a projected intensification of winds 
under high-GHG-emission scenarios may exacerbate present flood risks. Therefore, 
predicting and analysing possible changes in wave climate during this century is 
essential for coastal risk and impact assessments for the South African coast. 

Although global wave projections for the twenty-first century under different 
climate change scenarios already exist (e. g. Semedo et al. 2013; Hemer et al. 2015; 
Casas-Prat et al. 2018; Morim et al. 2020), regional effects can be omitted due to 
the coarse resolution of atmospheric forcing used at global scales. In CASISAC, we 
generated a coherent wave hindcast (1958–2018) and wave projections (2014–2098) 
for a high-end scenario (SSP5-8.5), using Time Delay Neural Networks (TDNN), 
and downscaled atmospheric forcing from the CCLM model discussed in Sect. 8.4. 
To train the TDNN, we used mean sea-level pressure (MSLP) data (Kanamitsu et al. 
2002) as a forcing predictor and an existing global wave hindcast (Durrant et al. 
2013) based on the same reanalysis dataset as response. It is important to mention 
that the TDNN is able to account for the processes included in the modelling of 
the training data, but it is not able to capture future changes of these processes or 
other processes not included such as, e.g., the interaction with the Agulhas current 
(Grundlingh and Rossouw 1995). This interaction can produce large increases in 
offshore wave heights, which can be a hazard for the shipping industry, but little 
effects are observed in coastal waves (Barnes and Rautenbach 2020). 

Results show an average increase of 0.2 m in the mean H. S (2.7 m; Fig. 8.5) and 
0.6 m in the 1% highest H. S (5.3 m; Fig. 8.6). However, along the west and south 
coasts, the increase of the mean H. S is of 0.3 m, while a smaller increase of 0.1 m is 
observed at the east coast. The 1% highest H. S show a similar pattern with increases 
of 0.8 and 0.9 m at the west and south coast, respectively, and 0.3 m at the east coast. 
Distinguishing between seasons, the largest increase of 0.3 m of mean H. S appears 

Fig. 8.5 Changes in mean significant wave height (Hs) between the hindcast and SSP5-8.5 
scenario
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Fig. 8.6 Changes in the 10%, 5%, and 1% highest waves between the hindcast and SSP5-8.5 
scenario 

in winter, opposing 0.2 m in the other seasons. The 1% highest waves are predicted 
to increase 0.7 m in winter and spring and 0.5 m in summer and autumn. These 
changes in the wave climate are also affecting the extreme waves, increasing the 
1-in-100 year H. S up to 1.5 m at some locations of the west coast and up to 0.5 m at 
the east coast. 

Due to the high flood exposure of population and assets of the South African 
coastline, the Council for Scientific and Industrial Research (CSIR) of South Africa 
in cooperation with universities and government departments produced a national 
coastal flood assessment in order to support climate-resilient development (Lück-
vogel 2019). This assessment was performed for the majority of the coastline of 
South Africa providing a qualitative flood hazard index based on elevation and 
extreme events. We refined and extended this analysis by employing the simplified 
hydrodynamic model LISFLOOD-FP (Bates et al. 2005) to simulate flooding and 
provide quantitative estimates of flood characteristics for the 100-year return water 
level along the entire South African coast, at 90-m resolution, using the MERIT 
Digital Elevation Model (Yamazaki et al. 2017). We used extreme events derived 
from tidal levels from the global FES2014 (produced by Noveltis, Legos, and CLS 
and distributed by Aviso+, with support from CNES, https://www.aviso.altimetry. 
fr Carrère et al. 2015); non-tidal residuals for the present day analysis from the 
ocean model INALT20 (Schwarzkopf et al. 2019) under JRA55-do forcing (Schmidt 
et al. 2021); for the future SSP5-8.5 scenario outputs from the climate model 
FOCI-INALT10X (Matthes et al. 2020) (both described in Sects. 8.2 and 8.3; the  
latter from an experiment with prescribed atmospheric chemistry); and waves from 
the newly developed wave hindcast discussed above. The wave contribution was 
included as the wave set-up, which relates the average increase in coastal water 
levels by offshore waves, typically 20% of the offshore H. S. 

The results of the flood simulations show that low-lying regions along estuaries 
are the areas most exposed to flooding from the current 1-in-100 year event of 
oceanic drivers (tides, storm surges, and waves). The main coastal cities of South 
Africa (Cape Town, Port Elizabeth, and Durban) are also affected, albeit to a smaller 
extent (Fig. 8.7). In these three cities, the largest flooded areas are also observed 
along the low-lying riverine and harbour regions. The largest flood impacts occur 
in Cape Town where several settlements, resorts, and a natural reserve are flooded. 
Under the SSP5-8.5 scenario, we find an average increase of more than 100% in 
flood extent along the South African coastline from the 1-in-100 year event, which 
is mostly driven by SLR. However, the potential changes in the wave climate of

https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
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Fig. 8.7 Flood estimation for the present 1-in-100 years extreme event for: (a) Cape Town, (b) 
Port Elizabeth/Gqeberha, and (c) Durban 

South Africa predicted under the SSP5-8.5 scenario and discussed before cause an 
increase in both flood extent and depth for the 1-in-100 years event (Fig. 8.8). The 
increase in extreme wave height leads to an increase up to 10% in flood depth as 
well as an increase of 19% in flood extent compared to present estimates (Fig. 8.8). 
These increases vary spatially along the coast due to the variability of the waves but 
also due to changes in the coastal characteristics. For example, there is an increase 
of 0.74 m in the 1-in-100 year H. S at Cape Town and of 0.51 m at Durban, but we 
find a larger increase in flood depths at the latter due to the characteristics of the 
floodplain. For Durban, coastal flooding can be further exacerbated in the future 
from the changes in precipitation discussed in Sect. 8.4, which can amplify flooding 
by compounding effects with the oceanic drivers as discussed later in this section. 

Future coastal flooding estimates are primarily driven by SLR, but changes in 
wave climate solely will increase flooding and thus need to be considered in coastal 
planning and management in this region. Both SLR and changes in wave climate 
may also increase coastal erosion, which in turn can amplify coastal flooding by 
reducing the protection offered by natural systems such as dunes and wetlands. 

In estuarine areas, coastal flooding can also occur from a combination of ocean 
drivers (i.e., water levels and waves) and river discharge. The South African coast-
line is particularly prone to compound flooding from waves and river discharge as 
cold fronts, cut-off lows, and cyclones produce large swells but also heavy rainfalls



210 A. Biastoch et al.

Fig. 8.8 Flood differences between the present 1-in-100 years event and the 1-in-100 years under 
SSP5-8.5 scenario (not accounting for SLR) for: (a) Cape Town, (b) Port Elizabeth/Gqeberha, and 
(c) Durban. Flood differences are caused due to changes in wave climate under SSP5-8.5 

that can cause fluvial flash floods (Pyle and Jacobs 2016). However, compound 
flooding in South Africa has not been addressed yet, despite the large number of 
estuaries along the South African coastline that can be prone to compound flooding 
(van Niekerk et al. 2020). To explore the interactions between flood drivers in 
South African estuaries, we investigated compound flooding from river discharge 
and waves through the case study of the Breede estuary (Kupfer et al. 2021). This 
estuary is one of the largest permanently open estuaries (van Niekerk et al. 2020) 
and has the fourth largest annual runoff in South Africa (Taljaard 2003). Using 
the hydrodynamic modelling suite Delft3D (Lesser et al. 2004), we simulated river 
discharge, tides, waves, and their interactions to analyse the effects of each driver on 
the resulting flooding. For detailed description of the study, see Kupfer et al. (2021). 

Our results showed differences in flood depth and extent when comparing the 
compound scenarios (Fig. 8.9). Co-occurring extreme river discharge and extreme 
waves (S.TWQ) result in an increase of 45% in flood extent in the upper part of the 
domain, compared to the low river discharge scenario (S. TW). However, when the 
waves are omitted, only a reduction of 10% of the flood extent is observed in regions 
of the estuary mouth and centre, where populated areas are located. An increase 
in the magnitude of the waves causes an increase of 12% in flood extent and up 
to 40 cm in flood depth, mostly in the lower part of the estuary. Therefore, waves
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Fig. 8.9 Comparison of flood extents of the compound and excluding driver scenarios at the 
Breede estuary (South Africa) (left panel, (a), (c) and (e)) and differences in flood depths (right 
panel). Panel (b) shows the flood depths of S.TWQ–S. TW, (d) shows S.TWQ–S. TQ, and (f) S. TWQextr
(Kupfer et al. 2021) 

can exacerbate flooding when combined with an extreme river discharge event by 
blocking river flow to the sea. Compound flooding can be further amplified in these 
regions where an increase in precipitation under a high GHG scenario is expected 
(Sect. 8.4). 

8.6 Summary 

The proper simulation of the Agulhas Current system dynamics requires sufficient 
ocean resolution, such that the mesoscale processes dominating the region can 
be simulated. At the same time, the variability of the Agulhas system in ocean-
only simulations largely depends on the applied atmospheric forcing. The Agulhas 
leakage has been subject to decadal changes in the past and is likely to increase 
substantially towards the end of the century owing to rising GHGs, as predicted by 
our coupled climate model. The increase in Agulhas leakage is expected to result in 
a warming and salinification of the southeastern South Atlantic, impacting further 
downstream water masses in the Benguela upwelling system and in the pan-Atlantic 
circulation including the AMOC.
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The increased offshore warming associated with the projected increase in 
Agulhas leakage, coupled with a hypothesised increase in upwelling favourable 
winds in the southern Benguela upwelling system and therefore cooler coastal 
waters, would lead to the enhancement of the already intense shelf-edge frontal 
system and jet current. The impact of the Agulhas, both directly and indirectly, 
on the southern Benguela region needs to be continually monitored to support good 
governance of the highly productive system that supports a lucrative fishing industry. 

The warming also provides an important boundary condition through SST to 
the atmosphere. The southern African climate is therefore directly impacted by the 
Agulhas Current system. An increase of Agulhas leakage under global warming is, 
although not exclusively, linked to decreasing precipitation in South Africa. 

The atmospheric changes under a high GHGs scenario cause an intensification of 
extreme waves along the coast of South Africa, which combined with (regional) sea-
level rise and increased precipitation events has the potential to increase compound 
flooding along the coast of South Africa, considerably amplifying impacts to coastal 
communities. 

The different disciplines in this chapter have outlined the need for inter- and 
transdisciplinary collaboration, a core attribute of CASISAC. When a regional 
climate model relies on a proper SST distribution under current-day and future 
conditions, it is, in particular for the Agulhas Current system, important to simulate 
those at sufficient high resolution. The same applies to the impact studies exam-
ining the vulnerability of the African coastlines. Detailed precipitation maps and 
distributions of regional level in response to ocean currents and spatial warming are 
required. Even in a collaborative project, this is not fulfilled up to the last instance 
because of the large range of scales and the different importance of mechanisms 
for different disciplines. It is important to keep in mind that our results are based 
on numerical models. In particular for the oceanic fields, currents and hydrography, 
but also sea level, waves and flooding, observations are required to ground-truth the 
models and to correct model deficiencies originating from a poor representation of 
unresolved processes. 

Our studies outline the strong impact of the surrounding ocean on the land 
climate in Southern Africa. Changes through global warming arising from large-
scale climate models need not only to be downscaled but may also be regionalised, 
in our case to correctly take into account the specific effect of the Agulhas Current 
system. 
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Abstract 

The southeastern tropical Atlantic hosts a coastal upwelling system characterized 
by high biological productivity. Three subregions can be distinguished based on 
differences in the physical climate: the tropical Angolan and the northern and 
southern Benguela upwelling systems (tAUS, nBUS, sBUS). The tAUS, which 
is remotely forced via equatorial and coastal trapped waves, can be characterized 
as a mixing-driven system, where the wind forcing plays only a secondary role. 
The nBUS and sBUS are both forced by alongshore winds and offshore cyclonic 
wind stress curl. While the nBUS is a permanent upwelling system, the sBUS is 
impacted by the seasonal cycle of alongshore winds. Interannual variability in the 
region is dominated by Benguela Niños and Niñas that are warm and cold events 
observed every few years in the tAUS and nBUS. Decadal and multidecadal 
variations are reported for sea surface temperature and salinity, stratification and 
subsurface oxygen. Future climate warming is likely associated with a southward 
shift of the South Atlantic wind system. While the mixing-driven tAUS will most 
likely be affected by warming and increasing stratification, the nBUS and sBUS 
will be mostly affected by wind changes with increasing winds in the sBUS and 
weakening winds in the northern nBUS. 

Abbreviations 

ABA Angola-Benguela area 
ABFZ Angola-Benguela Frontal Zone 
AC Angola Current 
BC Benguela Current 
BCC Benguela Coastal Current 
BLLCJ Benguela Low Level Coastal Jet 
BOC Benguela Offshore Current 
CMIP6 Coupled Model Intercomparison Project phase 6 
ENSO El Niño-Southern Oscillation 
ESACW Eastern South Atlantic Central Water 
EUC Equatorial Undercurrent 
GC Guinea Current 
GCUC Gabon-Congo Undercurrent 
GUC Guinea Undercurrent 
LOW Low-Oxygen Water 
nBUS, sBUS Northern, southern Benguela Upwelling System 
OMZ Oxygen Minimum Zone 
PUC Poleward Undercurrent 
SAA South Atlantic Anticyclone 
SACW South Atlantic Central Water 
SEC, nSEC, cSEC, sSEC South Equatorial Current and its northern, central, and southern 

branches 
SEJ Shelf-edge jet 
SEUC South Equatorial Undercurrent
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SECC South Equatorial Countercurrent 
SST Sea Surface Temperature 
tAUS Tropical Angolan Upwelling System 

9.1 Introduction 

At the eastern boundaries of the tropical and subtropical Atlantic and Pacific oceans, 
four highly productive ecosystems are located. In the southeastern Atlantic, the 
Benguela Current Large Marine Ecosystem sustains important fisheries for the 
three coastal countries Angola, Namibia, and South Africa (Jarre et al. 2015b; 
Kainge et al. 2020). This region undergoes important climate variability such as 
extreme warm and cold events off Angola and Namibia, which are termed Benguela 
Niños and Niñas, respectively (Shannon et al. 1986). They do not only have drastic 
consequences for the marine ecosystem (Gammelsrød et al. 1998) but also influence 
the climate over large parts of southern Africa (Reason and Smart 2015; Rouault et 
al. 2003). Ongoing climate change will affect the eastern boundary regions among 
others by its effect on the wind field and the resulting wind-driven upwelling, by 
enhanced warming, increased stratification and ocean deoxygenation (Gruber 2011). 
Climate predictions for this region using climate models are mostly hampered by 
long-standing biases in the climate mean-state and variability (Li et al. 2020; Richter 
2015; Richter and Tokinaga 2020). Improving predictions of climate and associated 
impacts on biogeochemistry and ecosystems strongly relies on the representation of 
the oceanic and coastal upwelling and related processes (Zuidema et al. 2016). 

Following Jarre et al. (2015b), the eastern boundary upwelling system of the 
South Atlantic can be divided into three subsystems: the tropical Angolan upwelling 
system (tAUS, ~6–17◦S), the northern Benguela upwelling system (nBUS, ~17– 
27◦S) and the southern Benguela upwelling system (sBUS, ~27–35◦S) that can 
roughly be associated with the three coastal countries, Angola, Namibia and South 
Africa, respectively (Fig. 9.1). Typical characteristics of the physical forcing of the 
marine ecosystems and their temporal variability varies among these subsystems. 
Southeasterly trade winds prevail in the southeastern Atlantic connecting the 
subtropical and tropical atmosphere (Fig. 9.1b). The strongest winds are found in 
the nBUS off the Namibian coast and are associated with the atmospheric Benguela 
Low Level Coastal Jet (BLLCJ) (Patricola and Chang 2017). The BLLCJ marks the 
boundary between the Angolan Low and the South Atlantic Anticyclone (SAA). 
In the tAUS, north of about 17◦S, winds are substantially weaker with marginal 
seasonal variations marked by slightly enhanced southerly winds in austral spring 
and calm winds in austral winter. The seasonal variations in the position of the SAA 
with a northwestward shift in austral autumn and a southeastward shift in austral 
spring result in westerly winds during winter in the sBUS, while southerly winds in 
the nBUS remain relatively steady throughout the year (Veitch et al. 2009). 

The wind-driven ocean circulation is characterized by vigorous zonal currents in 
the equatorial region and mostly meridional currents along the eastern boundary of 
the South Atlantic (Fig. 9.1a). Among the most energetic currents is the Equatorial
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Fig. 9.1 Mean background conditions and circulation schematic for the eastern boundary 
upwelling system of the South Atlantic. (a) Sea surface temperature in the eastern tropical and 
subtropical South Atlantic obtained from OSTIA-SST with circulation schematic superimposed, 
(b) net primary production as deduced from satellite observations from Ocean Productivity site 
with surface wind vectors (ASCAT) superimposed and (c) absolute salinity on the potential density 
surface σθ = 26.3 kg m−3 (Argo float data averaged for 2006–2020). Data in (a) and (b) are  
averaged for 2002–2019. In (a), surface (solid arrows) and thermocline (dashed arrows) current 
branches shown are the Guinea Undercurrent (GUC), the Guinea Current (GC), the Equatorial 
Undercurrent (EUC), the northern, central and southern branches of the South Equatorial Current 
(nSEC, cSEC and sSEC), the South Equatorial Undercurrent (SEUC), the South Equatorial 
Countercurrent (SECC), the Gabun-Congo Undercurrent (GCUC), the Angola Current (AC), the 
Poleward Undercurrent (PUC), the Benguela Offshore and Coastal Currents (BOC and BCC), 
and the shelf-edge jet (SEJ). Also marked in (a) is the Angola-Benguela Frontal Zone (ABFZ) 
at about 17◦S and the three rivers Congo, Cuanza and Kunene. In (b) the latitude range of the 
three subregions, the tropical Angolan and the northern and southern Benguela upwelling systems 
(tAUS, nBUS, sBUS) as well as mean latitudes of the dominant upwelling cells, the Kunene cell, 
the Northern Namibian cell, the Central Namibian cell and the Lüderitz cell (KC, NNC, CNC, LC) 
are marked. In (c), the 70 μmol kg−1 oxygen concentration contours at 130 m depth (light blue 
dashed line) and at 250 m depth (black line) are included. Oxygen data is from Schmidtko et al. 
(2017) 

Undercurrent (EUC) transporting South Atlantic Central Water (SACW) from the 
western boundary eastward (Johns et al. 2014). When approaching Africa, most of 
the water recirculates into the South Equatorial Current (SEC), forming a northern 
branch (nSEC) slightly north of the equator and a central branch (cSEC) south of the 
equator (Kolodziejczyk et al. 2014). Along the northern coast of the Gulf of Guinea, 
the slightly offshore located Guinea Current (GC) and the Guinea Undercurrent 
(GUC) attached to the continental slope flow toward the eastern boundary (Fig.
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9.1a) (Djakouré et al. 2017; Herbert et al. 2016). The equatorward extension of the 
GC and the GUC, together with the remnants of the EUC, supply the southward 
Gabon-Congo Undercurrent (GCUC) (Wacongne and Piton 1992), which continues 
as the Angola Current (AC) in the tAUS (Kopte et al. 2017), and eventually as 
the Poleward Undercurrent (PUC) through the nBUS into the sBUS (Mohrholz 
et al. 2008; Nelson  1989). Additional transport of SACW toward the east and 
the south originating in the near-equatorial belt is carried by the South Equatorial 
Undercurrent (SEUC) mainly at the thermocline level and by the South Equatorial 
Countercurrent (SECC) (Siegfried et al. 2019). Along the eastern boundary, the 
generally southward flowing SACW meets the colder and fresher Eastern SACW 
(ESACW) flowing northward within the Benguela Current (BC). The confluence of 
these two currents at about 17◦S causes a strong meridional sea surface temperature 
(SST) gradient that is termed the Angola-Benguela Frontal Zone (ABFZ) (Fig. 9.1). 
The BC can be described as being composed of an offshore branch (Benguela 
Offshore Current, BOC) and a coastal branch (Benguela Coastal Current, BCC) 
(Siegfried et al. 2019). After converging in the ABFZ, the eastern boundary flow 
turns westward, forming—together with the BOC—the southern branch of the SEC 
(sSEC) that constitutes the main westward branch of the South Atlantic subtropical 
gyre. 

The surface ocean at the eastern boundary is characterized by the presence of 
warm and fresh tropical surface water in the northern tAUS, a salinity maximum 
in the southern tAUS and colder and slightly fresher surface waters south of the 
ABFZ (Fig. 9.1). South of the ABFZ the surface shows a particular temperature 
minimum along the coast that is characteristic for the permanent wind-driven 
coastal upwelling in the nBUS. The sBUS is connected to the Agulhas Current that 
transports warmer waters from the Indian Ocean around the southern tip of Africa. 
The two upper-ocean water masses in the region, the SACW and the ESACW, are 
quite distinct on a specific density surface with SACW being characterized by higher 
salinities compared to ESACW (Fig. 9.1c). SACW is the water mass of the southern 
hemisphere subtropical gyre, which is transported by the North Brazil Current 
toward the equatorial current system and eventually reaches the eastern boundary 
via the different eastward current branches mentioned above. When arriving at the 
eastern boundary, it is already low in oxygen with oxygen being further reduced 
due to high consumption near the highly productive eastern boundary upwelling 
system. In the area of the ABFZ, it meets the equatorward-flowing oxygen-rich 
ESACW representing a mixture of SACW and Indian Ocean central water formed 
in the Cape Basin (Duncombe Rae 2005; Mohrholz et al. 2008). Below the surface 
layer, the SACW arriving from the north and flowing further poleward within the 
PUC is thereby continuously mixed with the ESACW and eventually upwells in the 
northern Benguela (Mohrholz et al. 2008). 

The oxygen distribution at the eastern boundary of the South Atlantic is 
characterized by an open ocean oxygen minimum zone (OMZ) approximately 
located between the equator and 20◦S with a core depth of about 400 m (Karstensen 
et al. 2008; Monteiro et al. 2008). The OMZ is a result of weak ventilation in a 
region bounded by the BC and sSEC in the south and the well-ventilated equatorial
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region in the north (Brandt et al. 2015). Theoretically, the existence of the OMZ is 
explained by the Ekman pumping (i.e., the wind stress curl-driven vertical transport 
out of the oceanic mixed layer into the stratified ocean below) in the area of the 
SAA resulting in a geostrophic thermocline flow toward the west and the equator 
thereby forming the shadow zone of the ventilated thermocline (Luyten et al. 1983). 
Closer to the surface, local oxygen consumption due to high primary production 
plays a more important role and low-oxygen regions with partly anoxic conditions 
are found on the shelf as far south as 26◦S (Bartholomae and van der Plas 2007) or  
even in the sBUS in shallow, near-coastal regions (Jarre et al. 2015a). 

Although the primary productivity is high along the whole eastern boundary 
from the Gulf of Guinea to the southern tip of Africa (Fig. 9.1b), the processes 
relevant for the nutrient supply required to support the primary productivity might 
vary substantially across the different subregions. While there is high productivity 
at about 6◦S reaching far offshore and driven by the enhanced nutrient supply 
associated with the river run-off of the Congo (Hopkins et al. 2013; Sena Martins 
and Stammer 2022), the enhanced near-coastal productivity along the eastern 
boundary is instead driven by an upward supply of nutrients to the euphotic zone. 
Physical drivers of the upward nutrient supply are (1) alongshore winds resulting in 
a near-surface offshore Ekman transport (i.e., the wind-forced horizontal transport 
perpendicular to the wind direction) supplied by near-coastal upwelling, (2) the 
cyclonic wind stress curl driving Ekman suction near the coast (i.e., the wind stress 
curl-driven vertical transport into the oceanic mixed layer out of the stratified ocean 
below) and (3) upwelling associated with the passage of coastal trapped waves and 
vertical mixing (Fig. 9.2) (Bordbar et al. 2021; Zeng et al. 2021). 

Main topics that will be addressed in this chapter are the mean state and the 
seasonal cycle of the eastern boundary circulation, upwelling processes, associated 
biological productivity and low-oxygen regions that are expected to expand under 
warming climate conditions. We will present main characteristics of the observed 
interannual to decadal variability, including extreme warm and cold events, decadal 
temperature and wind changes and evidence of ongoing oxygen changes. Possible 
future changes will be discussed by using model projections for warming climate 
scenarios. To capture a comprehensive picture of climate variability and change, a 
recommendation for the development of the observing system will be provided. 

9.2 Eastern Boundary Upwelling System of the South Atlantic 

The different physical drivers of the Benguela Current Large Marine Ecosystem that 
extends from the Congo River mouth to the southern tip of Africa are the basis of 
three different subsystems: the tAUS, the nBUS and the sBUS. Main differences are 
(1) warm tropical surface waters in the tAUS compared to cooler subtropical surface 
waters in the nBUS and sBUS (Fig. 9.3b), (2) strong wind forcing and corresponding 
wind-driven upwelling resulting in high primary productivity in the nBUS and sBUS 
compared to the weak wind forcing in the tAUS (Fig. 9.3a and c) and (3) permanent 
upwelling in the nBUS compared to strong seasonal variability in the tAUS and



9 Physical Drivers of Southwest African Coastal Upwelling and Its Response. . . 227

Equatorial 
Kelvin Waves 

Wind-Driven 
Upwelling 

Congo 
River 

MixingCoastal Trapped 
Waves 

Angola-Benguela 
Frontal Zone 

South Equatorial 
Current 

Equatorial 
Undercurrent 

Angola 
Current 

High Primary 
Productivity 

Cyclonic 
Wind Stress Curl 

South Atlantic 
Anticyclone 

Benguela Current 

Alongshore 
Wind 

Agulhas 
Ring 

Oxygen Minimum 
Zone 

Fig. 9.2 Schematic view of the upper-ocean dynamics and the wind forcing in the southeastern 
Atlantic. The anticyclonic wind stress curl in the subtropics of the South Atlantic is associated with 
southerly winds along the African coast. The wind maximum is shifted slightly offshore resulting 
in a cyclonic wind stress curl in near-coastal areas. Both alongshore winds and cyclonic wind stress 
curl drive the upwelling in the sBUS and nBUS, which supplies the nutrients for the high primary 
productivity. In the tAUS, north of the Angola-Benguela Frontal Zone, winds are weak and the 
upwelling is mostly associated with the propagation of coastal trapped waves mainly forced via 
equatorial Kelvin waves impinging at the eastern boundary. Mixing during the upwelling wave 
phases plays the major role in supplying nutrients to the euphotic zone. Further to the north, south 
of the equator, high primary productivity is associated with nutrient input from the Congo River. 
Low-oxygen regions that extend far into the open ocean are found mainly north of the Angola-
Benguela Frontal Zone and south of the equator. Further to the south, mostly associated with high 
productivity and enhanced oxygen consumption, low-oxygen regions (partly even anoxic regions) 
can be found on the shelf in the nBUS and locally in the sBUS 

sBUS (Fig. 9.4). Oceanic oxygen conditions reveal the existence of a deep OMZ 
in the tAUS, extremely low-oxygen conditions on the shelf in the nBUS and only 
locally low-oxygen conditions in shallow waters on the shelf in the sBUS (Fig. 9.5). 
The three subsystems are described in the following subsections.
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Fig. 9.3 Climate mean-state in the eastern boundary upwelling system of the South Atlantic. (a) 
Surface wind velocity (arrows; m s−1), wind speed (solid grey lines; m s−1) and wind stress curl 
(color shading; N m−3) computed from ASCAT records over 2008–2020 (Ricciardulli and Wentz 
2016). (b) SST (color-shading; ◦C) and SST-based upwelling index calculated as described in 
Bordbar et al. (2021) (solid white lines; ◦C) derived from MODIS-Aqua data from 2003 to 2020. (c) 
Chlorophyll-a concentration (color-shading; mg m−3) computed from the MODIS-Aqua product 
between 2003 and 2020 (NASA Goddard Space Flight Center 2018). Note that solid lines in (c) 
indicate 1.0 and 4.0 mg m−3 chlorophyll-a concentration 

9.2.1 The Tropical Angolan Upwelling System 

The near-coastal area between the Congo River mouths and the ABFZ hosts the 
tAUS. It is characterized by a tropical stratification with fresh and warm waters at the 
surface located above saltier waters below. Freshwater input is due to precipitation 
and the main rivers, the Congo with the river mouth at about 6◦S and the Cuanza 
at about 9◦S. Along the coast, a weak southward current, the AC, transports SACW 
from the equatorial region toward the ABFZ (Tchipalanga et al. 2018). The mean 
core velocity of the AC at 11◦S was found to be only 5–8 cm s−1 at a depth of about 
50 m superimposed by substantially stronger intraseasonal, seasonal and interannual 
variability (Kopte et al. 2017). Alongshore winds and near-coastal wind stress curl 
are generally weak and are not suitable to produce a mean wind-driven upwelling 
system as it is found further south in the nBUS (Ostrowski et al. 2009; Zeng et al. 
2021). 

The oxygen distribution off Angola is characterized by the presence of an eastern 
boundary OMZ that was first described using data from the German Atlantic Meteor 
Expedition by Wattenberg (1929). It is located between the oxygen-richer regions at 
the equator and the paths of the BC and sSEC (Fig. 9.1c). The OMZ is a consequence 
of reduced oxygen supply in the shadow zones of the ventilated thermocline as 
theoretically predicted by Luyten et al. (1983) in combination with enhanced oxygen 
consumption due to high primary productivity. Dissolved oxygen concentration in 
the OMZ off Angola was measured regularly below 35 μmol kg−1 with lowest
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Fig. 9.4 Climatological seasonal cycles in the eastern boundary upwelling system of the South 
Atlantic. (a) Ekman offshore transport (color shading; m2 s−1) and wind stress curl-driven 
upwelling velocity (contours; m d−1), (b) SST (color shading; ◦C) and the upwelling index based 
on SST (contours; ◦C), and (c) chlorophyll-a concentration (color shading; mg m−3) and sea level  
anomaly (contour; cm). In (a) Ekman transport is the zonal transport in the nearest grid point 
to the coast, whereas the wind stress curl-driven upwelling, SST, SST-based index, chlorophyll-a 
concentration and sea level anomaly were averaged over a 150 km band along the coast. The 
reference period for (a) and (b) is 2008–2020 and 2003–2020, respectively. The climatological 
monthly mean for chlorophyll-a concentration and sea level anomaly in (c) were computed over 
2003–2020 and 1993–2018, respectively 

a) 

306090 
Distance to the coast [km] 

0 

100 

200 

300 

400 

500 

600 

D
ep

th
 [m

] 

b) 

0306090120150 
Distance to the coast [km] 

0 

100 

200 

300 

400 

500 

600 

c) 

0306090120150180 
Distance to the coast [km] 

0 

100 

200 

300 

400 

500 

600 20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 

[ mol kg-1 ] 

Fig. 9.5 Mean oxygen distribution across the continental slope and shelf. (a) Dissolved oxygen 
concentration along 11◦S in the tAUS, (b) 23◦S in the nBUS and (c) 32◦S in the sBUS. Mean 
oxygen values were derived from repeat shipboard hydrographic sections 

values close to the eastern boundary at about 400 m depth (Fig. 9.5a). The OMZ 
off Angola is thus more pronounced than its northern hemisphere counterpart, but 
substantially more oxygenated than the OMZs at the eastern boundary of the Pacific 
Ocean (Karstensen et al. 2008). 

The seasonal cycle of SST is characterized by low temperatures during austral 
winter (JAS) and generally warmer waters from November to May (Fig. 9.4b). The
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seasonal cycle is mostly controlled by that of the atmospheric fluxes, specifically 
the solar radiation and the latent heat flux. Upper-ocean warming due to shortwave 
radiation experiences its annual minimum during austral winter primarily because 
of a seasonal maximum in solar zenith angle and the expansion of the stratocumulus 
cloud deck. The seasonal cooling due to the latent heat flux peaks in May which 
is associated with weak seasonal changes of relative humidity and wind speed 
(Scannell and McPhaden 2018). Sea surface salinity (SSS) is strongly reduced 
after maximum rainfall and river discharge of the Congo and Cuanza rivers at 
the beginning of the year (Sena Martins and Stammer 2022). Low-salinity waters 
are first observed in January off northern Angola directly south of the Congo 
River mouth and a few months later further to the south (Lübbecke et al. 2019). 
During some years the reduction in SSS during late austral summer and autumn 
can be observed to approach the ABFZ. A secondary minimum in SSS is regularly 
observed in November and December (Kopte et al. 2017). 

The generally weak winds undergo a seasonal cycle with weakest southerly 
(upwelling-favorable) winds during the main upwelling season from July to Septem-
ber corresponding to a reduced Ekman offshore transport (Fig. 9.4a). Similarly, the 
wind stress curl-driven upwelling is particularly weak during austral winter north 
of the ABFZ (Fig. 9.4a). Thus, the winds are suggested not to be responsible for 
the high primary productivity occurring off Angola during this period (Fig. 9.4c) 
(Ostrowski et al. 2009; Zeng et al. 2021). The seasonal upwelling and downwelling 
phases in the tAUS associated with the upward and downward movement of 
the thermocline (Kopte et al. 2017) are instead predominantly remotely forced 
from the equatorial Atlantic. Semiannual wind forcing along the equator generates 
semiannual equatorial Kelvin waves that, when arriving at the eastern boundary, 
transfer part of their energy into poleward propagating coastal trapped waves. These 
waves can be observed in sea level anomaly (SLA) data, where elevated sea level 
indicates a depressed thermocline and vice-a-versa. Maxima in SLA are observed 
along the eastern boundary off Angola in February and October corresponding to 
the onset of the main and secondary downwelling seasons, respectively. The months 
of June and December mark the onset of the main and secondary upwelling seasons, 
coinciding with the observed minima in SLA during these periods (Fig. 9.4c) 
(Rouault 2012). The enhanced seasonal cycle of SLA along the eastern boundary 
could be related to a resonance of the equatorial basin established by eastward 
and westward propagating equatorial Kelvin and Rossby waves, respectively. At 
the eastern boundary, this resonance results in an enhancement of the semiannual 
and annual cycles, however, of different vertical structure (second baroclinic mode 
for the semiannual cycle compared to a higher baroclinic mode of the annual cycle) 
(Brandt et al. 2016; Kopte et al. 2018). 

The stratification of the upper ocean in the tAUS is related to the vertical 
movement of the thermocline and further impacted by atmospheric heat and 
freshwater fluxes and river run-off. Strong upper-ocean stratification is observed 
during the downwelling seasons (February to April and October, November), while 
the stratification is weak during July to September (Kopte et al. 2017; Zeng et al. 
2021). In the absence of upwelling-favorable winds, vertical mixing might be the 
main process responsible for the upward transport of nutrients into the euphotic
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zone. Zeng et al. (2021) could indeed show by using a tidal model that mixing 
induced by internal tides generated at the continental slope and propagating toward 
the coast contribute to near-coastal mixing (i.e., water shallower than 50 m) and 
associated local reduction of SST. Higher primary productivity during the main 
upwelling season could be explained as a result of weaker stratification: while the 
tidal energy available for mixing is almost constant throughout the year, the reduced 
stratification during austral winter allows stronger mixing and results in enhanced 
surface cooling and upward nutrient supply near the coast. 

Superimposed on the seasonal cycle are intraseasonal or subseasonal fluctuations 
most prominently visible in SLA data and subsurface moored velocity records 
(Kopte et al. 2017; Polo et al. 2008). They are associated with coastal trapped 
waves either locally generated by local wind fluctuation or remotely generated 
along the equator or even further upstream in the tropical North Atlantic (Illig et 
al. 2018; Imbol Koungue and Brandt 2021). Contrary to the eastern boundary in the 
South Pacific, where such waves can coherently be observed in SLA data from the 
equator to about 27◦S, in the South Atlantic the signal fades out already at 12◦S. 
The difference could be explained by the higher baroclinic modes in the Atlantic 
compared to the Pacific, where the first baroclinic mode dominates, resulting in 
a stronger dissipation of wave energy along its path in the Atlantic (Illig et al. 
2018). Intraseasonal coastal trapped waves off Angola show particular spectral 
peaks at about 90 and 120 days. These waves are mostly associated with remote 
equatorial forcing either by zonal wind forcing in the eastern equatorial Atlantic 
(90-day waves) or by the establishment of a resonant equatorial basin mode (120-
day waves), respectively. The superposition of the intraseasonal waves with seasonal 
or interannual waves was found to be able to enhance or reduce the seasonal cycle 
as well as to impact Benguela Niños and Niñas (Imbol Koungue and Brandt 2021). 

9.2.2 The Northern Benguela Upwelling System 

The nBUS stretches between the ABFZ in the north and the Lüderitz upwelling 
cell in the south and is the transition zone between two source water masses, 
tropical SACW and subtropical ESACW (Junker et al. 2017; Mohrholz et al. 2008). 
The SACW, that dominates the region north of about 17◦S, is warmer and more 
saline than the ESACW (Fig. 9.1c). It carries nutrients and is oxygen depleted. In 
contrast, the ESACW is well oxygenated. Over the nBUS, the fraction of SACW 
is decreasing poleward between unity near the ABFZ and almost zero near the 
Lüderitz upwelling cell. Hence, temperature and salinity but also the macronutrient 
and oxygen concentrations vary throughout the nBUS. 

Figure 9.6, which represents a long-term average (2002 to 2016) produced from 
output of an ocean circulation model (Bordbar et al. 2021; Siegfried et al. 2019), 
shows the general circulation pattern guiding SACW and ESACW toward the nBUS. 
The simulated flowlines shown here follow the isopycnal σθ=26.3 kg m−3. Since 
potential density of a water mass is conserved below the surface layer, flowlines 
on a certain density level depict the spreading of the water mass with this specific
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Fig. 9.6 Circulation and characteristics of the core water mass that upwells along the Southwest 
African coast. The water mass is defined by the potential density σθ = 26.3 kg m−3. (a) Depth of the  
isopycnal σθ = 26.3 kg m−3 overlaid with flowlines. (b) Salinity on the isopycnal σθ = 26.3 kg m−3 

overlaid with flowlines. The isopycnal σθ = 26.3 kg m−3 outcrops in the nBUS and the sBUS with 
water upwelling into the surface layer. The upwelled water originates from different source regions. 
The salinity distribution reveals the role of the nBUS as a mixing hotspot between water of tropical 
and subtropical origin. Results are derived from an ocean circulation model 

density. Figure 9.6a shows the depth of the σθ=26.3 kg m−3 isopycnal. Water with 
this density outcrops and is upwelled in the nBUS and the sBUS, indicating it as 
a core water mass of the whole BUS. Also, in the north at around 8◦E, 14◦S, the 
σθ=26.3 kg m−3 isopycnal is elevated and associated with a cyclonic flow pattern. 
Some flowlines are continuing from the northern rim of this pattern into the nBUS 
suggesting the transport of warm and high-saline SACW from the tropical Atlantic 
into the nBUS (Lass and Mohrholz 2008). Similarly, flowlines starting in the south, 
e.g., at 35◦S near the eastern boundary (Fig. 9.6), ending up in the nBUS revealing 
the northward transport of cold and fresh ESACW. 

The long-term averaged flow is essentially in Sverdrup balance (Mohrholz et 
al. 2008; Siegfried et al. 2019; Small et al. 2015) by which the wind stress curl 
(Fig. 9.3a) determines the vertically integrated circulation. The simulated circulation 
shown in Fig. 9.6 is more general and also considers baroclinic details. However, 
its large-scale flow features can be understood from the Sverdrup balance: The 
northwestward flow off Namibia and South Africa (cf. BOC in Fig. 9.1) is related 
to the large-scale anticyclonic wind stress curl (Fig. 9.3a). In turn, the broad band of 
the southeastward directed flow off Angola corresponds to the area with weak but
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extended cyclonic wind stress curl. The Sverdrup balance also explains the sudden 
westward turn of the flow at about 16◦S as related to a permanently present patch 
of strongly enhanced cyclonic wind stress curl in the Kunene upwelling cell (Fig. 
9.3a). South of the ABFZ the numerical model results show a strong poleward flow 
that leaves the shelf with another westward turn near the Lüderitz upwelling cell at 
about 26◦S. 

The almost alongshore wind drives the coastal upwelling in the entire nBUS 
(Bordbar et al. 2021; Junker et al. 2015; Lass and Mohrholz 2008). The upwelled 
water is SACW and ESACW originating from just below the surface mixed layer 
down to approximately 200 m depth (Siegfried et al. 2019). It forms a narrow 
coastal band of nutrient-enriched surface water with relatively low temperature and 
enhanced chlorophyll-a concentration, which is visible in satellite-derived data (Fig. 
9.3). In the nBUS the SST contrast between coast and open ocean locally amounts 
to more than 3◦C (Fig. 9.3b) and is particularly large in the area between Walvis 
Bay and Lüderitz (Fig. 9.1). Here, features like fronts and filaments are observed 
that govern the exchange of heat and matter between the coastal and the open ocean 
(Bettencourt et al. 2012; Hösen et al. 2016; Mohrholz et al. 2008; Muller et al. 2013; 
Veitch and Penven 2017). Strength and seaward extension of upwelling in the nBUS 
vary along the coast and features several upwelling cells with characteristically low 
coastal SST (Bordbar et al. 2021; Chen et al. 2012; Shannon 1985). The most 
prominent cells are the Kunene cell at 17◦S and the Lüderitz cell at 27◦S (Fig. 
9.4). Other upwelling cells are the Northern Namibian cell at 20◦S and the Central 
Namibian or Walvis Bay cell at 23◦S. The typical “coastal drop” of the alongshore 
wind off Namibia, i.e., coastal winds are weaker than the winds offshore, implies a 
cyclonic wind stress curl. The associated Ekman suction causes upwelling and plays 
an important role in the offshore region of the entire BUS (Figs. 9.3a and 9.4a) 
(Fennel 1999; Fennel et al. 2012). In general, the spatial pattern of the cyclonic 
wind stress curl narrows poleward, which matches the pattern of chlorophyll-a 
concentration fairly well (Fig. 9.3) (Bordbar et al. 2021; Fennel 1999). The Ekman 
suction shows seasonal maxima and minima appearing during different times of 
the year in the different cells. In the Kunene cell it is enhanced during March– 
October, whereas it peaks between September and April in the Walvis Bay cell at 
23◦S (Fig. 9.4a). The SST-based upwelling index is intensified between March and 
June everywhere across the nBUS (Fig. 9.4b), which follows the pattern of neither 
the coastal upwelling nor the Ekman suction. 

The wind-driven upwelling is accompanied by swift geostrophic alongshore 
currents composed of the equatorward coastal jet at the surface and the PUC, an 
offshore countercurrent at subsurface. The structure and the relative strengths of 
the different eastern boundary current branches are governed by the separation of 
the alongshore wind maximum from the coast and the magnitude of the associated 
onshore wind stress curl (Fennel 1999; Fennel et al. 2012). The coastal jet amounts 
up to about 0.4 m s−1 near the ABFZ at about 17◦S with velocities decreasing 
southward (Junker et al. 2019). In large-scale circulation maps it is often marked as 
the coastal branch of the Benguela Current (Fig. 9.1a). Associated with the reduced 
wind north of the Kunene cell, the coastal jet almost disappears there. Here, the
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Fig. 9.7 The Walvis Bay upwelling cell at 23◦S. Climatological seasonal cycles off Walvis Bay 
of (a) vertical velocity, (b) vertical mixing coefficient, (c) salinity. The quantities are the areal 
average over a 1◦ × 1◦ rectangle around 14◦E, 23◦S. The black line indicates the mixed layer 
depth. The monthly climatology (2002–2016) is derived from the results of an ocean circulation 
model forced by observed momentum, heat and mass fluxes (Bordbar et al. 2021; Siegfried et al. 
2019). Climatological seasonal cycles of (d) meridional transport and (e) water mass composition 
(SACW vs. ESACW) at 63 m (red line) and 93 m (blue line) based on data from a mooring operated 
from 2003 to 2016 at 14◦E, 23◦S (Junker et al. 2017). Note that positive (negative) values in (d) 
indicate equatorward (poleward) transport. Whiskers represent the monthly climatological standard 
deviation 

AC arriving from the north merges with PUC and continues southward through the 
ABFZ into the nBUS (Mohrholz et al. 2008). 

In the following, we will describe the physical processes within the Walvis Bay 
upwelling cell at 23◦S based on results from an ocean model simulation (Bordbar 
et al. 2021; Siegfried et al. 2019) and measurements taken by a long-term mooring 
on the Namibian shelf (14◦E, 23◦S) at a water depth of about 130 m (Junker et 
al. 2017). The vertical velocity (Fig. 9.7a) is primarily driven by the alongshore 
wind and peaks near the mixed layer depth (Fennel et al. 2012). Its seasonal cycle 
follows that of the alongshore wind with maxima in April and October. The mixed 
layer deepens from June to September concurrent with the lowest seasonal SST 
(Fig. 9.4b). Vertical mixing (Fig. 9.7b) forces entrainment of subsurface water into 
the surface mixed layer and is controlled by both, the seasonal cycle of the wind 
and the net surface heat flux. The maximum vertical mixing occurs in July and is 
concurrent with surface cooling (Fig. 9.4b) and deepening of the mixed layer. The 
seasonal variation of the salinity off Walvis Bay is visible over the entire upper 200 
m depth (Fig. 9.7c). Salinity exhibits a seasonal maximum in April and a minimum 
in September corresponding to a dominance of SACW and ESACW, respectively. 
The meridional transport on the shelf as observed at the mooring position (Fig. 9.7d) 
(Junker et al. 2017; Mohrholz et al. 2008) shows a seasonal flow reversal that can be 
attributed to the seasonal cycle of the local wind stress curl (Junker et al. 2015). The 
observed flow is directed poleward from October–April and directed equatorward 
from March–September, which leads to the alternating influences of SACW and
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ESACW on the Namibian shelf visible in the water mass fractions as obtained from 
moored hydrographic measurements (Fig. 9.7e). Mohrholz et al. (2008) showed that 
this alternation regulates the oxygen concentration on the Namibian shelf as well. 
Local oxygen consumption further modifies the oxygen conditions on the shelf and 
shapes the very specific ecosystem (Schmidt and Eggert 2016). 

9.2.3 The Southern Benguela Upwelling System 

The northern and southern Benguela upwelling systems are separated by the 
perennial Lüderitz upwelling cell, where the continental shelf also narrows abruptly 
toward the north. The sBUS extends southward from the Lüderitz cell along the 
entire west coast of South Africa and eastward to Cape Agulhas along the south 
coast (Boyd and Nelson 1998). Whereas the large-scale, depth integrated flow 
regime of the nBUS, from the ABFZ to Lüderitz, is driven by the alongshore winds 
and the wind stress curl, the large-scale dynamics of the sBUS is dominated by 
nonlinearities via turbulence associated with the shedding of Agulhas Rings, eddies 
and filaments at the Agulhas retroflection south of the African continent (Veitch et 
al. 2010). This intense offshore turbulence within the Cape Basin is unique among 
eastern boundary upwelling systems and presents itself as a distinct juxtaposition 
to the relatively quiescent shelf region of the sBUS (Veitch et al. 2010). Intense 
submesoscale variability in the Cape Basin leads to extreme vertical motions that 
have been shown to reduce productivity in coastal upwelling regions (Gruber et al. 
2011) as well as in the offshore domain of the sBUS (Rossi et al. 2008). 

The transition between the relatively quiescent shelf and the turbulent offshore 
region is marked by an intensified shelf-edge jet (SEJ) (Fig. 9.1a). It arises from 
the geostrophic adjustment of the particularly intense temperature front between 
the strongly seasonal cold upwelling regime at the coast and offshore waters that 
are warmed and modulated by highly variable influx of Agulhas waters (Veitch 
et al. 2018). This jet not only has an important role in transporting fish eggs and 
larvae from their spawning ground on the Agulhas Bank to their nursery area in St 
Helena Bay (Hutchings et al. 2009), it also limits cross-shelf exchanges (Barange 
and Pillar 1992; Pitcher and Nelson 2006). Despite seasonal and higher frequency 
modulations, the jet is a permanent feature (Nelson and Hutchings 1983) that tends 
to be situated over the 200–500 m isobaths and has been described as a convergent 
north-west oriented system on the western Agulhas Bank that funnels into the west 
coast (Shannon and Nelson 1996), bifurcating at Cape Columbine (32◦50′S) where 
its inshore section veers into St Helena Bay (Lamont et al. 2015). 

Satellite imagery (Demarcq et al. 2007; Lutjeharms and Stockton 1987) and 
model studies (Veitch and Penven 2017) have revealed that upwelling filaments 
in the southern Benguela do not extend as far offshore as their northern Benguela 
counterparts. The mean position of the upwelling front is approximately coincident 
with the location of the shelf-edge (Shannon 1985) and is commensurate with the 
frontal system that drives the intense SEJ. The limited offshore extent of upwelling 
filaments is therefore related both to the turbulent influx of warm Agulhas waters
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beyond the shelf-edge as well as to the SEJ that serves to inhibit their offshore 
expansion. While this frontal system helps to maintain the retentive nature of the 
southern Benguela shelf, it also contributes to the generation of cyclonic eddies that 
have been observed to form throughout the year in the vicinity of the upwelling 
front along the 200 m isobath (Lutjeharms and Stockton 1987) and to migrate 
predominantly in a west-southwestward direction (Hall and Lutjeharms 2011). The 
modeling results of Rubio et al. (2009) confirmed their generation at the upwelling 
front followed by their offshore migration, but also quantified the huge volume 
of water they carry, that could potentially be highly productive coastal waters 
transporting fish eggs and larvae from the Agulhas Bank to St Helena Bay as well 
(Hutchings et al. 1998). 

Upwelling is strongly seasonal in the sBUS, being strongest during austral spring 
and summer months (Fig. 9.4a) and modulated with a period of 5–6 days due to the 
passage of cyclones and continental lows (Nelson and Hutchings 1983). Discrete 
upwelling cells are located in regions of enhanced wind stress curl and primarily 
where there are changes in coastline orientation (Lamont et al. 2018; Shannon and 
Nelson 1996). The two southernmost cells on the west coast, Cape Columbine and 
Cape Peninsula, are associated with a narrowing of the southern Benguela shelf and 
the only two prominent embayments of the Benguela system, namely St. Helena 
Bay and Table Bay. During active upwelling periods a cold plume develops at the 
distinct promontory of Cape Columbine (Taunton-Clark 1985), while a cyclonic 
eddy develops in its lee (Penven et al. 2000). These features produce a dynamic 
boundary between the nearshore and offshore regimes and create a highly retentive 
region within St. Helena Bay that is crucial for primary production, fish recruitment, 
but also has implications for low-oxygen water (LOW) on the southern Benguela 
shelf (Fig. 9.5c). 

Aside from the shelf-edge frontal system, the existence of multiple fronts on 
the broad southern Benguela shelf was conceptualized by Barange and Pillar 
(1992) and observed by Lamont et al. (2015) to develop and merge in accordance 
with upwelling-favorable wind conditions. The proposed mechanism of Andrews 
and Hutchings (1980) that upon reaching a front, offshore advecting particles 
follow isopycnals and are subducted has been identified as crucial for nutrient-
trapping and oxygen dynamics on the southern Benguela shelf (Flynn et al. 2020). 
This mechanism arises from secondary, ageostrophic circulations associated with 
frontogenesis and include upward (downward) velocities on the warm (cold) side of 
fronts (Capet et al. 2008). 

The boundaries of the sBUS are dominated by well-ventilated ESACW. The 
varying presence of southern Benguela LOW is therefore limited to nearshore 
regions, developing in response to local dynamics (upwelling, retention, stratifi-
cation and advection) and biogeochemical processes that are strongly dependent 
on seasonal wind fluctuations (Monteiro and van der Plas 2006). The formation 
of LOW has been observed throughout the sBUS (Jarre et al. 2015a), but occurs 
less frequently off the Namaqua shelf than within the St Helena Bay region where 
hypoxia persists throughout the year in the bottom waters (Fig. 9.5c), suggesting a 
permanent reservoir of LOW (Lamont et al. 2015). The formation of these low-
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oxygen bottom waters is driven by the decay of large phytoplankton blooms in 
the inner and mid-shelf regions during the upwelling season when retention and 
stratification is high (Pitcher and Probyn 2017). While wind mixing during winter 
months causes reoxygenation of the entire water column at nearshore stations, it 
is unable to erode the LOW reservoir at the bottom at depths greater than 50 m 
(Lamont et al. 2015). By the beginning of the upwelling season, in early austral 
spring, the shelf bottom waters are most oxygenated due to the on-shelf entrainment 
of the well-ventilated ESACW. For the duration of the upwelling season, the 
bottom oxygen concentrations within St Helena Bay progressively decrease due to 
continual draw-down of decaying organic matter. Flynn et al. (2020) demonstrated 
that nutrients available to be upwelled are augmented by regenerated nutrients from 
the previous summer and early winter that are trapped on the shelf by dynamics 
associated with the frontal system. This gives rise to enhanced primary production, 
decay and oxygen consumption. During periods of upwelling-favorable winds, the 
bottom pool of LOW is advected shoreward, priming the conditions for episodic 
anoxic events in St Helena Bay that occur toward the end of the upwelling season 
in the shallower nearshore environments, where high biomass dinoflagellate blooms 
(or “red-tides”) are retained due to persistent downwelling or to the relaxation of 
upwelling-favorable winds. Their decay causes extreme oxygen consumption and 
oxygen depletion throughout the water column, leading to rock lobster walk-outs 
(Cockcroft 2001) as well as to major fish mortalities (Matthews and Pitcher 1996). 
New high temporal resolution dissolved oxygen measurements between February 
2019 and October 2020, off Hondeklip Bay along the Namaqua shelf, revealed 
minimum oxygen concentrations during austral winter at a location offshore of 
the upwelling front suggesting the importance of lateral fluxes for the oxygen 
seasonality. This oxygen seasonality appears to be driven by the breakdown of 
the upwelling front during winter followed by periods of enhanced lateral mixing, 
which allows offshore advection of oxygen-depleted water from the nearshore 
environment (Rixen et al. 2021). 

9.3 Interannual Variability 

Around the ABFZ, SST varies from year to year with extreme warm and cold events 
occurring irregularly every few years. These events have been termed Benguela 
Niños and Niñas, respectively, to highlight their similarity to the Pacific El Niño 
phenomenon (Shannon et al. 1986). During these events, SST in the Angola-
Benguela area (ABA, 8◦E-coast; 10–20◦S) can exceed the climatological value by 
more than 2◦C (Fig. 9.8). 

Both warm and cold events typically start with an SST anomaly off the Angolan 
coast in austral fall, which then spreads into the eastern equatorial Atlantic in the 
following months (Fig. 9.9). Since they have been first described in the 1980s, 
a number of different processes that contribute to the generation of these events 
have been determined. They can be broadly classified into remote and local forcing 
mechanisms (Richter et al. 2010). Remote forcing from the equatorial Atlantic
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Fig. 9.8 Monthly detrended interannual SST anomalies (NOAA OISST) averaged in the Angola-
Benguela Area (ABA, 8◦E-coast; 10–20◦S) from January 1982 to December 2020. The red and 
blue rectangles highlight the extreme warm and cold events in the region, respectively. The 
horizontal red and blue lines show the standard deviation of the interannual SST anomalies in 
the ABA. The criterion for an extreme event is defined by an SST anomaly exceeding the threshold 
of ±1 standard deviation for at least three consecutive months 

Fig. 9.9 Temporal evolution of Benguela Niños and Niñas. Composite maps of monthly detrended 
SST anomalies derived from observations (NOAA OISST) and computed from four extreme warm 
events (1984; 1986; 1995 and 2001) for (a) 2 months before the peak, (b) 1 month before the 
peak, (c) peak, (d) 1 month after the peak, (e) 2 months after the peak. Bottom panels (f–j) show  
the same as (a–e) but computed from six extreme cold events (1982, 1983, 1992, 1997, 2004 and 
2005). Note that we included only extreme events that occurred during the period 1982–2020 and 
peaked between March and May 

happens via the propagation of equatorial and coastal trapped waves. Variations 
of the zonal wind stress in the western equatorial Atlantic excite equatorial Kelvin 
waves that propagate eastward along the equatorial waveguide. Once they reach the 
eastern boundary, part of their energy is transmitted poleward along the African 
coast as coastal trapped waves. These waves are associated with a deflection of 
the thermocline that is linked to subsurface and subsequently surface temperature 
anomalies. A weakening (strengthening) of the easterly trade winds in the western 
to central equatorial Atlantic excites a downwelling (upwelling) Kelvin wave that is 
associated with a warm (cold) subsurface temperature anomaly and a strengthening 
(weakening) of the poleward flow of tropical warm waters, leading to a positive 
(negative) SST anomaly in the ABA. Many studies have shown the importance of 
this remote forcing mechanism, both for observed individual events (Florenchie et
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al. 2003; Rouault et al. 2018) and as a dominant mechanism in generating SST 
anomalies off Angola in ocean model simulations (Bachèlery et al. 2016, 2020; 
Florenchie et al. 2004; Imbol Koungue et al. 2017; Lübbecke et al. 2010). The 
impact of interannual coastal trapped waves on near-coastal temperatures is found 
to be strongest in the tAUS and northern nBUS. Based on model simulations, 
Bachèlery et al. (2020) showed that they are dominantly associated with the second 
and third coastal trapped wave modes. Coastal trapped waves of the less-dissipative 
first mode can be traced further south eventually reaching the sBUS, but their impact 
on near-coastal temperatures is weak. 

In addition to the remote forcing, local processes can cause SST anomalies and 
lead to the generation of Benguela Niño and Niña events (Lübbecke et al. 2019; 
Polo et al. 2008; Richter et al. 2010). Variations in the local winds result in changes 
in the wind-driven upwelling of cold subsurface waters, anomalies in the latent heat 
flux from the ocean to the atmosphere and modulations of the meridional currents. 
Anomalous freshwater input from precipitation and river run-off might additionally 
impact SSTs via changes in stratification and the creation of barrier layers that 
inhibit the upward mixing of cold subsurface waters (Lübbecke et al. 2019). Illig 
et al. (2020) suggested that local wind forcing is crucial to explain the timing and 
spatial evolution of Benguela Niños and the subsequent warming in the eastern 
equatorial Atlantic. Moreover, Hu and Huang (2007) showed using reanalysis data 
that locally forced warming over the Angola-Benguela upwelling region is likely to 
generate westerly wind anomalies along the equatorial Atlantic one to two months 
later. An example of such a connection is the occurrence of the 2019 Benguela 
Niño (Fig. 9.8) recently studied by Imbol Koungue et al. (2021). This extreme warm 
event that developed along the coasts of Angola and Namibia between October 2019 
and January 2020, was found to be forced by a combination of local and remote 
forcing with local forcing leading the remote forcing by one month. Remote and 
local forcing generally can be connected via changes of the SAA (Illig et al. 2020; 
Imbol Koungue et al. 2019; Lübbecke et al. 2010; Richter et al. 2010). 

Benguela Niños and Niñas can have large impacts on the marine ecosystem as 
well as on the precipitation over Southwest Africa. The extreme warm event of 1995 
has been associated with observed mortalities in sardine, horse mackerel and kob 
(Gammelsrød et al. 1998) as well as a southward shift of the sardine population 
(Boyer and Hampton 2001). Benguela Niño events are linked to above average 
rainfall over western Angola and Namibia via enhanced evaporation and moisture 
flux (Reason and Smart 2015; Rouault et al. 2003) while Benguela Niña events are 
associated with reduced precipitation along the Angolan coast (Koseki and Imbol 
Koungue 2021). For the benefits of the southern African countries and the coastal 
communities, it is thus desirable to predict such warm and cold events. A promising 
approach toward the prediction of SST anomalies off Angola and Namibia is based 
on the time it takes the equatorial and coastal waves to cross the basin and propagate 
poleward along the coast. Imbol Koungue et al. (2017) combined data from real time 
PIRATA buoys, altimetry and outputs from an ocean linear model to define an index 
of equatorial Kelvin wave activity. In agreement with the remote forcing mechanism
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described above, they found a high correlation for a second-mode equatorial Kelvin 
wave leading SST anomalies in the ABA by one month. 

The sBUS varies primarily due to fluctuations associated with the seasonal shift 
of the SAA (Shannon and Nelson 1996). Interannual fluctuations in the sBUS, 
in terms of both upwelling strength and related LOW variability (Johnson and 
Nelson 1999; Monteiro et al. 2006), are strongly tied to variations in the SAA, 
which are related to both the phase of the Southern Annular Mode and El Niño-
Southern Oscillation (ENSO) (Sun et al. 2019). For instance, Dufois and Rouault 
(2012) and Rouault et al. (2010) demonstrated that Pacific El Niño events tend 
to be associated with a northward shift of the SAA and a concomitant reduction 
of upwelling-favorable winds and enhanced coastal SSTs in the sBUS, with the 
opposite occurring during Pacific La Niña events. While confirming the influence 
of ENSO on the position of the SAA, Sun et al. (2019) found, however, no clear 
relationship between ENSO and the upwelling strength in the sBUS, especially for 
austral winter. 

Located southwest of South Africa, the Agulhas retroflection is an important 
region of interbasin exchange of heat, salt and energy (Beal et al. 2011) and can also 
have a direct influence on the nutrient availability and biological responses observed 
on the adjacent shelf ecosystems (Roy et al. 2007; Roy et al. 2001). Interannual 
fluctuations of Agulhas leakage therefore have important implications for the sBUS. 
Using an improved method to identify the location of the core and edges of the 
Agulhas Current, a recent study by Russo et al. (2021) examined the variability 
of the Agulhas retroflection between 1993 and 2019. The Agulhas retroflection 
was located generally between 40.5–38.4◦S and 15.0–20.0◦E. Although seasonal 
variations were not statistically significant, the Agulhas retroflection extended 
further west during summer than in winter. During the 1993–2019 period, a total of 
seven events with Agulhas retroflections occurring further eastward were identified, 
with five events (1999, 2000–2001, 2008, 2013, 2019) being classified as early 
retroflections (east of 22.5◦E), and two events (2014 and 2018) associated with 
the shedding of large Agulhas Rings. Their study described that early retroflection 
events during the first half of the 1993–2019 period tended to be more extreme but 
less frequent, while the latter part of study period showed less extreme but more 
frequent events (Russo et al. 2021). Changes in the mean position of the Agulhas 
retroflection, as well as the frequency and length of early retroflection events, can 
substantially impact the influx of Agulhas Current waters. This likely influences the 
stability and maintenance of the SEJ responsible for transport of fish eggs and larvae 
from the Agulhas Bank to the west coast of South Africa (Veitch et al. 2018). 

9.4 Decadal Variations and Multidecadal Trends 

Compared to the global average, the southeastern tropical Atlantic experienced 
moderate sea surface warming during the last 40 years (Bulgin et al. 2020). For the 
Southwest African coast, Sweijd and Smit (2020) reported the strongest warming 
trend near the ABFZ of more than 0.4◦C decade−1 from 1981 to 2019. Warming
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Fig. 9.10 Observed decadal trends in SST and oxygen. SST trends during (a) austral winter and 
(b) late austral summer evaluated between 1982 and 2017 using ERA5 reanalysis data (Hersbach et 
al. 2020). Black contours indicate seasonal mean SST. Grey dots indicate that the linear regressions 
are significant at the 95% level according to the Student’s t-test. (c) Dissolved oxygen trend in 100– 
500 m (μmol kg−1 decade−1) for the period 1960–2010. Black contours indicate mean 100–500 m 
oxygen concentration. Oxygen data is from Schmidtko et al. (2017) 

was particularly enhanced in the tAUS and northern nBUS in comparison to the 
southern nBUS and the sBUS partly even showing cooling trends (Fig. 9.10). 
Seasonally warming patterns differ substantially with strongest warming during 
the satellite period observed during late austral summer with more than 0.3◦C 
decade−1 (Fig. 9.10b). Vizy and Cook (2016), using high-resolution observations 
and reanalysis datasets over the period 1982–2013, showed from the analysis of 
the ocean surface heat balance that the austral summer SST warming trend along 
the Angolan/Namibian coast is associated with an increase in net surface heat 
flux. In addition, they showed a decrease in coastal upwelling due to atmospheric 
circulation changes related to a poleward shift of the SAA and an intensification of 
the Southwest African thermal low. The observed warming that varied substantially 
among different SST datasets was found to be associated with a slight southward 
shift of the ABFZ only (Prigent et al. 2020a; Vizy et al. 2018). However, only weak 
changes in the latitude of the front are expected as the position is largely determined 
by the shoreline orientation, bathymetry and associated wind stress (Shannon et al. 
1987).
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Upper-ocean decadal changes are well-detectable using data from the Argo 
observation program. Since 2000 the oceans have been filled with Argo floats 
continuously measuring temperature and salinity from the surface down to 2000 
m of the water column within 10-day cycles (Desbruyères et al. 2017; Roemmich 
et al. 2015). From Argo observations, Roch et al. (2021) suggested that the 
southeastern Atlantic around the ABFZ is shifting from subtropical to tropical 
upper-ocean conditions. In this region, the vertical stratification maximum of the 
thermocline/pycnocline is located only slightly below the mixed layer. Hence, 
upper-ocean stratification changes can be assumed to be closely linked to mixed 
layer changes. The trend pattern of the vertical stratification maximum in the 
southeastern Atlantic that was derived following Roch et al. (2021), reveals a 
stratification increase of up to 30% decade−1 within 7–25◦S for the time period 
of 2006–2020 (Fig. 9.11a). This area is located around the ABFZ. North of this 
region, which is actually the area with highest stratification values in the mean 
field, the stratification is decreasing. South of 30◦S stratification changes are rather 
weak. The mixed layer depth shows a strong shoaling trend of around 8 m decade−1 

within 5◦E-coast, 2–18◦S during the 2006–2020 period (Fig. 9.11b). This overlaps 
regionally with the area of the largest stratification increase. Clearly, the shoaling 
trend of the mixed layer cannot continue in the long-term as the mixed layer 
thickness has to reach a lower limit. North and south of this region the mixed layer 
is deepening. Within 30–40◦S and west of the 0◦-meridian, the deepening is largest 
with almost 10 m decade−1. 

The pronounced stratification enhancement in the area around the ABFZ is 
associated with a warming and freshening of the mixed layer (up to 2◦C decade−1 

and around 0.3 g kg−1 decade−1, respectively, Fig. 9.11c and d). North and south 
of this region the mixed layer temperature depicts a cooling trend (Fig. 9.11c). 
However, along the coast from 30◦S to Cape of Good Hope, a relatively weak 
warming trend (up to 0.5◦C decade−1) can be observed. In contrast, the freshening 
of the mixed layer can be found all the way south to 40◦S. Yet, east of the 35.8 g 
kg−1 isohaline from the mean field, no trend is found (Fig. 9.11d). 

To conclude, the observed enhancement of stratification around the ABFZ during 
the Argo observation period (2006–2020) together with the warming, freshening 
and shoaling of the mixed layer resulted in a southward expansion of background 
conditions associated with tropical upwelling systems (Roch et al. 2021). Besides in 
the equatorial region, the decrease in stratification can be associated with a cooling 
and salinification of the mixed layer. In contrast, off the coast of South Africa and 
southern Namibia weak trends can be observed including a slight warming and a 
deepening of the mixed layer. 

Long-term changes have also been observed in the occurrence of Benguela Niño 
and Niña events. Prigent et al. (2020a) reported, relative to the period 1982–1999, an 
about 30% reduction of the March–April–May interannual SST variability around 
the ABFZ during 2000–2017 (Fig. 9.12). The weakened interannual ABA SST 
variability goes along with a reduced influence of the remote forcing by equatorial 
wind stress variability (cf. Sect. 9.3). Indeed, the lower zonal wind stress variability 
in the western equatorial Atlantic reported by Prigent et al. (2020b) tends to reduce
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Fig. 9.11 Observed decadal trends of vertical stratification maximum and mixed layer properties. 
Trends inferred from Argo data for the period 2006–2020 for (a) vertical stratification maximum, 
(b) mixed layer depth, (c) mixed layer temperature and (d) mixed layer salinity. Trends are 
computed from the anomalies relative to the climatological seasonal cycle. Grey contour lines 
show the mean fields for the period of 2006–2020, respectively. Labels of the contour lines in (a) 
need to be multiplied by 10−3 to receive the squared Brunt-Väisälä frequency, N2 [s−2]. A positive 
trend of MLD refers to mixed layer deepening. Areas where the trend is not of 95% significance 
are stippled. Adapted from Roch et al. (2021) 

the equatorial Kelvin wave activity that is an important driver of SST variability 
in the ABA (Imbol Koungue et al. 2017). In addition, the strong link between 
the fluctuations in the SAA strength and ABA SST (Lübbecke et al. 2010) has 
diminished since 2000. The Angola-Benguela region and the equatorial Atlantic are 
known to be strongly connected (Hu and Huang 2007; Illig et al. 2020; Lübbecke 
et al. 2010; Reason et al. 2006) and interannual SST variability has indeed also 
weakened along the equator. In particular, a 31% reduction of the interannual 
May–June–July SST variability was found in the eastern equatorial Atlantic (20◦W-
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Fig. 9.12 Weakening of 
interannual SST variability in 
the southeastern Atlantic. 
Difference of 
March–April–May SST 
anomalies standard deviation 
between 2000–2017 and 
1982–1999 from ERA5. The 
blue shading depicts a 
reduction of the SST 
variability during 2000–2017 
relative to 1982–1999. 
Adapted from Prigent et al. 
(2020a) 

0◦; 3◦S-3◦N) since 2000. The weakened SST variability in the eastern equatorial 
Atlantic was attributed to the reduced positive ocean-atmosphere feedback, the so-
called Bjerknes feedback and increased thermal damping (Prigent et al. 2020b; 
Silva et al. 2021). Previously, Tokinaga and Xie (2011) reported a reduction of the 
eastern equatorial Atlantic variability over the period 1950–2009. They attributed 
the reduction in SST variability to a basin-wide warming, which is most pronounced 
in austral winter, reducing the annual cycle through positive ocean-atmosphere 
feedback. 

The warming of the upper ocean during the recent decades is suggested to be the 
main reason for the ongoing deoxygenation of the ocean (Schmidtko et al. 2017). 
It is mainly attributed to a reduction of the oxygen solubility in warmer waters, 
but other mechanisms such as reduced subduction due to enhanced stratification or 
enhanced biological productivity might play a role as well (Oschlies et al. 2018). 
Downward oxygen trends and an expansion of the OMZ in the southeastern tropical 
Atlantic were first reported by Stramma et al. (2008). For the 100–500 m layer that 
include the core depth of the southeastern tropical Atlantic OMZ, available data for 
the period 1960 to 2010 predominantly suggests a deoxygenation in the southeastern 
Atlantic (Schmidtko et al. 2017). Oxygen reduction seems to be more confined to the
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eastern boundary in the south. Near the ABFZ, oxygen concentrations might even 
increase (Fig. 9.10c). While the long-term oxygen trends (1960–2010) presented 
by Schmidtko et al. (2017) largely represent open-ocean conditions and are based 
on relatively sparse data coverage in the South Atlantic, Pitcher et al. (2021) found 
in 20-year oxygen time series taken at the shelf and continental slope off Walvis 
Bay, 23◦S, no discernible deoxygenation trend. Along the southern Benguela coast 
Pitcher et al. (2014) reported no significant deoxygenation trend over the past 50 
years as well, but an increase in the frequency of episodic anoxic events during 
recent years. The lack of long-term trends in dissolved oxygen concentrations on the 
shelf may be associated with the lack of significant phytoplankton biomass changes 
observed in this region (Lamont et al. 2019). 

The general expectation is that long-term changes in upwelling-favorable winds, 
and hence the frequency and intensity of upwelling events, will result in variations 
in phytoplankton production and biomass on similar scales (Verheye et al. 2016), 
with related consequences for LOW formation and zooplankton biomass. However, 
to date, in situ and satellite observations have been unable to demonstrate clear link-
ages between physical forcing and subsequent ecosystem responses. For the African 
Large Marine Ecosystems, Sweijd and Smit (2020) found a general warming around 
Africa varying between 0.1 and 0.4◦C decade−1, while trends in productivity 
are much more heterogeneous with a tendency of enhanced productivity in the 
nBUS and sBUS and reduced productivity in the ABFZ. Besides the long-term 
warming in the nBUS, decreases in upwelling-favorable winds have been observed 
(Jarre et al. 2015b). Additionally, Lamont et al. (2018) reported substantially less 
upwelling-favorable wind in the nBUS since 2009, with a tendency toward fewer 
upwelling days and an increase in the number of events as upwelling has become 
less continuous. In contrast, the sBUS has shown a tendency toward increased 
upwelling and hence, long-term cooling (Lamont et al. 2018; Rouault et al. 2010). 
Annual to multidecadal variations in upwelling have been associated with shifts in 
the magnitude and position of the SAA, which drives upwelling-favorable winds in 
the region. Southward shifts of the SAA (Jarre et al. 2015b) appear to be responsible 
for the increased upwelling in the sBUS, with concomitantly less upwelling in 
the northern nBUS. Generally increasing phytoplankton biomass levels appear to 
be associated with the overall reduction in upwelling, as well as reduced grazing 
pressure from zooplankton communities, on the northern Benguela shelf (Lamont 
et al. 2019). In contrast, in the sBUS, increases in phytoplankton biomass levels 
on the Agulhas Bank during summer seem to be related to elevated nutrient 
levels arising from the observed increase in upwelling-favorable winds. Generally, 
the correspondence between long-term changes in upwelling-favorable winds and 
phytoplankton biomass on the west coast of South Africa has been more variable, 
with clear seasonal differences (Lamont et al. 2019).
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9.5 Summary, Discussion and Recommendation for the Future 
Observing System 

In this chapter we have presented a general view of our current understanding of the 
physical drivers of the eastern boundary upwelling system of the South Atlantic. 
The first part presents a description of the mean and the seasonal cycle of the 
eastern boundary upwelling system with a focus on local wind and remote equatorial 
forcing, tidal mixing and eddies. The description of the climatological situation is 
followed by observational evidence of the interannual variability including extreme 
warm and cold events, i.e., Benguela Niños and Niñas, as well as fluctuations in the 
Agulhas leakage. Decadal and multidecadal changes that are evident in the available 
observational datasets might be associated with internal variability of the climate 
system or with ongoing climate change due to global warming. Here, we showed 
evidence of long-term warming particularly enhanced near the ABFZ, of ocean 
deoxygenation particularly in the region of the deep OMZ, and also a reduction 
in the interannual variability associated with long-term thermocline deepening and 
strengthening stratification. 

The upwelling system is separated into three subsystems: (1) the seasonally 
varying, mixing-driven tAUS, (2) the permanently wind-driven nBUS and (3) 
the seasonally varying, wind-driven sBUS. Seasonal variations in the tAUS are 
dynamically driven via the propagation of equatorial and coastal trapped waves 
that are remotely forced in the equatorial Atlantic. When arriving in the tAUS, 
the dominantly semiannual, coastal trapped waves are associated with upward 
and downward movements of the thermocline. Primary and secondary upwelling 
seasons are then established during phases of elevated thermocline in July/August 
and December/January, respectively. The upward nutrient supply during phases of 
elevated thermocline and reduced upper-ocean stratification is induced by vertical 
mixing predominantly forced by internal tides generated at the continental slope and 
shelf edge. The resulting productivity maximum in August is found to be delayed 
by about a month relative to the upwelling wave phases (Fig. 9.4c). 

The nBUS and sBUS are wind-driven upwelling systems with localized enhanced 
upwelling cells, i.e., the Kunene, Northern Namibian, Walvis Bay and Lüderitz 
cells. Both regions, the nBUS and the sBUS, can be differentiated by their seasonal-
ity: while the sBUS is characterized by a strong seasonal cycle with enhanced wind 
forcing in austral spring and summer, the nBUS is a permanent upwelling system. 
Both the alongshore winds and the cyclonic wind stress curl that is established by 
the offshore displacement of the BLLCJ and the resulting onshore weakening of 
the wind are important mechanisms of near-coastal upwelling. Besides the wind 
forcing, the sBUS is strongly impacted by the turbulence associated with the 
shedding of Agulhas rings, eddies and filaments. 

The observational record generally shows a warming trend of the sea surface 
since the 1980s, which is strongest in the ABFZ. While there is mostly warming 
in the nBUS, temperature data from the sBUS also indicate local cooling trends 
(Fig. 9.10a, b). A differential behavior of near-coastal and open ocean SST under
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Fig. 9.13 Projected centennial sea surface temperature and wind changes in the South Atlantic. 
Difference of mean SST between 2070–2099 and 1970–1999 (shading) and difference of mean 
surface wind velocity between 2070–2099 and 1970–1999 (black arrows) from CMIP6 ensemble. 
CMIP6 ensemble mean surface wind velocity during 1970–1999 are shown as grey arrows. The 
CMIP6 ensemble is composed of 21 models. Prior to analysis the CMIP6 model data were 
interpolated on a common 1◦×1◦ grid 

climate warming was suggested by Bakun (1990) as a consequence of intensifying, 
upwelling-favorable winds due to increased air-temperature and sea-level pressure 
gradients between ocean and continent. To test this hypothesis, Sydeman et al. 
(2014) analyzed the available literature and found for the BUS evidence for a wind 
intensification only south of about 20◦S. Such pattern, however, was found to be in 
general agreement with a southward shift of the SAA (Jarre et al. 2015b). 

To further examine the mean SST response to sustained anthropogenic global 
warming, the worst-case scenario of the Shared Socioeconomic Pathway 5-8.5 
(SSP5-8.5) applied to 21 General Circulation Models participating to the sixth phase 
of the Coupled Model Intercomparison Project (CMIP6) (Eyring et al. 2016) is used. 
Together with the equatorial Atlantic around 20◦W, the Southwest African coast 
from 5◦S to 30◦S depicts the strongest warming (Fig. 9.13). Relative to 1970–1999, 
during 2070–2099 the SST in the region 0–10◦S, 5–15◦E (10–20◦S; 5–15◦E) is 
projected to increase by 3.2◦C (3.3◦C). In addition to the SST changes, the surface 
wind velocity field is also projected to change. Relative to 1970–1999, during 2070– 
2099, two major changes appear (Fig. 9.13): (1) the equatorial Atlantic easterly 
winds are found to decrease, (2) the southerly winds off Southwest Africa increase 
(decrease) south (north) of 20◦S. The wind changes are in general agreement with
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a southward shift of the SAA (Yang et al. 2020) leading to a weakening of the 
southerly, upwelling-favorable winds in the tAUS and the northern nBUS and 
strengthening winds in the southern nBUS and sBUS (Lima et al. 2019). 

Differences in the driving mechanisms of the different regions, i.e., the tAUS, 
nBUS and sBUS, may result in different responses to future changes associated 
with climate warming. Projections for the tAUS indicate a further reduction of 
already weak upwelling-favorable winds. This region is likely more impacted by 
the warming and associated increase in stratification. A likely scenario includes a 
reduction of the thermocline response to remote equatorial forcing resulting in a 
weakening of seasonal and interannual variations. The prediction of corresponding 
changes of the marine ecosystem would require the understanding of the response 
of vertical mixing to temporal and spatial changes in the stratifications at the 
upper continental slope and shelves. The nutrient supply that fuels the primary 
productivity in the tAUS was suggested to be associated with vertical mixing 
induced dominantly by internal tides. It was found to be weaker for stronger 
stratification (Zeng et al. 2021), thus representing a possible mechanism how 
increased stratification in a warming climate might impact the marine ecosystem. 

In accordance with a recent study by Wang et al. (2015), our results obtained 
from the analysis of the CMIP6 simulations suggest that the coastal upwelling will 
become more intense in the sBUS, while in the northern nBUS, similarly to the 
tAUS, upwelling-favorable winds are weakening. Wang et al. (2015) additionally 
suggested a change in the timing of upwelling with the upwelling season starting 
earlier and ending later at high latitudes (sBUS) and only weak changes at low 
latitudes (nBUS). This is also in agreement with a general poleward expansion of 
the tropics. Changes in the stratification suggest that a tropical stratification with 
fresh and warm surface waters expands southward into regions where surface waters 
are characterized by a salinity maximum (Roch et al. 2021). 

While ocean warming and associated physical processes such as reduced oxygen 
solubility in seawater and reduced vertical exchange will be a dominant factor in 
expected future oxygen changes, low-oxygen regions in shallow waters on the shelf 
largely depend on the biological productivity and the related oxygen consumption. 
Here, strong interactions between physical and biological processes are expected 
but are not well understood for the present upwelling systems (Lamont et al. 2019). 
In general, current coupled physical–biogeochemistry–biological models do not 
reproduce observed patterns for oxygen changes in the ocean’s thermocline making 
regional projections of future oxygen changes highly uncertain (Oschlies et al. 
2018). 

While CMIP6 climate models are improved compared to results from the 
previous phase, they still show substantial biases in the tropical Atlantic indicating 
the need for model improvements (Li et al. 2020; Richter and Tokinaga 2020). This 
is particularly the case when coupling physical, biogeochemical and ecosystem 
models. Improved understanding of physical processes, their interaction with the 
ecosystem and possible changes under climate warming relies on the availability 
of high-quality observations. Following the recommendations by Foltz et al. (2019)
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made for the tropical Atlantic observing system, we suggest the following key points 
for the observing system at the eastern boundary of the South Atlantic: 

1. The southeastern Atlantic particularly lacks a sustained observing system for 
the eastern boundary circulation and its variability associated with local and 
remote forcing. Subsurface moorings (shielded against fishing activity) and other 
advanced in situ platforms should be operated to obtain continuous time series 
at high temporal resolution to capture long-term changes in key parameters and 
to identify long-term changes in physical processes with enhanced short-term 
variability. 

2. Observations of upper-ocean mixing using autonomous platforms such as moor-
ings or gliders are required for estimates of vertical heat fluxes and upward 
nutrient supply. Turbulence observations must include simultaneous observations 
of stratification and velocity variability on short temporal scales. As vertical mix-
ing will likely change under the impact of warming and increasing stratification, 
studying processes such as internal tides and waves, wind-generated near inertial 
waves, surface waves and other mixed layer processes on the shelf and at the 
continental slope will be of critical importance for the understanding of the future 
development of primary productivity. 

3. As satellite data is often unavailable or uncertain in near-coastal regions the use of 
the full suite of ocean observations is recommended to fill the gaps. Particularly 
installing additional sensors for atmospheric and upper-ocean measurements on 
existing autonomous platforms such as drifters, sail-drones, wave-gliders, floats 
and gliders together with multidisciplinary research cruises is recommended. 

4. Of critical importance will be the improvement of hindcast and forecast models 
as well as reanalysis products still showing large biases (Tchipalanga et al. 2018; 
Zuidema et al. 2016). This can be achieved by dedicated process studies to 
improve parameterizations of or to identify new processes in upwelling regions. 
Freely providing physical and biogeochemical data to open data centers to be 
used in assimilation systems and for the initialization of forecast models would be 
an important step to enhance the understanding of the mechanisms of upwelling 
variability and changes and to improve ocean predictions, which is crucially 
needed for the management of fisheries and the marine environment in the coastal 
areas of Southwest Africa. 

5. Enhancing research capabilities in the coastal countries as well as international 
cooperation is a necessary condition to tackle challenges of ongoing climate 
change and climate variability. 
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10Regional Land–Atmosphere Interactions 
in Southern Africa: Potential Impact 
and Sensitivity of Forest and Plantation 
Change 

Zhenyu Zhang , Patrick Laux  , Jussi Baade , Hassane 
Moutahir , and Harald Kunstmann 

Abstract 

Southern Africa is experiencing increasing land transformation and natural 
vegetation losses. Deforestation is one type of this land degradation where there 
are indigenous forests present, and afforestation of other nature ecosystems 
with timber plantations. This study performs regional coupled land–atmosphere 
model simulations using the Weather Research and Forecast (WRF) model with a 
resolution of 12 km, to assess the impact of forest and plantation cover change on 
regional climate in southern Africa. Three WRF simulations were designed for 
different land covers: (i) MODIS-derived land cover for the year 2000 (baseline), 
(ii) Landsat-based forest and plantation change map during 2000–2015 overlain 
on the baseline and (iii) theoretical forest and plantations removal relative to 
the baseline. Modeling results suggest that conversion of forest and plantations 
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landscape to croplands and sparse vegetated land may result in a warmer and 
drier local climate, increasing daytime temperature by up to 0.6◦C during the 
austral summer, and regulation of energy exchanges by decreasing the latent heat 
flux. In addition, results suggest that the removal of forest cover in northern part 
of southern Africa may decrease local precipitation recycling by around 1.2%. 
While the benefits of conserving native forests are obvious from an ecological 
perspective, afforestation considerations still require more detailed and local-
scale treatments along the soil–vegetation–atmosphere continuum. 

10.1 Introduction 

Forests cover more than 30% of the global land area and play an important role 
in the Earth’s system (FAO 2020; Hansen et al. 2013; IPBES 2019). Forests 
can absorb anthropogenic CO2 emissions, store large carbon pools and modulate 
energy and water exchanges at the land–atmosphere interface (Alkama and Cescatti 
2016). They are therefore considered an important mechanism for climate change 
mitigation (Shukla et al. 2019). However, it is reported that the forest area worldwide 
has declined by about 178 million ha since 1990, while the net forest loss in Africa 
(3.9 million ha/year) has been increasing progressively during the last three decades 
(FAO 2020). Such large-scale loss of forest cover reduces carbon sequestration 
and modifies surface energy budget and cloud formation, therefore impacts on the 
climate, both at regional and global scales (Bonan 2008; Wees et al. 2021). 

The impact of the decline of forest cover on the regional climate is complex as 
the nonlinear vegetation-climate feedbacks and biogeophysical mechanisms vary 
in space and time. Large-scale forest cover loss generally leads to an increase of 
surface albedo, resulting cooling of the surface by reflecting more radiation into 
the atmosphere. This radiative effect is found to be dominant in temperate and 
boreal regions (e.g., Brovkin et al. 2006; Lee et al. 2011). On the other hand, the 
corresponding reduction in leaf area and stomatal resistance reduces transpiration 
rates, which leads to a locally warmer and drier climate, particularly in tropical rain 
forests (e.g., Bonan 2008; Zeng et al. 2021), but may result in more groundwater 
available in temperate regions (Rebelo et al. 2022). The compound effect of large-
scale forest loss at different geographic locations may vary depending on which of 
these processes dominate (Davin and de Noblet-Ducoudré 2010; Jach et al. 2020). 

Localized loss in forest cover, such as the conversion of forest to croplands 
and pasture, affects the energy balance and moisture cycling, and therefore the 
pattern and amount of precipitation (Sheil and Murdiyarso 2009; Leite-Filho et al. 
2020). For example, Zeng et al. (2021) found that the recent deforestation between 
2000 and 2014 over the Albertine Rift Mountains of Central Africa increased the 
regional warming by around 0.05◦C during the dry season. Eghdami and Barros 
(2020) examined the implication of tropical forest loss on orographic precipitation 
in the eastern Andes, and found an increase in light rainfall and a decrease in 
moderate rainfall over the mountains. In the Amazon rainforest, Lejeune et al. 
(2015) performed climate simulations under projected deforestation and complete
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deforestation scenarios. They found an increase of annual mean temperature of 
0.5◦C and a decrease of precipitation of 0.17 mm/day, and further suggested 
the changes reach 0.8◦C and 0.22 mm/day under total deforestation. Laux et al. 
(2017) applied a theoretical deforestation scenario over a coastal river basin in 
Central Vietnam. They found that deforestation caused only marginal differences 
in surface energy partitioning and did not clearly affect surface air temperature and 
precipitation. To date, most of the modeling studies have focused on the climate 
impact of boreal forest loss at high latitudes and deforestation in the moist tropics, 
with few studies addressing regional climate change in response to forest loss in 
southern temperate regions, such as southern Africa. 

Southern Africa is not considered to be a rich forested region, and its native 
forests are generally distributed in the northernmost countries located in the tropics. 
The Food and Agriculture Organization (FAO) reported that losses of native forest 
cover in southern Africa are associated with deforestation, land-use change, land 
degradation, forest industry activities and an increase in wildfires due to climate 
change (FAO 2015, 2020; Wees et al. 2021). The case of South Africa is slightly dif-
ferent, where tree cover has been increasing due to expanding forestry plantations, 
alien tree invasion and bush encroachment. Intensive commercial forestry practices, 
such as harvesting and planting timber plantation, have been mentioned to result in 
high rates of tree cover change (Curtis et al. 2018). 

This study tries to fill the gap by investigating the impact of change in forest and 
plantation cover on local climate in southern Africa. This work is conducted within 
the framework of the SPACE2 joint project: South Africa Land Degradation Monitor 
(SALDi). Within the SALDi project, our focus is on the use of a coupled regional 
climate modeling approach to assess land–atmosphere interactions in the context of 
land degradation in southern Africa on a subcontinental scale. Land-cover changes 
associated with native forest loss and forestry plantations are important components 
of land degradation in southern Africa; therefore, its impact on regional climate is 
investigated in this project. 

10.2 Specific Objectives 

Using the WRF regional coupled land–atmosphere model, the specific objectives of 
this study are: 

1. To evaluate the effects of two forest and plantations modified experiments on 
land–atmosphere interactions based on the recent stage of their cover change 
(2000–2015) and an extreme forest and plantation removal case in southern 
Africa, and 

2. To quantify the general impacts of forest and plantation cover on the local and 
regional climate of southern Africa.
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10.3 Data and Methods 

10.3.1 Regional Coupled Land–Atmosphere Model 

The Advanced Research version of the Weather Research and Forecast (WRF) 
model version 4.1 coupled with the Noah Land Surface model (LSM) is used in 
this case study. The WRF model (Skamarock et al. 2012) is a nonhydrostatic, fully 
compressible and terrain-following coordinate model developed at National Center 
for Atmospheric Research (NCAR). The model has been widely used for climate 
dynamic downscaling and regional climate impact applications. By coupling with 
Noah LSM, WRF is able to accurately represent interactions between the land 
surface and the lower atmosphere due to its physically-based model processes. 
To explore the land-cover changes on subgrid scales, the Noah LSM using the 
mosaic approach of land cover (Noah mosaic) is adopted in the study. The Noah 
mosaic approach (Li et al. 2013) takes into account heterogeneous land surfaces by 
specifying land cover with N main categories (here N = 3) in subgrid scale, with 
weightings based on the fractional coverage, instead of using the dominant land 
cover over each grid as in unified Noah LSM. The subgrid heterogeneity of land 
cover is necessary to be considered, as forest and plantation cover change is rather 
sporadic across the regions considered and may not modify the dominant land cover 
type in the whole grid cell. The Noah mosaic approach has been used in assessing 
the climate impact of localized deforestation in previous studies (e.g., Wang et al. 
2021; Zeng et al. 2021). In the WRF model, the different effects of land cover 
types on land–atmosphere interactions are represented by various predetermined 
biogeophysical properties, specified in lookup tables, such as leaf area index, albedo, 
emissivity and roughness length. These will be applied in the calculation of the 
radiation and energy balance, as well as in the vertical transmission of moisture, 
heat and momentum, which further affect the temperature and moisture fields near 
the surface and atmospheric evolution. It should be noted that the ecological impact 
processes are not able to be represented in the regional coupled land–atmosphere 
model, and forestry plantations and native forests are treated equally in land-cover 
categories and in the lookup tables. 

All simulations carried out in this study share the same model domain setups and 
physical options. The model domain has a spatial resolution of 12 km, covering the 
area of southern Africa (Fig. 10.1a). The model domain has 35 vertical levels with 
the upper boundary set to 50 hPa. The atmospheric lateral boundary conditions are 
provided by the Reanalysis version 5 of the European Centre for Medium-Range 
Weather Forecasts at a 3-hourly interval. Based on a literature review of climate 
dynamic downscaling applications over southern Africa (Crétat et al. 2012; Ratna 
et al. 2014; Ratnam et al. 2013; Zhang et al. 2023), the following model physics 
schemes were selected. The Betts-Miller-Janjic cumulus scheme (Janjić 1994) is  
used to parameterize the subgrid-scale processes of convective clouds. The WRF 
single-moment 6-class microphysics scheme (Hong and Lim 2006) was used to 
simulate the water phase exchanges in the atmosphere, and the Rapid Radiative 
Transfer Model for General Circulation Models (Iacono et al. 2008) is used to
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Fig. 10.1 (a) Forest and plantation cover over southern Africa from MODIS-derived land cover 
for the year 2000, and (b) satellite-observed forest and plantation cover loss (Hansen et al. 2013) 
over southern Africa between 2000 and 2015. All the datasets are aggregated to the WRF 12-km 
grid. The black rectangles in subplot (a) shows the location of the three areas for analysis (labeled 
A1, A2 and A3, respectively) 

simulate the long-wave and short-wave radiation. The land surface turbulent fluxes 
are simulated by a revised Monin-Obukhov surface layer scheme (Jiménez et al. 
2012), and the Yonsei University planetary boundary layer scheme (Hong et al. 
2006) is used to parameterize the vertical transport concerning mass, moisture and 
energy fluxes transport in the planetary boundary layer. 

10.3.2 Experiment Design 

In order to evaluate the impact of forest and plantation cover modification on land– 
atmosphere interactions over southern Africa, three experiments with contrasting 
land-cover maps were modeled: 

1. For the baseline experiment (CTL), the land-use and land-cover map from the 
Moderate Resolution Imaging Spectroradiometer (MODIS) 30-s product (Friedl 
et al. 2010) was used for representing the landscape features of the year 2000. 
The MODIS land-cover product provides 20 categories based on the Inter-
national Geosphere-Biosphere Programme (IGBP) land-cover classifications. 
Those include evergreen needleleaf forest, evergreen broadleaf forest, deciduous 
needleleaf forest, deciduous broadleaf forest, mixed forests, closed shrublands, 
open shrublands, woody savannas, savannas, grasslands, permanent wetlands, 
croplands, urban and built up, cropland/natural vegetation mosaic, snow and ice, 
barren or sparsely vegetated, water, wooded tundra, mixed tundra and barren 
tundra. 

2. The first land-cover change experiment (EXP1) represents the changed forest and 
plantation cover from 2000 to 2015 according to Landsat satellite observations. 
The forest and plantation cover change is generated from the high-resolution



264 Z. Zhang et al.

global forest cover change products provided by Hansen et al. (2013), hereafter 
referred to as HANSEN-dataset. This dataset provides the satellite-observed 
forest and plantations loss as well as their gain information at a 30-m spatial 
resolution from the year 2000 onward. This product has been widely used in 
quantifying regional forest loss worldwide and has been shown to accurately 
capture the forest cover change in highland and lowland areas, including southern 
Africa (e.g., Hansen et al. 2016). To generate the forest and plantation cover 
map for 2015 over southern Africa, we aggregate the HANSEN-data of the 
forest net change, which is their forest cover gain minus forest cover loss, and 
then convert the total changes from the 30-m resolution to 12-km resolution 
in proportion to the grid cell area. Considering that the expansion of cropland 
is one of the main drivers of natural forest loss in Africa (FAO 2021), the 
conversion of forest to cropland is taken into account in the forest and plantation 
cover-modified land-cover map. The total change is superimposed on the forest 
categories in the original land-cover map of the year 2000, and an elevation 
threshold of 300 m a.s.l. is used to conceptually distinguish the lowland cropland 
and bare (sparse vegetated) ground in higher elevation area, which is similar to 
the approach followed in Wang et al. (2021) and Zeng et al. (2021). Cultivated 
land in the lowlands could be artificially irrigated and intensified throughout 
the year. However, crops at higher elevations are mostly rain-fed and usually 
sparsely vegetated during the dry season. If there is a net decrease in forest 
and plantation cover on a grid cell, we decrease the percentage of forest-type 
categories proportionately, and we treat the area as croplands if the elevation 
is lower than 300 m a.s.l., or we treat the area as barren or sparsely vegetated 
category if the elevation is above 300 m a.s.l. If there is an increase in forest 
and plantation cover in a grid cell, we increase the percentages of forest-type 
categories and decrease other land-cover categories proportionately. 

3. The second forest and plantation cover change experiment (EXP2) represents an 
extreme scenario with a general forest and plantation cover removed, relative 
to the baseline (CTL). This would represent a forest loss of 100% for the 
tropical forest case study, and the removal of any indigenous forest and forestry 
plantations for the South African case study. The percentages of forest-type 
categories from the original MODIS land cover were converted into croplands 
or barren ground for all grid cells based on the above-described processes. 

All three experiments (CTL, EXP1 and EXP2) use the same model configura-
tions as described above, along with the soil texture map provided by Harmonized 
World Soil Database version 1.2. To isolate the impact of forest and plantation cover 
change-driven climate impacts, the simulations of each of the three experiments 
were run for the period from September 2014 to March 2015. Regarding the model 
spin-up period, previous studies found evidence that a one-month model spin-up 
period is sufficient to reach an equilibrium surface variable condition over southern 
Africa (e.g., Crétat et al. 2012; Ratnam et al. 2013, 2016). In this study case, we use 
two months as the model spin-up period, which is sufficient for the investigation. 
The austral summer months from November to March are chosen for analysis.
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We addressed the two research objectives for three analysis areas with extensive 
forest and plantation cover, namely sites A1, A2 and A3 (Fig. 10.1a). Area A1 
covers the northernmost part of southern Africa and has the highest native forest 
cover and Area A2 considers the same region but at a larger scale (and incorporates 
A1). Therefore, the impact of forest cover change can to some extent be explored at 
different scales. Forest and woodland losses have been confirmed to have occurred 
in sites A1 and A2 in the last decades (Mendelsohn 2019; Phiri et al. 2022). These 
areas are dominated by all-year-round rainfall with a hot climate. The vegetation is 
mainly rain-fed woody savanna/woodlands and deciduous broadleaf forests. Study 
site A3 is in a different climate region and biome from the last two and is located 
along the northern part of the Drakensberg Mountain Range, with plantation cover 
changes related to extensive forestry activities in this area. This area has a temperate 
climate and receives most of its rainfall from the Indian Ocean during the austral 
summer months. The cover of the plantations varies remarkably in this area and is 
mainly influenced by timber plantation footprint and by harvesting and planting of 
new rotations. 

10.4 Results and Discussion 

10.4.1 Validation of Model Performance 

This study aims at investigating the impact of forest cover change and removal based 
on experimental simulation comparisons, rather than a comprehensive evaluation 
of the simulation results. Therefore, we validate the simulation results of the 
CTL experiment with observation-based high-resolution gridded datasets. The air 
temperature from the Climatic Research Unit (CRU) dataset (Harris et al. 2020) and 
the precipitation from Climate Hazards group Infrared Precipitation with Stations 
(CHIRPS) dataset (Funk et al. 2015) are used for validation. In order to facilitate 
direct comparison, the simulated temperature and precipitation are interpolated into 
the grids of the corresponding reference datasets. For southern Africa in the region 
south of 5◦ S, we calculate the spatial correlation from the spatial maps of values 
between the interpolated model results and the reference dataset. 

The comparison of the spatial pattern of the averaged air temperature at 2 m 
above the ground is shown in Fig. 10.2. The simulation yields high spatial 
correlations of air temperature with the CRU dataset (R = 0.98, P < 0.01). For 
the monthly averaged temperature, the simulation also represents the temporal 
variations quite well (not shown), with slight deviations ranging from −1.2◦C to  
0.9◦C. The results of the comparison illustrate that WRF, in general, represents the 
spatiotemporal variations of air temperature over southern Africa reasonably well. 

In terms of precipitation, the simulation was able to replicate similar patterns 
compared to the reference dataset, showing the precipitation bands over the 
vegetated area of the northern most part of southern Africa as well as in the high 
mountains in the east of South Africa (Fig. 10.3). The spatial correlation coefficient 
between the simulation and the reference dataset is 0.76 (P < 0.01). However, the
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Fig. 10.2 Comparison of mean near-surface temperature between (a) WRF CTL simulation and 
(b) CRU dataset for the period Nov–Mar 2014/2015 

Fig. 10.3 Comparison of daily precipitation between (a) WRF CTL simulation and (b) CHRIPS  
dataset for the period Nov–Mar 2014/2015 

simulated precipitation is generally overestimated (wet bias), which may be related 
to the fact that grided precipitation data usually underestimate precipitation over 
complex terrain area. Specific to the three analysis areas, the overestimation of 
precipitation reaches up to 40%. Nevertheless, such wet biases are often reported 
in precipitation simulation by dynamic downscaling models (e.g., Crétat et al. 2012; 
Ratna et al. 2014; Ratnam et al. 2012). 

10.4.2 Impacts of Current Forest and Plantation Cover Change 
on Regional Climate and Land–Atmosphere Interactions 

In EXP1, the change in forest and plantation cover is mainly reflected by a 
slight modification of percentage value in forest-type in the land-cover map. This 
forest and plantation cover change was found to modify the local precipitation
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Fig. 10.4 Simulated monthly precipitation (mm/d) for the three experiments (CTL, EXP1 and 
EXP2) averaged over the analysis area shown in Fig. 10.1a, in southern Africa 

only slightly. The monthly precipitation in the three analysis areas has changed 
moderately by about 1 mm/day (Fig. 10.4). The surface soil moisture content in 
EXP1 only marginally differs from the CTL (Fig. 10.5). Moreover, the standard 
deviations have similar values, indicating a comparable daily variation in soil 
moisture between CTL and EXP1. 

Figure 10.6 illustrates the derived diurnal cycle of air temperature, sensible heat 
flux, latent heat flux and specific humidity for three analysis areas. All these surface 
variables show similar diurnal variations for CTL and EXP1 (Fig. 10.6). Some 
differences can be identified, including a slight increase in daytime air temperature 
and sensible heat flux, and a decrease in latent heat and specific humidity. These 
effects are comparatively small, because the changes in land cover are resolved at the 
subgrid scale in the WRF simulations, small percentage change in land-cover types 
very slightly influence the land–atmosphere coupling strength. Nevertheless, using 
the WRF Noah Mosaic approach, the forest and plantation cover change during the 
period 2000–2015 is simulated to be able to produce potential climate impacts in 
southern Africa.
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Fig. 10.5 Simulated mean surface soil moisture content for the three experiments (CTL, EXP1 
and EXP2) for the three analysis areas shown in Fig. 10.1a, in southern Africa. The whiskers depict 
the standard deviation 

10.4.3 Potential Impacts of Forest and Plantation Removal 
on Land–Atmosphere Interactions 

The simulated total removal of forest and plantation removal experiment (EXP2) 
was found to have a remarkable impact on surface variables. In most cases, EXP2 
exhibits a lower precipitation than CTL and EXP1 (Fig. 10.4). The surface soil 
moisture in EXP2 is generally lower than CTL in all three analysis areas due to 
the loss of the forest and plantation cover (Fig. 10.5), despite the variations of 
precipitation. It is evident that the standard deviation of soil moisture in EXP2 
is larger than that of CTL and EXP1, indicating that the canopy interception of 
precipitation by forest and plantations reduces the soil moisture variations relative 
to bare ground and crop cover.
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Fig. 10.6 Diurnal cycle of simulated 2 m temperature (first column), sensible heat flux H (second 
column), latent heat flux LE (third column), and 2 m specific humidity (fourth column) for the 
three experiments (CTL, EXP1 and EXP2) averaged over the three analysis areas A1 (top row), 
A2 (middle row) and A3 (bottom row) in southern Africa, respectively. The x-axis represents the 
hour in UTC time 

As shown in Fig. 10.6, the daytime air temperature in EXP2 is marginally higher 
than that in CTL and EXP1. The removal of forest and plantations increases the 
temperature around 0.3 to 0.6◦C at the diurnal peaks for three study sites. This 
higher air temperature is associated with increased sensible heat flux, decreased 
latent heat flux and decreased specific humidity during the daytime. This is 
attributed to the fact that transpiration and canopy evaporation are greatly reduced 
following the entire transfer of forest and plantation cover to croplands and barren 
ground. Moreover, even though the removal of forest and plantation cover can 
enhance the evaporation capacity of the soil, the overall evapotranspiration is still 
reduced, due to the fact that the water availability over southern Africa is mostly 
insufficient and depends mainly on rainfall. Overall, our modeling results that the 
total loss of forest and plantation cover could result in a warmer and drier local 
climate. It is worth noting that, for the three study regions with their different sizes, 
the above impacts on land–atmosphere interactions are consistent to a large degree. 

The precipitation recycling ratio (PRR), defined as the contribution of the 
evaporated water to the precipitation within the same region, is a commonly used 
measure for quantifying land–atmosphere interactions (i.e., Arnault et al. 2016;
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Fig. 10.7 Calculated 
monthly precipitation 
recycling ratio (PRR) for area 
A2, in the northmost region 
of southern Africa 

Zhang et al. 2019). For a specific region, a higher PRR value corresponds to more 
evaporated water contributing to the local precipitation (Zhang et al. 2022). Here we 
calculate monthly PRR values following the method of Schär et al. (1999). Since 
the analytical calculation of water recycling is strongly dependent on the shape and 
size of the area (e.g., Rios-Entenza and Miguez-Macho 2014; Trenberth 1999), this 
PRR value is calculated only for the large area A2. The PRR values computed for 
the experiments CTL and EXP2 are shown in Fig. 10.7. The results show that the 
overall PRR values of area A2 are 6.9% and 7.8% for CTL and EXP2, respectively. 
Moreover, for all months, PRR values in EXP2 are smaller than the values in CTL, 
which indicates that the simulation of the removal of forest and plantation cover 
reduces the local water recycling. This result is supportive to the knowledge that 
large extent of forest cover contributes to positive feedbacks to the precipitation, 
i.e., more forest cover increases the evapotranspiration and the local precipitation. 

Although studies have shown that increased surface albedo associated with 
deforestation cools the surface and may mitigate climate warming in some regions 
(Lee et al. 2011; Williams et al. 2021), our findings suggest that the decrease in 
forest and plantation cover in southern Africa may lead to a warmer and drier local 
climate during the rainy austral summer. This may be related to the very strong 
evaporative capacity (e.g., the potential evapotranspiration) in southern Africa 
(Trabucco and Zomer 2019). It is worth noting that the drier and warmer effect 
may accumulate over the years, due to the long-term memory of soil moisture and 
the identified positive feedback on precipitation. 

10.5 Summary and Outlook 

In this study, we addressed the potential impact of forest and plantation cover 
change on regional climate and land–atmosphere interactions over southern Africa. 
Regional coupled land–atmosphere WRF model simulations were performed, with 
the different extent of forest-type categories prescribed as the land surface boundary. 
Based on the results presented above, it is concluded that the extreme experiment 
of the removal of forest cover in southern Africa may result in a warmer and drier
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climate during the austral summer months. The local precipitation recycling ratio 
was simulated have notably decreased due to the removal of forest cover, suggesting 
that forest and plantation positively contribute to local precipitation. Although the 
model results are affected by noise (internal model variabilities), our results for 
different sized areas and with different extents of forest and plantation cover change 
give sufficient evidence for conclusions. 

Our results suggest that decision- and policymakers should focus attention on 
sustainable land management strategies to reduce the loss of native forests and 
properly manage forestry plantations for climate change mitigation. As southern 
Africa is not rich in forest resources, preserving what remains of the original 
and native forests is particularly important. Using established nature conservation 
areas to protect forest resources should be one of the most effective method. Since 
the major drivers of local deforestation in Africa include agriculture and cutting 
trees for firewood, preventative measures could include sustainable and appropriate 
population growth, the development of sustainable agriculture, as well as the use of 
renewable energy. Of course, robust policy interventions need to joint consideration 
of human and ecological sustainability and development and the related trade-
offs. Governments and nongovernmental organizations should take the initiative to 
develop vigorous ecosystem restoration plans to re-establish forests and put long-
term sustainability ahead of short-term concerns, which can be most effective in 
adapting to climate change. 

This study provides a first step toward analyzing how forest and plantation 
modification affects the land–atmosphere interactions over southern Africa. A 
limitation of this study is that the aggregation of the change in forest cover into 
the coupled land–atmosphere model at mesoscale grid prevents many land surface 
characteristics from being properly represented. The imperfect classification of 
land-cover categories and the lookup table values assigned for land surface modeling 
lead to additional uncertainties in WRF simulations. Indeed, the nondistinction 
between native forests and forestry plantations, and the lack of consideration of 
ecological processes limit the model ability to simulate the potential role of forest 
and plantations in climate change in more detail. A fine spatial model resolution (< 
4 km) would be beneficial for further investigation of the climate impact of forest 
and plantation cover change at convective scale and for extreme rainfall events. 
In particular, when combining in-situ measurements with very high-resolution 
modeling (< 1 km) for specific hotspot areas, the microclimate impact by forest 
and plantations can be investigated in more depth. Additionally, long-term model 
simulations and considering model internal uncertainties would allow an even 
deeper analysis. 
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Abstract 

Under the umbrella of SPACES (Science Partnerships for the Adaptation to 
Complex Earth System Processes in Southern Africa), several marine projects 
have been conducted to study the coastal upwelling area off southwestern Africa, 
the Benguela Upwelling System (BUS). The BUS is economically important 
for the bordering countries due to its large fish stocks. We present results from 
the projects GENUS and TRAFFIC, which focused on the biogeochemistry and 
biology of this marine area. The physical drivers, the nutrient distributions, and 
the different ecosystem components were studied on numerous expeditions using 
different methods. The important aspects of the ecosystem, such as key species 
and food web complexity were studied for a later evaluation of trophic transfer 
efficiency and to forecast possible changes in this highly productive marine 
area. This chapter provides a literature review and analyses of own data of the 
main biological trophic components in the Benguela Upwelling System gathered 
during two cruises in February/March 2019 and October 2021. 

11.1 Introduction 

The Benguela Upwelling System (BUS) is one of four major Eastern Boundary 
Upwelling Systems (the others are the California, Canary and Humboldt Upwelling 
Systems) that are among the most productive marine ecosystems and account for 
up to 20% of global fish catches (Bonino et al. 2019). The BUS extends about 
2000 km along the eastern margin of the South Atlantic between Cape Agulhas 
(35◦S) and the Angola-Benguela Front at ~17◦S (Sakko 1998). It is bounded by the 
Agulhas Current in the south and the confluence of the Benguela Current with the 
Angola Current at the Angola-Benguela Front in the north (Fig. 11.1), which are 
the two largest warm-water bodies in the area (Carter 2011). The BUS is divided 
by the intense upwelling cell off Lüderitz (26◦–27◦S) into a southern (sBUS) and 
a northern (nBUS) subsystem (Bakun 1996). Characteristic of the BUS, in relation 
to the other three eastern boundary upwelling systems, is the width and depth of 
the coastal shelf that often extends up to 250 km offshore (Bordbar et al. 2021), 
providing space for the establishment of both shelf break/oceanic fronts at the shelf 
edge through coastal jets at about 350 to 500 m depth (Ragoasha et al. 2019), and 
upwelling fronts closer to the coast (Mann and Lazier 1991), with subsequent effects 

C. D. van der Lingen 
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Town, South Africa 

Department of Biological Sciences, University of Cape Town, Cape Town, South Africa
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Fig. 11.1 Map of the Benguela Current Region, LC Luederitz Upwelling Cell, UC seasonally-
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on nutient supply (Flynn et al. 2020; Rixen et al. 2021) and possible larval trapping 
on the shelf (see Tiedemann and Brehmer 2017, for the Central East Atlantic). 

Upwelling is the movement of surface water away from the coast and is caused 
by wind drag and Coriolis force. These water masses are replaced by cold and 
nutrient-rich water from deeper layers by coastal upwelling and Ekman transport 
(Ekman 1905). A second type of upwelling is the offshore upwelling facilitated 
through Ekman pumping (Rykaczewski and Checkley 2008; Bordbar et al. 2021). 
Whereas Ekman transport is dependent on a constant wind field, Ekman pumping 
responds to gradients in wind strength. This so-called wind stress curl is more
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intense in the sBUS than in the nBUS (Fennel and Lass 2007; Bordbar et al. 2021) 
and important offshore upwelling is indicated for the Cape Columbine/Cape Town 
and the Lüderitz regions up to Walvis Bay. Wind stress curl-driven upwelling is 
further responsible for the surfacing of the poleward undercurrent originating in 
the nBUS, where coastally trapped Kelvin waves may modulate the intensity of 
the Angola Current. With increased wind stress curl, offshore upwelling uplifts 
undercurrent water masses to the surface creating highly variable surface currents 
and intensified upwelling. Important so-called upwelling cells (Shannon 1985) are  
located at Cape Frio (19◦S), Walvis Bay (23◦S), Lüderitz (25–26◦S), Namaqua 
(30◦S), Cape Columbine (32◦S), and Cape Town (34◦S). These regionally distinct 
oceanographic conditions form the basis for separate ecoregions within the BUS. 
For more details, see Chap. 9. 

Upwelling events vary seasonally and locally (Carter 2011). In austral summer 
(December to March), warm oligotrophic water from Angola (South Atlantic Cen-
tral Water, SACW) is transported southward and therefore can dominate upwelled 
water masses in the nBUS at that time of the year (Hutchings et al. 2006). In 
contrast, Eastern South Atlantic Central Water (ESACW) is transported northward, 
constituting the upwelled water mass in the sBUS, and also in austral winter in the 
nBUS (Monteiro et al. 2008; Mohrholz et al. 2014). The ESACW is oxygen-rich, 
but carries comparatively less nutrients than the SACW further north. ESACW is 
comprised of a mixture of central waters from the Indian Ocean which enter the 
Cape Basin as intrusions from the Agulhas Current retroflection region, with central 
waters transported across the South Atlantic from the Brazil-Malvinas Confluence, 
and mode waters which are formed just north of the sub-Antarctic Front in the 
Southern Ocean (Kersalé et al. 2018; Lamont et al. 2015). Maxima in phytoplankton 
biomass emerge in spring (September–October) and during late summer/early fall 
in nBUS, while south of South Africa, on the Agulhas Bank shelf, maxima occur 
in fall (March–April) (Lamont et al. 2018). It is likely that excessive turbulence and 
substantial offshore advection in the Lüderitz cell, which is active year-round, is the 
reason for the phytoplankton minimum in this area (Hutchings et al. 2006, 2012; 
Lamont et al. 2018). 

The high phytoplankton productivity in the BUS, however, is in surprising 
contrast to the relatively low productivity of the higher trophic levels as compared 
to the Humboldt Current System (Messié and Chavez 2015). Nutrients reaching 
the surface during upwelling are expected to be rapidly re-exported, given the 
substantial offshore transport of surface waters driven by upwelling-favorable 
winds, so that organisms of the higher trophic levels cannot effectively utilize 
the available production. The result of this inefficient retention of nutrients is, 
that, despite short trophic pathways, fisheries yields are relatively low. However, 
management effectiveness and industrial capitalization cannot be ruled out as a 
cause for the different rates in fisheries production. 

From a human perspective, and regarding the opportunities of harvesting living 
marine resources, the productivity of an ecosystem’s upper trophic levels is of par-
ticular interest. Many of the commercially targeted marine species are predatory fish 
at the upper end of the food chain. Inherently, upwelling systems are characterized

http://doi.org/10.1007/978-3-031-10948-5_9
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by exceptionally high productivity, the degree of which can be assessed as the 
ecosystem’s trophic transfer efficiency (TTE), alternatively called energy transfer 
efficiency. In this chapter, we will provide literature and new data on the main 
biological trophic components in the Benguela Upwelling System. Two research 
cruises were conducted to cover seasonal variations. A summary of the results is in 
progress and will be provided elsewhere. 

11.2 Previous Research and Hypotheses 

The TRAFFIC (Trophic TRAnsfer eFFICency in the Benguela Current) project is 
part of the SPACES II program and was conducted between 2018 and 2022. The 
members of the TRAFFIC consortium have had close collaborations with regional 
scientific organizations in southern Africa (NATMIRC*, BCC*, UNAM*, UCT*, 
and DFFE*) or with national projects (BIOTA Africa*, NAMIBGAS*, BENEFIT* 
(for abbreviations see end of chapter) for many years. These—mostly disciplin-
specific—precursory works have laid the scientific foundation for the predecessor 
SPACES I project GENUS (Geochemistry and Ecology of the Namibian Upwelling 
System). GENUS was a contribution to the international IMBER (Integrated Marine 
Biosphere Research) initiative of the IGBP (International Geosphere-Biosphere 
Programme) and was built on the established regional research collaborations 
BENEFIT (Benguela Environment Fisheries Interaction and Training, 1997–2007) 
and BCLME (Benguela Current Large Marine Ecosystem, since 2002). Many 
crucial data sources used as the knowledge base for TRAFFIC were developed in 
GENUS and other predecessor projects. In addition to providing valuable scientific 
results for understanding climate-induced changes in upwelling areas and the 
ecosystem services associated with them, TRAFFIC has deepened the collaboration 
with scientists in the partner countries Namibia and South Africa. 

The GENUS project (see Ekau et al. 2018) has shown that, regarding the 
overall net flux of carbon dioxide, the northern Benguela subsystem releases CO2 
into the atmosphere, while the southern subsystem takes up CO2 (Emeis et al. 
2018). Previously, this difference was attributed solely to different oceanographic 
conditions. The nutrient- and CO2-rich South Atlantic Central Water (SACW) is a 
main water supply to the northern Benguela, whereas the comparatively nutrient-
and CO2-poor Eastern South Atlantic Central Water (ESACW) forms the main 
upwelling water in the southern subsystem (Fig. 11.1). Consequently, upwelling in 
the nBUS promotes the emission of CO2 to the atmosphere on the Namibian shelf 
and the export of carbon from the euphotic zone to the deep ocean, readable from 
the formation of the carbon-rich silt layers at the seabed. In contrast, upwelling 
in the sBUS leads to a net uptake of CO2 and is accompanied by lower carbon 
sedimentation rates (Mollenhauer et al. 2004). Differences in fishery yields and 
results of biological studies show that in contrast to the relatively short food chain 
in the sBUS, which has been considered typical of upwelling systems, the food web 
is more complex in the nBUS. Because primary production is very similar in the 
northern and southern subsystems (Barlow et al. 2009), these relationships indicate
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more efficient utilization within the food chain in the southern Benguela. The aim 
of the TRAFFIC project has been to unravel the biological processes leading to the 
differences in the TTE between the food webs of the two subsystems of the BUS. 

TRAFFIC also relates studies of the food web to ongoing climate-related changes 
in the BUS. Recent findings from modeling studies have shown a poleward shift in 
subtropical high-pressure areas due to global climate change (Garcia-Reyes et al. 
2015; Rykaczewski et al. 2015; Wang et al. 2015). As a result, the trade winds in 
the sBUS will likely intensify, whereas the wind speeds and upwelling intensities in 
the nBUS will likely weaken. Our investigation will unravel the effects of ongoing 
changes in physical forcing on the overall productivity and the food web structure 
of the Benguela Current subsystems. 

Historically, it has been assumed that around 90% of material and energy is lost 
by metabolic activity from one trophic level to the next higher trophic level and that 
only 10% reaches the next level (Lindeman 1942). This value, however, can be very 
variable. Eddy et al. (2020) compiled data from several studies based on Ecopath 
with Ecosim models and calculated that the TTE ranges from 0.3% to 52.0% 
between trophic levels 2–3 and 3–4 with means of 12.0% in polar/subarctic-boreal 
regions, 9.6% in temperate regions, 8.6% in tropical/subtropical regions, and 8.0% 
in upwelling regions. In a warmer world, i.e., under climate change, the TTE may 
decrease due to higher metabolic losses. Freshwater plankton in artificial ponds that 
have been exposed for seven years to 4 ◦C warming relative to ambient conditions 
showed a decrease of TTE by up to 56% (Barneche et al. 2021). Projections by du 
Pontavice et al. (2020) also assume a decrease of TTE until 2100 under the RCP 
8.5 global warming scenario, which would be associated with an increase of about 
4.8 ◦C in global mean temperatures. 

Different physical conditions affect primary production (PP) and subsequent 
consumers, thereby determining the efficiency with which the produced biomass 
is carried through the food web. Low-latitude stratified ecosystems are dominated 
by small phytoplankton and carbon is routed through many trophic levels (TLs) 
before reaching pelagic fish. The overall TTE (the transfer of energy from primary 
to secondary producers and higher trophic levels) is furthermore driven by the 
complexity of the food web (see also Armengol et al. 2019). The mean number 
of TLs between primary producers and fish is around 6 in oceanic, 4 in coastal, 
but only 2.5 in upwelling regions (Ryther 1969; Eddy et al. 2020). A short food 
chain generally results in a high trophic transfer efficiency, for example when large 
chain-forming diatoms are consumed directly by sardines, without an intermediate 
level of zooplankton consumers (Moloney et al. 1991; van der Lingen et al. 2006a). 
The timing of the development of the different components in the food web, i.e., 
the temporal match and mismatch of TLs (Cushing 1990), is crucial for an efficient 
overall TTE. However, alternative dead-end scenarios for carbon transport may exist 
when stochastic blooms of salps consume the entire primary production and carbon 
does not reach higher TLs but sinks into deeper water layers at an increased rate 
(Martin et al. 2017). Consequently, zooplankton composition as well as the food 
web structure determine the amount of carbon and energy reaching upper trophic 
levels such as fish, seabirds, and marine mammals, and ultimately fisheries.



11 Studies of the Ecology of the Benguela Current Upwelling System: The. . . 283

From this point of view, ecosystems dominated by the zooplanktivorous (krill-
dominated diet) but partly piscivorous horse mackerel (Pillar and Barange 1998; 
Kadila et al. 2020) will be less productive in comparison to those dominated by 
anchovy and/or sardines that feed on smaller (copepods) zooplankton but also 
phytoplankton (van der Lingen et al. 2006a). Results of the GENUS project revealed 
that trophic interactions and the community structure of trophic levels are not 
as simple and straight-forward as previously thought with Schukat et al. (2014) 
showing that trophic roles of calanoid copepods in the nBUS were far more complex 
than merely linking phytoplankton to pelagic fish. 

Recent work has suggested that so-called “dead end” species (e.g., jellyfish 
and salps that feed on primary and/or secondary producers/consumers and were 
previously considered to be rarely consumed by predators) can be trophically 
important (Hays et al. 2018; Gibbons et al. 2021). Specifically, they can outcompete 
planktivorous fishes by forming intensive blooms when conditions are favorable 
and increase the export of organic matter to deeper layers by producing fast-sinking 
fecal pellets and mass mortality events. This reduces the energy available for higher 
trophic levels and the recycling of nutrients within the epipelagic realm. 

The TRAFFIC project set out to closely investigate and compare the nBUS and 
the sBUS ecosystems in relation to the underlying oceanographic and biogeochem-
ical processes. Based on the concept of three alternative structures of the food chain 
(Fig. 11.2) and on recent climate models that suggest an intensification of winds 
and upwelling in the sBUS, in contrast to a weakening of the upwelling intensity in 
the nBUS (Garcia-Reyes et al. 2015; Rykaczewski et al. 2015; Wang et al. 2015), 
TRAFFIC investigated how current conditions influence productivity, carbon export 
and food chain structure in the two subsystems, and hence their trophic transfer 
efficiency and potential to support top predators and fisheries. 

11.3 Major Biological Components of the Benguela Upwelling 
System 

For the comparison of the TTE of the northern and southern BUS it is not only 
crucial to get a picture of the community structure and food web complexity, 
but it is also necessary to identify the starting conditions such as the efficiency 
of primary production and to follow the energy from the base of the food web 
to top predator level. For this purpose, two research cruises in the TRAFFIC 
project have been undertaken: a first one with RV METEOR in austral summer 
(M153, February/March 2019) and a second one with RV SONNE at the end of 
austral winter (SO285, September/October 2021). During these cruises, samples 
were collected with different gears in order to measure physical drivers, and to 
quantify biomass, standing stocks and plankton and fish composition of the two 
ecosystems. Additionally, experiments were set up onboard the ships to measure 
vital rates such as primary production, respiration, growth, metabolism and grazing 
of various planktonic organisms.
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Fig. 11.2 Three alternative simplified food web structures which may establish in the Benguela 
Upwelling System and lead to different trophic transfer efficiencies: (a) Typical short food chain of 
an Eastern Boundary Upwelling System; highly efficient transfer of carbon to upper trophic layers 
(common in sBUS); (b) food chain structure during mass occurrences of gelatinous zooplankton 
(salps and jellyfish), decoupling from higher trophic levels (occasionally in nBUS and sBUS); (c) 
long food chain with less efficient overall trophic transfer, common in nBUS. Blue arrows: upward 
transport of energy and matter through the food chain; brown arrows: export flux of energy and 
matter 

11.3.1 Abiotic Parameters and Chlorophyll Measurements 

A high-speed remotely operated towed vehicle (ROTV, TRIAXUS) was used 
during cruise M153 in 2019 (see also Rixen et al. 2021) to measure temperature, 
salinity, oxygen content, nitrate, chlorophyll a (Chl a) and other pigments, turbidity, 
photosynthetic active radiation (PAR) and hydroacoustics on several transects in the 
nBUS and sBUS (Fig. 11.3). Zooplankton was analyzed using a mounted Video 
Plankton Recorder (Möller et al. 2012). The vehicle was towed at a speed of 8 knots 
with a horizontal offset out of the vessel’s wake, undulating vertically between 5 
and 180 m, depending on the water depth. 

Vertical profiles of conductivity, temperature, pressure, oxygen, fluorescence, 
turbidity and photosynthetically active radiance (PAR) were obtained using a 
CTD in-situ (Fig. 11.4, left). These data were compared with satellite images of 
temperature and chlorophyll at the surface (Fig. 11.4, right) to provide background 
information for future evaluations.
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Fig. 11.3 TRIAXUS on deck of RV METEOR 

Fig. 11.4 Left: CTD with rosette; Right: Satellite data of sea surface temperature (SST) and Chl 
a during the expedition M153 in February 2019 

11.3.2 Phytoplankton and Microzooplankton 

The base of the food web, i.e., the primary producers and the microzooplankton 
were investigated to determine the quality and quantity of food available for higher 
trophic levels. For this purpose, water was taken from different depths using a 
Niskin bottle rosette attached to the CTD and filtered to determine the Chl a
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Fig. 11.5 Left: Bivariate plot of red fluorescence (FL3) vs. orange fluorescence (FL2) for 
acquired flow cytometry at 10 m depth, station 85 (30◦S, 16◦30′E). Preliminary gating was 
performed marking picoeukaryotes in green, Ostreococcus in pink, Synechococcus in yellow and 
Prochlorococcus in blue. Right: From flow cytometry converted abundance profile in the upper 
layer (10–100 m) of the main picophytoplankton groups at station 85 

content by spectrometry and the pigment composition by HPLC (High-Performance 
Liquid Chromatography). The results will be intercompared with remotely sensed 
data. A fluoroprobe was used in addition to the water samples to analyze different 
phytoplankton groups (green-algae, blue-green algae, diatoms, and cryptophyta) in 
situ. 

In order to assess the contribution and the community composition of picophyto-
plankton (0.2–2 μm) water samples were analyzed onboard using a flow cytometer 
(CytoFLEX, Beckman Coulter) for counting and identifying the main groups like 
Prochlorococcus, Synechococcus, and Ostreococcus as well as picoeukaryotes (Fig. 
11.5). 

Further water samples were taken to study nanophytoplankton composition by 
cross polarized light microscopy, as well as microphytoplankton composition by 
inverse microscopy in the home laboratories and to assess the photosynthetic fitness 
of the phytoplankton onboard the ship using the Fast Repetition Rate Fluorometry 
(FRRF, Fasttracka II, Chelsea Technology, UK). FRRF is a noninvasive method to 
measure the activity of primary producers using Chl a fluorescence (Oxborough 
et al. 2012). Small plankton were caught with an Apstein net (20 μm mesh size) 
to study the trophic positions and nutritional quality of phyto- and microplankton 
applying stable isotope and fatty acid analyses. The taxonomical composition was 
determined using fluid imaging (FlowCam). The FlowCam takes pictures of the 
organisms found in a sample (Fig. 11.6), which can be analyzed subsequently by
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Fig. 11.6 FlowCam images from a diatom bloom in the sBUS during cruise SO285 

a deep learning program which has been trained using plankton samples from the 
Benguela ecosystem. 

Marine life does not react immediately following upwelling events but rather 
with certain time lags. Initially, abundance and productivity are low in recently 
upwelled and highly turbulent waters (Ayon et al. 2008; Ekau et al. 2018), because 
upwelling water originates from the central water layer below the thermocline, 
where the phytoplankton stock is low. Furthermore, strong turbulence inhibits 
phytoplankton growth by transporting the organisms out of the range of photosyn-
thetic active radiance. Production peaks in moderate upwelling and in quiescent 
phases after upwelling events (Grote et al. 2007; Bode et al. 2014), forming 
an optimal environmental window (Cury and Roy 1989). The development of 
a diatom-dominated phytoplankton bloom in the nutrient-rich upwelling plume 
and a community succession from diatoms to flagellates requires time to respond 
to upwelling conditions. The increase of phytoplankton biomass by an order of 
magnitude takes approximately two weeks (Hansen et al. 2014). A mixed population 
of dinoflagellates, coccolithophores, and microflagellates was detected on cross-
shelf transects off Walvis Bay in newly upwelled waters (<13 days old) close to 
the coast. In contrast, diatoms dominated maturing waters (13–55 days old) 40 to 
250 km off the coast, whereas dinoflagellates prevailed in waters older than 55 days 
after the upwelling event.
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Fig. 11.7 Multinet Midi used to sample microzooplankton 

Primary production and respiration rates were measured by incubation of water 
from the most productive layer (Deep Chlorophyll Maximum) at in-situ tempera-
tures under different light conditions in a plankton-wheel. 

In marine ecosystems, generally 60% to 70% of primary production is consumed 
by microzooplankton and 10% to 40% by mesozooplankton (Calbet 2001; Calbet 
and Landry 2004), with microzooplankton also being an important dietary com-
ponent of mesozooplankton (Bollens and Landry 2000; Calbet and Saiz 2005). 
Phytoplankton growth rates and microzooplankton grazing were studied using the 
dilution method after Landry (1993). Landry (1993) postulated higher algae growth 
in water with less microzooplankton predators and undisturbed growth in the highest 
dilution. The experiment concomitantly gives information about the grazing activity 
of the microplankton. 

Microzooplankton for taxonomic and stable isotopic analyses were collected 
with a HydroBios Midi (mouth area 0.25 m2) Multinet (multiple opening/closing 
net) system equipped with five nets (55 μm mesh size) in discrete depth intervals 
(Fig. 11.7). Vertical hauls were conducted with hauling speed of 0.2 m/s from 100 m 
depth up to the surface. 

Microzooplankton (< 200 μm, sampled with 55 μm meshed nets) of the nBUS 
is often dominated by mixotrophic and heterotrophic dinoflagellates, tintinnids and 
small copepods (Bohata 2016). Figure 11.8 shows some of the microzooplankton 
organisms sampled during cruise M153.
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Fig. 11.8 Four important microplankton groups: (a) Mixo- und heterotrophic Dinoflagellata, (b) 
small Copepoda and nauplia, (c) Tintinnida, (d) Radiolaria 

The microplankton distribution patterns revealed a shelf—offshore zonation 
and clear temperature associations (Fig. 11.9). Heterotrophic dinoflagellates such 
as Protoperidinium and Noctiluca scintillans prevailed in <15 ◦C cold, recently 
upwelled water on the shelf, whereas subsequent succession stages in 15–20◦C 
warm surface water on the shelf were dominated by small copepods such as Oncaea, 
Oithona and Microsetella. Protoperidinium, Tintinnidae and the mixotrophic 
dinoflagellate Ceratium were abundant in decreasing order in >20 ◦C warm surface 
water at the shelf break. Tintinnidae contributed >37% to microzooplankton at the 
medium-warm shelf break, followed by Oncaea, Microsetella and Protoperidinium. 
The cold water and shelf break areas were dominated by Oncaea, followed by 
Protoperidinium and Ceratium. The warm offshore region was dominated by 
Tintinnidae comprising >30% of total abundance. Mixotrophic (Ceratium) and 
heterotrophic (Protoperidinium) dinoflagellates were also very abundant here,
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Fig. 11.9 Dominant microplankton taxa in different habitat zones of the northern Benguela 
Upwelling System during September/October 2011 (modified after Ekau et al. 2018)
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collectively making up >30% of total abundance. The medium-warm offshore area 
was characterized by high abundances of Oncaea (> 23%) and the Foraminifera 
Neogloboquadrina (>14%) (see also Bohata 2016). 

11.3.3 Mesozooplankton 

Mesozooplankton plays a key role in the energy transfer from primary production 
and microzooplankton to higher trophic levels. Due to their short generation 
times and direct coupling to physical drivers, zooplankton reacts sensitively to 
climatic change and can be used as indicators of environmental change (Hays et 
al. 2005). Cyclopoid and calanoid copepods usually dominate the mesozooplankton 
communities (on average 70%–85%) in the nBUS and sBUS, playing a key role 
in sustaining marine fish stocks as a principal food source for larvae, juveniles 
and adults and sometimes all three stages (Hansen et al. 2005; Bode et al. 2014; 
Verheye et al. 2016). Furthermore, Bivalvia larvae can be sporadically dominant 
at near-shore regions, while Appendicularia (Oikopleura), Thaliacea (Doliolida, 
Salpida), Amphipoda and Euphausiacea can contribute substantially to abundance 
and/or biomass further offshore. Along the continental slope in the nBUS, the krill 
species Euphausia hanseni plays an important role in the active carbon flux from 
the productive shelf to the adjacent open ocean and into the deep sea because of its 
pronounced diel vertical migration (Werner and Buchholz 2013). 

Mesozooplankton sampling consisted of vertical hauls with a multiple open-
ing/closing net (HydroBios Multinet Midi, five nets, 0.25 m2 mouth opening, 
200 μm mesh size) at 0.5 m/s hauling speed. Samples were taken from discrete 
depth layers down to ~10 m above sea floor (minimum bottom depth 55 m at 
inshore stations, maximum sampling depth 1500 m offshore). Additional material of 
larger and more mobile species (krill, decapods) were collected from double oblique 
hauls of a Multinet Maxi (0.5 m2 opening area, five nets of 300 μm mesh size; 
HydroBios). All samples were presorted onboard and potential key zooplankton and 
other species of the food web were deep-frozen at −80 ◦C for trophic biomarker 
analyses (stable isotopes and fatty acids). Key copepod species (Fig. 11.10) were  
selected from the net samples for in-situ experiments to measure respiration, egg 
production and fecal pellet production. 

During periods of active upwelling, the BUS zooplankton communities on 
the shelf are dominated by the biomass-rich herbivorous-omnivorous copepod 
Calanoides natalis (ex C. carinatus; Bode et al. 2014) and small calanoid (esp. 
Acartia, Clausocalanus, Ctenocalanus, Paracalanus, Calocalanus spp.) and 
cyclopoid (esp. Oithona spp.) copepods (Verheye et al. 2016; Bode-Dalby et al. 
2022). With increasing bottom depth closer to the continental slope, Centropages 
brachiatus and Metridia lucens occur at higher abundances. Further offshore, the 
copepod community is more diverse, due to mixing of cold- and warm-water species 
as well as deeper-dwelling diel vertical migrants such as Pleuromamma spp. When 
upwelling ceases and warmer water masses intrude/expand onto the shelf, the shelf 
community is replaced by medium-sized copepod species such as Nannocalanus
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Fig. 11.10 Copepods and amphipods in the Benguela Upwelling System. Top row: Pareucalanus 
sewelli, Pleuromamma quadrungulata, Candacia sp.; second row: Euchaeta sp., Gaetanus pilea-
tus, Euchirella similis female with two egg sacs; bottom row: Vibilia armata, Phronima sp. 

minor (Schukat et al. 2013, 2014; Bode et al. 2014). A striking difference between 
the northern and southern Benguela copepod community is the absence of Calanus 
agulhensis in the nBUS, as it is apparently advected offshore and away from the 
nBUS by the strong and permanent Lüderitz upwelling cell. So far, C. agulhensis 
has not been recorded in the nBUS. C. agulhensis is the most abundant calanoid 
copepod on the Agulhas Bank, a major spawning ground for sardines and anchovies 
in the sBUS (Peterson et al.  1992; Huggett and Richardson 2000; Richardson et al. 
2003). Later/older copepodid stages and adults of C. agulhensis are advected to the 
South African west coast, where its abundance is associated with warmer offshore 
waters (Huggett and Richardson 2000; Huggett et al. 2007). 

Phytoplankton growth after an upwelling event is followed by increasing cope-
pod abundance about 20–23 days after initial upwelling (Postel et al. 1995; 
Hutchings et al. 2006). In contrast to the sBUS, the seasonal signal in the nBUS 
is often diffuse with high interannual variability. Upwelling events, as well as
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zooplankton abundances, can be strongly pulsed with huge local and interannual 
variability and multiple interacting factors. Long-term data series derived from the 
Namibian monitoring program emphasize the complex interannual variability in the 
nBUS, where years with intense upwelling in spring can be followed by strong 
warm-water intrusions of tropical Angola Current water masses in late summer 
(Bode et al. 2014; Martin et al. 2015). Such years with strong seasonal temperature 
gradients were characterized by high copepod abundances suggesting a strong link 
between zooplankton distribution and physical forcing (Bode et al. 2014). 

In the sBUS, zooplankton abundance was positively correlated to upwelling 
intensity (Verheye et al. 1998), although seasonal cycles of mesozooplankton differ 
depending on the subregion (Verheye et al. 2016). For instance, around St. Helena 
Bay (32–33◦S), mesozooplankton populations usually peak during late summer and 
show a distinct decline in autumn. On the western Agulhas Bank (35◦S), on the other 
hand, maximum mesozooplankton abundance usually occurs during late autumn and 
spring. Differences in mesozooplankton abundances and community structure are 
not only caused by bottom-up mechanisms such as upwelling intensities and phyto-
plankton availability, but also by the distribution patterns of different planktivorous 
fish (“small pelagics”) and their life-history stages along the southwestern African 
coast (Verheye et al. 1998; Hutchings et al. 2006; van der Lingen et al. 2006b). 
Furthermore, stochastic mass occurrences (“blooms”) of gelatinous zooplankton 
such as salps or jellyfish can eliminate other plankton and reset the succession of 
the entire pelagic community (Martin et al. 2017). 

Besides predator-prey interactions and food web structure, the availability of 
dissolved oxygen and the vertical extent of the oxygen minimum zone (OMZ) 
strongly determines the distribution of zooplankton in the BUS, especially in the 
nBUS (Auel and Verheye 2007; Ekau et al. 2010). Such OMZs occur regularly 
on the Namibian shelf in the nBUS (Schmidt and Eggert 2016) and around St. 
Helena Bay in the sBUS (Pitcher et al. 2014), yet, at different extents. The specific 
conditions on the Namibian shelf are favorable for benthic sulfur bacteria, which 
may form thick mats and, during occasional anoxic conditions, cause hydrogen 
sulfide eruptions (Schmidt and Eggert 2016). Many zooplankton species can cope 
with the upwelling-driven, highly pulsed productivity regime, strong advective 
processes and the regionally pronounced OMZs. The dominant copepod C. natalis is 
well adapted to the highly dynamic upwelling regime with its reproductive strategy, 
lipid accumulation, ontogenetic vertical migration, and dormant phase (diapause) of 
C5 copepodids at depth (Auel et al. 2005; Verheye et al. 2005; Auel and Verheye 
2007; Schukat et al. 2013, 2014; Bode et al. 2015). Females of C. natalis and 
other species such as M. lucens or C. agulhensis maintain their populations in 
the productive shelf region through diel vertical migration (DVM) between surface 
currents and subsurface counter-currents (Timonin 1997; Huggett and Richardson 
2000; Loick et al. 2005). Species that can retreat into OMZs for at least part of 
the day have various advantages, e.g., finding refuge from predators (Loick et 
al. 2005). The extent of DVM can also be adapted to upwelling intensities and 
food availability: C. natalis and C. agulhensis showed very pronounced DVM 
during periods of increased advection and high Chlorophyll a concentrations,
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whereas DVM was reduced during quiescence of upwelling and low phytoplankton 
concentrations (Verheye and Field 1992; Huggett and Richardson 2000). 

Since the 1950s, long-term changes of zooplankton abundance and biomass have 
been observed in the entire BUS (Verheye and Richardson 1998; Verheye 2000; 
Huggett et al. 2009; Hutchings et al. 2009; Verheye et al. 2016). Around Walvis 
Bay (23◦S), copepod abundances increased six-fold from the 1980s to the early 
2000s, followed by a decline after 2005 (Hutchings et al. 2009). In contrast to 
the nBUS, the sBUS has been studied more regularly in terms of zooplankton 
abundance and community structure making long-term assessments more reliable 
(reviewed by Verheye et al. 2016). A 100-fold increase in total copepod abundance 
(cyclopoids and calanoids) was reported for the sBUS between 1950 and 1995 
(Verheye et al. 1998). Between 1988 and 2003 copepod biomass and production 
along the entire sBUS coast were around one order of magnitude higher than in 
the late 1970s (Huggett et al. 2009). This long-term increase in copepod abundance 
was accompanied by increasing wind stress and upwelling intensities (Shannon et 
al. 1992; Verheye 2000), and it also coincided with the onset of commercial fishing 
since the 1950s (Verheye et al. 2016). Since the mid-1990s, copepod abundance 
decreased again slightly; thus, the decline in copepod abundance started one decade 
earlier than in the nBUS (Verheye et al. 2016). 

In both subsystems, there has also been a size shift in the mesozooplankton 
communities from larger to smaller species during the last decades (Verheye and 
Richardson 1998; Verheye et al. 2016). In the 1950s, euphausiids (esp. Euphausia 
lucens and Nyctiphanes capensis) and large to medium-sized copepods such as 
C. natalis, R. nasutus, and C. brachiatus prevailed in the species composition of 
St. Helena Bay. From the late 1980s onward, smaller copepod species such as 
“small calanoids” (mostly Clausocalanidae and Paracalanidae) and the cyclopoid 
Oithona spp. became clearly dominant (Hutchings et al. 2012; Verheye et al. 
2016). The shift from larger to smaller species can be an indicator of ocean 
warming, whereas a cooling trend by up to 0.5 ◦C per decade has been evident 
from the 1980s onward due to intensification of upwelling in this region (Rouault 
et al. 2010; Verheye et al. 2016). Both oceanographic and biological processes 
(bottom-up control) together with predation effects (top-down control), particularly 
size-selective feeding of sardines and anchovies, seemed to cause these changes 
in the zooplankton communities (Verheye et al. 1998; Verheye and Richardson 
1998; Hutchings et al. 2012). The decline of larger copepods in the St. Helena Bay 
region since the mid-1990s coincided with a marked increase in biomass of small 
pelagic fish such as anchovy, which potentially prey on these copepods (Hutchings 
et al. 2012; Verheye et al. 2016). In the nBUS, no clear predator-prey relationships 
between zooplankton and fish have been identified to date. After the decline of 
anchovies in the mid-1990s no increase of larger copepods was detected (Verheye et 
al. 2016). Hence, the relative importance of bottom-up vs. top-down effects remains 
uncertain, but it is clear that such changes in zooplankton have fundamental effects 
on biogeochemical processes, food web structure and thus ecosystem functioning 
and services.
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Due to considerable interannual variability and different patterns in various sub-
regions of the BUS, trends in one region and season cannot be extrapolated to other 
regions in the BUS, emphasizing the need for high spatial, seasonal, and taxonomic 
coverage of continuous monitoring programs (Huggett et al. 2009; Kirkman et al. 
2016; Verheye et al. 2016). Thus far, the discontinuous and heterogeneous nature 
and the relatively poor data of the BUS compared to time series from other systems 
do not allow far-reaching conclusions about the synchronicity of fluctuations of 
zooplankton biomass and abundance at spatial scales similar to those found for 
fish species (Batchelder et al. 2012). This emphasizes the need for appropriate 
and concrete actions proposed by the Benguela Current Commission to advance 
sustainable development of the BUS goods and services (Verheye et al. 2016). 
Characterizing zooplankton communities by functional types and not only focusing 
on large species will help improving predictive biogeochemical and ecosystem 
models. The community structure of the small calanoid copepods in the BUS has 
not been well distinguished so far (Bode-Dalby et al. 2022). There are contradictory 
and uncertain mentions of Microcalanus (=Clausocalanus?) and Pseudocalanus 
(=Ctenocalanus?) spp. (Verheye et al. 2016); thus, it is not known how diversity of 
small copepods and their functional role has changed over the last decades. 

11.3.4 Macrozooplankton and Micronekton 

To investigate the trophic transfer efficiency in midwater ecosystem components, 
biomass size spectra comprising all major taxa encountered, i.e., fish, crustacean and 
gelatinous plankton (see Fock and Czudaj 2019) were analyzed, as well as diurnal 
feeding patterns and food composition of key fish species in combination with stable 
isotope ratios for selected fish species, medusa and crustacean plankton and other 
micronekton. 

The vertical distributions of macrozooplankton and micronekton were ana-
lyzed using depth-stratified net catches (Multinet-maxi, Multinet-midi, Rectangular 
Midwater Trawl RMT, Figs. 11.7, 11.11) as well as horizontal surface sampling 
(Neuston catamaran). These were used to assess abundance, biomass, and species 
composition, and also to gain information about the behavior of fish larvae in 
relation to hydrography on meso-spatial scales and at high vertical resolution. Fishes 
were captured mostly at night in double oblique hauls down to 500 m depth. 

In order to be able to construct normalized biomass size spectra (NBSS), 
samples were analyzed using digital imaging tools such as the ZooScan (Fig. 
11.12). Similar to the FlowCam method for phytoplankton and microzooplankton, 
organisms like krill, chaetognaths, and fish larvae were scanned and measured 
digitally. Thus, size and volume could be calculated in addition to taxonomic 
classification and abundance. The age, RNA/DNA ratios, fatty acid composition 
and C/N isotope content of commercially important fish larvae (mostly Trachurus 
capensis, Sardinops sagax, and Engraulis encrasicolus) were analyzed to indicate 
their fitness and condition.
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Fig. 11.11 Mesopelagic 
fishes, large crustaceans and 
gelatinous plankton were 
collected using a Rectangular 
Midwater Trawl (RMT 8) 

A Kongsberg EK80 hydroacoustic system was used on the first cruise (M153) 
to detect fish and biomass aggregations of smaller nekton. A configuration using a 
frequency of 38 kHz and a long pulse duration of 1.024 ms allowed the detection 
of biomass down to 750 m depth (Fig. 11.13). Smaller particles could be detected 
using a 200 kHz transducer, but only to a depth of about 150 m. By continuous 
activation of the echosounder, the hydroacoustic systems were able to document 
the vertical distribution of biomass, diel vertical migration and behavioral changes 
of the spatial distributions of organisms like zooplankton and fish. In this way, 
the mesopelagic zone could be monitored continuously, which led to the first 
documentation of deep-scattering layers (DSL) in the Benguela ecosystem between 
300 m and 600 m depth. The intense diel vertical migration between the DSL and the
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Fig. 11.12 Zooscan pictures of (a) Trachurus capensis larvae, (b) Euphausiacea, (c) Chaeto-
gnatha, (d) Amphipoda: Paraphronima sp., (e) Salpidae, (f) Pluteus larvae, (g) Copepoda 

Fig. 11.13 Diel vertical migration from the Deep-Scattering Layer over a 72 h cycle at Station 
18, sBUS, recorded by the EK80 during M153. Nautical Area Scattering Coefficient (NASC, as 
log m2 nm−2) was calculated over 10 m depth bins and 10 min intervals and serves as a proxy for 
biomass 

surface layers, dominated by certain euphausiids and mesopelagic fishes, shows the 
strong connection between the deep sea and the productive euphotic zone (see Fig. 
11.13). During the cruise SO285, a more powerful hydroacoustic system was used. 
This EK60 configuration with four frequencies (18, 38, 120 and 200 kHz) allows for 
the distinction between acoustic response curves, or echoes, of different taxonomic 
groups and can help to distinguish between acoustic biomass of jellyfish, krill and 
different species of fishes. To further identify the origin of the acoustic biomass, 
rectangular midwater trawls were carried out in specific layers of high biomass. 
These reference hauls can then be compared to the acoustic signals of these layers 
to associate biomass with certain species or groups.



298 B. Martin et al.

The Benguela Upwelling System is unique in its mesopelagic fish diversity, 
as it is influenced by the warm Angola and Agulhas Currents to the north and 
south, respectively, as well as the cold Benguela Current to the west (Duncombe-
Rae 2004; Lett et al.  2007; Hutchings et al. 2009), leading to a mix of tropical, 
subtropical, and temperate species of mesopelagic fish (Duncan et al. 2022). Sutton 
et al. (2017) described the Benguela as a unique global biogeographical region for 
its mesopelagic fauna, where pseudo-oceanic species dominate due to the close 
distance of the frontal region to the shelf break (Hulley 1981; Hulley and Lutjeharms 
1989), i.e., the myctophids Lampanyctodes hectoris and Symbolophorus boops, 
and the sternoptychid Maurolicus walvisensis. This ecoregion also exhibits the 
highest cephalopod diversity in the Atlantic (Rosa et al. 2008; Sutton et al. 2017). 
Influences of tropical and cold-water mesopelagic fish species can be seen within 
each of its two subsystems (Duncan et al. 2022). Few studies (Hulley 1981, 1992; 
Rubiés 1985; Hulley and Prosch 1987; Hulley and Lutjeharms 1989; Armstrong and 
Prosch 1991) have investigated the mesopelagic fish community in the Benguela. 
The most recent of these (Staby and Krakstad 2008) documented 18 families from 
five orders of mesopelagic fish using data collected during research surveys off 
Angola, Namibia and South Africa over the period 1985–2005. This study reported 
that the Myctophidae (Diaphus spp. off Angola and Lampanyctodes hectoris and 
Symbolophorus boops off Namibia and South Africa) prevailed and occurred most 
frequently in research trawls particularly over the shelf and slope, followed by the 
Sternoptychidae (predominantly Maurolicus walvisensis; also in shelf and slope 
waters), and then the Phosichthyidae (Phosichthys argenteus) that were typically 
found further offshore. 

Lampanyctodes hectoris and Maurolicus walvisensis appear to be the most 
abundant mesopelagic fishes in the region (Hulley and Prosch 1987; Staby and 
Krakstad 2008). Acoustic surveys for the period 2006–2018 conducted in the sBUS 
(Coetzee et al. 2009, 2018) indicate a combined mean biomass of 1.25 million 
tons of three mesopelagic species (L. hectoris, M. walvisensis and S. boops), on 
average split between M. walvisensis and the myctophids 2:1. Dense aggregations 
were mostly found between 31◦S and 35◦S. As compared to mesopelagic biomass 
estimates for the Humboldt Current System, a biomass of 2–11 million tons for one 
single species (Vinciguerria lucetia) was estimated beyond the shelf break along the 
whole coast off Peru (see Cornejo and Koppelmann 2006). Similar to the biomass 
of small pelagics, the biomass of mesopelagic fish appears to be low in relation to 
system primary production. 

Most studies have focused on L. hectoris and M. walvisensis (Hulley 1981; 
1992; Rubiés 1985; Hulley and Prosch 1987; Hulley and Lutjeharms 1989), and 
also on mesopelagic fish larvae (Olivar 1987; Olivar and Beckley 1994; Ekau and 
Verheye 2005). However, comparative studies of mesopelagic fish communities 
between these two dynamic upwelling systems as well as biological and ecological 
studies are lacking, especially including species of mesopelagic families such 
as Gonostomatidae, Stomiidae, Phosichthyidae, Bathylagidae, and Melamphaidae, 
among others (Staby and Krakstad 2008).
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Data collected during the TRAFFIC research surveys show that the overall 
abundance of mesopelagic fish did not differ between the northern (north of Walvis 
Bay) and southern Benguela subsystems, but species accumulation curves indicate 
that the nBUS has a higher mesopelagic fish richness (Duncan et al. 2022). However, 
there is high heterogeneity within each subsystem, which demonstrates the need for 
increased sampling of these organisms at appropriate spatial scales. Species counts 
revealed 88 mesopelagic species for the TRAFFIC campaign so far, as compared 
to 131 species listed in the South African Africana data base and 98 listed in the 
BENEFIT project (Staby and Krakstad 2008). Seven mesopelagic fish communities 
have been identified on the shelf and slope of the Benguela system. These include 
one shelf group in each of the nBUS and sBUS, as well as several offshore groups 
(Fig. 11.14). The shelf group in the sBUS has low diversity and is dominated 
by Maurolicus walvisensis, which is a shelf/slope-associated species (Hulley and 
Prosch 1987; Prosch  1991) and corroborates the findings of Coetzee et al. (2009). In 
contrast, the shelf of the nBUS had very low abundance of mesopelagic fishes and is 
dominated by gobies and jellyfishes (Roux et al. 2013; unpublished data). The only 
species that defined the shelf ecosystem assemblage in the nBUS was the myctophid 

Fig. 11.14 Modified figure from Duncan et al. (2022) showing (a) Station map (left) with clusters 
of mesopelagic fish communities based on hierarchical cluster analysis (right) using the average 
linkage method on Bray-Curtis dissimilarity matrix for Hellinger-transformed abundance data. 
Panel (b) reflects the abundance of dominant species in each cluster, corrected by the number of 
stations representative of each cluster. Those species listed contribute at least 5% to the fraction of 
mesopelagic fishes and those contributing less have been combined to the category “other” with the 
total number of species contributing to “other” in parenthesis. Abbreviations stand for DD Diaphus 
dumerilii, DH Diaphus hudsoni, DM Diaphus meadi, DT Diaphus taaningi, HH Hygophum 
hanseni, LH Lampanyctodes hectoris, LA Lampanyctus australis, SY Symbolophorus barnardi, 
SO Symbolophorus boops (all Myctophidae), MB Melanolagus bericoides (Bathylagidae), SB 
Stomias boa (Stomiidae), C Cyclothone spp. (Gonostomatidae), AH Argyropelecus hemigymnus, 
MW Maurolicus walvisensis (both Sternoptychidae), VA Vinciguerria attenuata (Phosichthyidae), 
and O other unspecified fishes
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Diaphus dumerilii. This species has a tropical distribution with populations along 
the equatorial Atlantic, both off the coast of Brazil and in the eastern Atlantic 
(Hulley 1981; Czudaj et al. 2021). Offshore stations in the sBUS were dominated 
by gonostomatid Cyclothone spp. as well as the myctophid Diaphus meadi, with the 
exception of one community, which was dominated by the myctophid Hygophum 
hanseni, one of the most abundant myctophids circumglobally, in the area of the 
Subtropical Convergence (Hulley 1981 and references cited therein). In the nBUS, 
offshore stations consist of three communities, two of which are dominated by the 
myctophid Diaphus hudsoni, and one where M. walvisensis prevails. 

Environmental factors that drive mesopelagic fish species composition in the 
Benguela are water masses, surface chlorophyll a and oxygen concentrations. As 
the nBUS is more influenced by SACW and the Angola Current, species that are 
classified as having tropical patterns can be found, such as Diaphus dumerilii and 
Diaphus taaningi (Hulley 1981), while the sBUS has a higher abundance of fishes 
with temperate and convergence patterns (Hulley 1981), such as D. meadi. Hulley 
(1992) also found that the fishing depth and temperature influenced the downslope 
distribution of species. As tropical ecosystems tend to have a higher diversity of 
organisms than temperate regions, this is also reflected in the order Stomiiformes, 
for which 15 species were identified in the sBUS, while species were identified in 
the nBUS (Duncan et al. 2022). Overall, the subsystems found in the Benguela 
Upwelling System show mesopelagic fish diversity, that is highly influenced by 
differences in water masses, oxygen concentrations and currents. However, data 
on seasonality of mesopelagic fish communities are still lacking and there is a 
need for further investigation in order to fully assess the diversity and abundance 
of mesopelagic fishes in the Benguela Current. 

Normalized biomass size spectra (Fig. 11.15) for the micronekton and macro-
zooplankton offshore components beyond the shelf break front, both indicate an 
exchange across the shelf break front, given the differences in slopes in particular 
for the nBUS as well as the influence of the shelf break Benguela jet, transporting 
anchovy larvae downstream spawned in the Agulhas Bank region. The latter is 
supported by the significant fish group normalized biomass with a body mass 
below 0.1 g wet mass (WM) in the sBUS, which mostly comprises anchovy 
larvae, E. encrasicolus. In turn, in the nBUS, euphausiids are dominating in this 
biomass range, mainly Euphausia hanseni, which are dependent on the upwelling 
regime. Given that TTE model parameters are the same for the two closely related 
subsystems, TTE is lower for the nBUS, i.e., the NBSS slope is steeper (−1.37) as 
compared to the sBUS (−1.07, Fig. 11.15). 

11.3.5 Higher Trophic Levels 

The Benguela ecosystem hosts the species spectrum typical of upwelling systems 
and supports multiple species in higher trophic levels, including crustaceans, 
cephalopods, fishes, marine mammals and seabirds. A total of 133 fish species from 
40 families are listed for the Benguela Current LME (www.Seararoundus.com).

http://www.seararoundus.com
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Fig. 11.15 Normalized 
biomass size spectra for the 
northern and southern 
Benguela subsystems 
offshore micronekton and 
macrozooplankton from 
RMT8 samples obtained 
during the M153 late summer 
cruise, March 2019. “Total” 
refers to total community 
biomass, i.e. fish plus 
macroplankton 

Some of these species (e.g., small pelagic fishes) can attain high biomass levels, 
and several are commercially important as fisheries resources including the Cape 
hakes (Merluccius capensis and M. paradoxus), Cape and Cunene horse mack-
erels (Trachurus capensis and T. trecae), and small pelagics (sardine Sardinops 
sagax, anchovy Engraulis encrasicolus and round herring Etrumeus whiteheadi). 
Substantially smaller catches of crustaceans such as rock lobster (Jasus lalandi) and 
deep-water crab (Chaceon sp.) are also commercially important (van der Lingen et 
al. 2006b; Kirkman et al. 2016; Kainge et al. 2020). Additionally, high biomasses 
of as yet not commercially targeted mesopelagic fishes, gobies and jellyfish occur 
in the Benguela, the latter two in the nBUS in particular (Lynam et al. 2006; Roux 
et al. 2013; Kirkman et al. 2016; Salvanes et al. 2018). The southern part of the 
Benguela—from Luederitz to Cape Agulhas—provides nursery grounds for most 
of that subsystem’s ecologically and economically important fish species (Kirkman 
et al. 2016), including both hake species, the small pelagics, and horse mackerel. 

11.3.6 Commercial Fishery 

Important fisheries (in terms of economic value) in the Benguela are those for Cape 
hakes (most valuable) and horse mackerels (largest volume) in the nBUS, and Cape 
hakes (most valuable) and small pelagics (largest volume) in the sBUS (Kainge et 
al. 2020). The fishing gear, product utilization and markets, average catches, and 
management strategies of these fisheries are summarized in Table 11.1, and catch 
time-series shown in Fig. 11.16. 

Historically, sardine dominated landings from 1950 to the late-1960s in both 
subsystems, with peak catches of >1 million tons in the nBUS and close to ½
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Fig. 11.16 Time series of catches of sardine, round herring, anchovy, horse mackerel and Cape 
hakes in the EEZs of Angola, Namibia and South Africa (RSA), 1950–2019. Catches for Cape 
hakes and horse mackerels off Namibia updated from Kainge et al. (2020) and for small pelagics 
from FAO (Namibian catches were included in South African catches from 1950 to 1989 and only 
specifically recorded post-independence (1990). Earlier catches are estimated by subtracting the 
South African catches (see below) from FAO catches. Catches for Cape hakes, horse mackerels 
and small pelagics off South Africa updated from DFFE (2020) and from FAO 

million in the sBUS (Fig. 11.16), but catches of this species then declined rapidly 
off both Namibia and South Africa due to overfishing (van der Lingen et al. 2006b; 
Augustyn et al. 2018). Anchovy replaced sardine in South African catches for the 
next three decades, and sardine catches increased briefly before declining again 
to recent depleted levels (DEFF 2020) arising from prolonged poor recruitment 
and increased fishing mortality (Augustyn et al. 2018). However, despite changes 
in species dominance, and including a small contribution made by round herring, 
catches by the South African small pelagic fishery have been relatively stable (Fig. 
11.16). 

The Namibian sardine fishery has essentially been replaced by the fishery for 
horse mackerels (Trachurus capensis and T. trecae), with catches of the latter 
increasing rapidly from the early 1970s to a peak of almost 660,000 t in 1983. Since 
then this has been Namibia’s major fishery in terms of volume despite a drop from 
peak catches to around 300,000 t annually since the mid-1990s (excluding 1997 
when a catch of only 125,000 t was taken). Substantially smaller (by almost an order 
of magnitude) quantities of horse mackerel (T. capensis only) are caught off South 
Africa, mostly from the Agulhas Bank off the south coast. The Namibian fishery 
for hake started in the early 1960s with catches increasing rapidly to 820,000 t in 
1972 owing to poor control and increased fishing by foreign vessels (Kainge et 
al. 2020). Improved control has resulted in sharply reduced catches, which then 
increased again during the 1980s before declining sharply again in the early 1990s 
(Fig. 11.16). Since the turn of the century however, catches have been relatively
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stable and fluctuated between 100,000 and 200,000 t. South Africa’s hake fishery 
was initiated in 1917 and increased steadily to a peak of 300,000 t in 1972, before 
declining and then leveling out between 100,000 and 150,000 t annually since the 
late-1970s. 

Overall, catches by these major sectors have shown different trajectories in the 
two subsystems. In the nBUS, catches initially increased rapidly but then decreased 
rapidly, with the highest combined catch (just over 2 million t) occurring in 1969. 
Combined annual catches in the nBUS since 2000 have been low (around 20% of the 
maximum attained) but steady. In the sBUS, catches in each sector increased more 
slowly and declines were less or did not occur because of species replacements (i.e., 
anchovy for sardine), and the highest combined catch occurred in 1988. Combined 
annual catches in the sBUS since 2000 have averaged 70% of maximum catch, albeit 
with more variability (42%–93%) than in the nBUS. 

11.4 Conclusion 

Like every upwelling system, the Benguela system reacts to changes in physical 
forcing and is expected to be responsive to present and future climate changes, as 
it is extremely sensitive to global, regional, and local fluctuations in atmospheric 
circulation patterns (Bakun 1990; Bakun et al. 2010; Demarcq 2009). Various 
coastal upwelling systems have undergone dramatic changes (called ecosystem 
regime shifts) in their ecosystem structure and fishery productivity in the past 
(Alheit and Bakun 2010; Cury and Shannon 2004; Finney et al. 2010). These 
changes are not thought to have been triggered exclusively by human actions, but 
also by global or regional physical drivers (Overland et al. 2010; Rykaczewski and 
Checkley 2008). Although some models differ in their implications to projected 
climate change (Wang et al. 2010), most calculations and assessments that address 
the consequences of potential climate change in coastal upwelling areas postulate an 
intensification of physical forcing (wind) that results in stronger, more persistent, or 
more widespread upwelling, particularly in the poleward regions of these systems 
(Bakun 1990; Bakun et al. 2010). 

We summarized TRAFFIC results together with data from the literature and 
previous projects in a synoptic presentation to shed light on trophic transfer effi-
ciencies in the nBus and sBUS. First results indicate that trophic transfer efficiency 
can be modified by metabolic processes and behavior of the animals, for instance 
in terms of predator-prey interactions. Schukat et al. (2021) compared life history 
traits of dominant calanoid copepods in the Humboldt Current System (HCS) with 
those in the nBUS to infer effects of behavior on trophic transfer efficiency. The 
authors concluded that higher transfer efficiency within the HCS was correlated with 
the lack of ontogenetic vertical migration of Calanus chilensis, making it easily 
accessible to epipelagic predators during all life stages. In contrast, in the nBUS, 
the large copepod Calanoides natalis tends to perform vertical migration through 
the oxygen minimum zone, taking it out of reach for hypoxia-sensitive predators 
and hence preventing efficient transfer toward higher trophic levels (Schukat et al.



11 Studies of the Ecology of the Benguela Current Upwelling System: The. . . 305

2021). To establish a holistic view of the carbon transfer processes information from 
other ecological components have to be added. For example, the role of bacteria 
and DOC fluxes is still not understood. DOC export is estimated to account for 
around 20% of the global passive export production (Roshan and DeVries 2017). 
Model estimates of DeVries and Weber (2017) indicate that large plankton produce 
primarily labile DOC, which is rapidly remineralized within several days, whereas 
small plankton produce more non-labile DOC that persists for years and contributes 
to carbon export and sequestration. Investigations on small-sized plankton are in 
progress. At the other side of the size spectrum, higher trophic levels other than fish 
seabirds and marine mammals should be given more attention to fully assess trophic 
transfer efficiency. 
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Glossary of Organizations and Projects 

[The below list is limited to those organizations and projects cited in this chapter, 
and is not intended to represent a comprehensive overview of all marine initiatives 
in southern Africa] 

Organizations 

NATMIRC National Marine information and Research Center, Swakopmund, 
Namibia 

BCC Benguela Current Convention, Swakopmund, Namibia 
UNAM University of Namibia, Windhoek and Henties Bay, Namibia 
UCT University of Cape Town, Cape Town, South Africa 
DFFE Department of Forestry, Fisheries and the Environment, Cape 

Town, South Africa 

Projects 

BIOTA Africa BIOdiversity Monitoring Transect Analysis in Africa. 
The German Federal Ministry of Education and Research 
(BMBF) was open to fund the initiative, meanwhile
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several African countries and partner institutions added 
funding 

NAMIBGAS funded by BMBF 
BENEFIT Benguela Environment Fisheries Interaction and Train-

ing Programme, funded by a number of local, regional 
and international research and development sources 

GENUS (2009–2015) Geochemistry and Ecology in the Namibian Upwelling 
System, funded by BMBF 

TRAFFIC (2019–2022) Trophic Transfer Efficiency in the Benguela Current, 
funded by BMBF 
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12The Application of Paleoenvironmental 
Research in Supporting Land Management 
Approaches and Conservation in South Africa 

K. L. Kirsten, C. J. Forbes, J. M. Finch, and L. Gillson 

Abstract 

Research into past environments and climates of South Africa has significantly 
grown in recent decades, owing to its rich archeological heritage and high 
biodiversity. The paleoscience community has worked toward an improved 
understanding of long-term climate and environmental dynamics, yet the appli-
cation and dissemination of such information into the realm of conservation 
and land-use management have remained limited. In this chapter, we briefly 
explore the current state of paleoenvironmental research in South Africa, recent 
methodological advancements and potential applications of paleoresearch for 
natural resource management and conservation. We advocate for a more inte-
grated research approach, bringing together the fields of ecology, ecosystem 
restoration, conservation biology and paleoecology, as an avenue toward tackling 
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uncertainties in conservation and land-use management practices. We use a case 
study from the Kruger National Park, to demonstrate the benefits of incorporating 
a long-term perspective in understanding the natural variability and thresholds 
of an ecological system, and thereby inform more sound natural resource 
management strategies and conservation planning. 

12.1 Introduction 

The state of a landscape is the product of current and past environmental fac-
tors, including climatic, biotic and anthropogenic factors. Growing anthropogenic 
impacts on the climate and the biosphere has brought into focus the dynamic 
nature of our planet and highlighted the need to understand long-term climate 
and ecological processes, both retrospectively in terms of historical patterns and 
processes, and as a basis for informing future projections (Willis et al. 2010). 
Under current climate change scenarios, environmental systems are expected to 
undergo adaptive responses leading to novel ecosystems with no modern analogue 
(Lovejoy 2007; Williams and Jackson 2007). Long-term ecological observatories, 
monitoring programs and advancements in remote sensing techniques have allowed 
for ecosystem dynamics to be mapped and monitored at a large spatial scale; 
however, these are temporally restricted to the last few decades. Among other 
applications, long-term datasets form the basis for model building and validation 
for future climate projections. For more recently established observatories, it is 
impractical to wait for decades to generate long-term monitoring data (Rull 2014). 
Given the limited temporal range of historical data, alternative approaches are 
required to gain insight as to how climates and ecosystems operate over ecologically 
meaningful timescales. 

To provide a deeper understanding of environmental variability over longer 
timescales, researchers have turned to natural archives of environmental change, 
such as marine, lake and wetland sediments. These archives offer an indirect record 
of ecological variability, and the underlying mechanisms influencing ecosystem 
change (Jackson and Hobbs 2009). For instance, through the identification of fossil 
pollen preserved in sedimentary archives, paleoresearch attempts to reconstruct past 
vegetation composition. This is achieved by transferring a species, environmental 
envelope from the extant ecosystem processes within which it occurs to the 
fossilized occurrences within the paleorecord (Williams and Jackson 2007; Willis 
et al. 2010). This approach offers a window into environmental change over the 
course of deposition and contributes to understanding environmental factors such 
as climate and hydrology, and biological factors such as species niche parameters 
and geographical range (Seddon et al. 2014). In many cases, baseline conditions 
are perceived to be those which occurred prior to intensive human involvement and 
modification. Yet, ecosystems are anything but static in nature, but rather dynamic 
with a range of natural variability (Froyd and Willis 2008). Fundamentally, systems 
are in continual flux, responding to external forces within a defined boundary
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range and baselines can shift depending on the timescale of observation. This 
is a key consideration when developing a management strategy and identifying 
ecologically realistic management targets (Forbes et al. 2018). Here, paleoenviron-
mental research can present unique insights in determining a system’s threshold and 
resilience to change by revealing former multiple interacting processes (Willis et al. 
2010; Gillson and Marchant 2014; Gillson 2015). 

Paleoecology as a discipline has progressed from a largely qualitative base 
typified by the descriptive reconstruction of past environments to a considerably 
more quantitative science. This is mainly due to statistical innovations that have 
allowed for cross-validation of sites and proxies and the detection of regime 
shifts and tipping points (e.g., Line et al. 1994; Birks et al. 2012; Seddon et 
al. 2014; Blaauw et al. 2020). This, coupled with the development of more 
robust chronologies (see Blaauw et al. 2007; Bronk Ramsey 2008; Aquino-López 
et al. 2018) has provided direct correlations between sites, ultimately creating 
a regional perspective. The application and perceived relevance of the research 
outputs from quantitative, temporally constrained environmental reconstructions 
has increased. For example, paleoclimatic data now forms a critical component 
of the Intergovernmental Panel on Climate Change (IPCC) Physical Science basis 
(IPCC 2021), and the reassessment of the Ramsar Convention on Wetlands, on 
an individual site basis, to include paleoenvironmental insights into the natural 
ecological character of wetland systems for better management practices (Finlayson 
et al. 2016; Gell et al.  2016; Gell  2017). Paleoenvironmental perspectives also 
increase our understanding of climate versus human-driven fire regimes, through 
charcoal-based paleofire records, assisting in fire management, conservation and 
restoration efforts (McWethy et al. 2013; Iglesias et al. 2015; Maezumi et al. 2021). 

There have been numerous calls for the closer integration of ecology, ecosystem 
restoration, conservation biology and paleoecology (e.g., Willis and Birks 2006; 
Dearing 2008; Froyd and Willis 2008; Willis and Bhagwat 2010; Birks  2012; 
Gillson and Marchant 2014; Gillson 2015; Davidson et al. 2018) leading to a 
greater application of paleoenvironmental and paleoecological datasets to answer 
questions of conservation and management relevance. Yet, concrete applications 
of paleoecology in conservation and management remain scarce. Rull (2014, p.  
2) criticizes this lack of synergy and warns of “delaying the advancement of 
ecological knowledge and the potential impact of its applications on ... nature 
conservation and the sustainable use of ecological services.” High resolution, 
multiproxy paleoenvironmental studies reveal the importance of long-term data in 
broadening our comprehension of alterations in ecosystem services (ES), ecosystem 
resilience and variability and incorporating knowledge into ecosystem assessments 
and management (Dearing et al. 2012b; Gillson 2015; Jeffers et al. 2015). In the 
South African context, there are numerous Holocene-age paleoecological studies 
(Table S12.1); however, few adequately demonstrate the impactful application of 
paleoecological data for land management (Fig. 12.1). Such applied paleoecology 
is a major development in the field, which is beginning to gain traction in South 
Africa, working to address the “fundamental disconnect” between the disciplines of 
ecology and paleoecology (Gillson and Duffin 2007; Forbes et al. 2018).
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Fig. 12.1 Spatial distribution of selected Holocene-age paleosites across South Africa, noting 
those which included applied paleoecological aspects (triangles) (Full details and associated 
references for these sites are in the Supplementary Material) 

12.2 Evolution of South African Paleoenvironmental Research 

The paleoresearch community in South Africa has emerged from relatively slow 
beginnings, compounded by a range of region-specific limitations. These include 
the often cited lack of organic sedimentary archives due to the arid and semiarid 
climatic setting (Chase and Meadows 2007), and, more generally, a lack of capacity, 
funding and isolated research environment, at least up until the mid-1990s. There 
are now several active research groups and organizations across the country, with 
strong evidence of ongoing international collaboration (e.g., Haberzettl et al. 2014). 
In recent years, growing interest, and investment, in the story of human evolution 
has propelled the paleosciences forward, as a means of providing climate and 
environmental context to the development of early modern humans (Meadows 
2015). Through this inherent geographical advantage, South Africa is broadly 
recognized as a priority research area for the paleosciences and has benefitted from 
a dedicated national funding instrument, the National Research Foundation African 
Origins Platform. 

Paleoenvironmental research in South Africa has traditionally focused on pollen-
based vegetation reconstructions, using wetland sediments, as a means to infer 
past climatic conditions (e.g., Martin 1956; Coetzee 1967). Innovative strides were
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taken to combat the effects of dry and strongly seasonal climate, which hampers 
accumulation of long, continuous sedimentary deposits. Thus, an expansion into a 
broader range of unconventional archives began (Meadows 2015), including pan 
sediments (e.g., Scott 1988), cave sediments (e.g., Thackeray 1992), rock hyrax 
middens (e.g., Scott et al. 2004) and coprolites (e.g., Carrion et al. 2000). Fitchett 
et al. (2017) noted a rapid increase in both the number of studies published and 
the number of proxies used in recent years, as researchers moved from a pollen-
dominated narrative to include additional physical, chemical and biological proxies 
(Meadows 2014). In particular, studies employing isotopes (e.g., Smith et al. 2002; 
Esterhuysen and Smith 2003), geochemistry (e.g., Wündsch et al. 2016, 2018; 
Strobel et al. 2019) and diatoms (e.g., Kirsten et al. 2018, 2020) have become 
more prevalent (Fitchett et al. 2017). This shift toward a more multiproxy approach 
follows international trends, with the use of multiple independent lines of evidence 
as a means to strengthen interpretations and identify inconsistencies. 

Although local paleoenvironmental research has remained largely qualitative, 
recent shifts toward a more quantitative analytical science have begun. The advent 
of transfer functions and various modeling approaches to paleodata have provided 
measurable comparisons to modern ecosystems (Anderson 1995; Birks et al. 2012). 
The incorporation of paleodata for use in probability density functions (PDF), such 
as that employed by the software CREST (Chevalier 2021), has assisted in recon-
structing several climatic variables, including winter and summer temperature and 
precipitation, mean annual aridity and rainfall seasonality, by assigning modern cli-
matic envelopes to fossil pollen assemblages across southern Africa (e.g., Chevalier 
and Chase 2016). Additionally, a transfer function was developed to quantitatively 
reconstruct relative sea level along the east coast of South Africa through the 
analysis of the modern elevation preferences of intertidal salt-marsh foraminifera 
(Strachan et al. 2014, 2015). Such quantitative approaches are underpinned by their 
modern data coverage, following which a recent move to address this modern data 
deficit is apparent (see, for example, Sobol et al. 2019; Strobel et al. 2020), still 
more work is needed in this area. These quantitative applications can deliver a direct 
source of information to support climate projections, with a scope to further develop 
southern African training databases to better constrain local predictions. 

Nevertheless, the application of paleoenvironmental data implicitly relies on 
robust and well-constrained chronologies. Early studies developed age models 
based on linear interpolation of often uncalibrated radiocarbon age determinations; 
however, age-depth modeling of sediment sequences has developed into a complex, 
multisample, statistical approach. This transition has assisted in cross-validating 
environmental trends on a local, regional and global scale. For greater refinement, 
extensive work was undertaken in determining regional marine reservoir effects for 
the eastern to southeastern coast (Maboya et al. 2018) and the west coast (Dewar 
et al. 2012) of South Africa, where previously the marine carbon component was 
overlooked. Beyond the accelerator mass spectrometry (AMS) radiocarbon and 
optically stimulated luminescence dating methods, the incorporation of chrono-
logical markers (Neumann et al. 2011), lead-210 (see Forbes et al. 2018) and 
even paleomagnetic secular variations (see Haberzettl et al. 2019) have assisted in
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refining age-depth models. These analytical developments have greatly benefitted 
the interpretation of data and temporally constrained environmental events from 
sites across South Africa. 

Despite the paleocommunity being active in advancing the field, there are several 
gaps in the knowledge of the role and application of paleoecology in informing 
sustainable land-use management, restoration and conservation. By focusing on the 
last 5000 years, key reference conditions for restoration and conservation efforts 
can be ascertained due to notable climatic deviations, including the mid-Holocene 
Altithermal, arrival of pastoralism in southern Africa, Medieval Climate Anomaly, 
Little Ice Age, European settlement and twentieth century global change drivers. 
However, even with global efforts heeding the call to put applied paleoecology into 
practice, there is limited implementation, bar a few studies (e.g., Forbes et al. 2018; 
Cramer et al. 2019; MacPherson et al. 2019; Dirk and Gillson 2020; Gillson et al. 
2020; Dabengwa et al. 2021) (Fig. 12.1). 

12.3 Shifting Mindsets: The Combination of Paleoecology 
and Restoration Ecology 

Defining restoration and management targets requires a nuanced understanding of 
landscape history and an acknowledgement that variability and disturbance are 
normal. For example, an increase in tree cover in savannas might be considered 
undesirable if it is caused by the unprecedented disruptions of the twentieth century, 
including CO2 enrichment and fire suppression, but might be considered tolerable 
or advantageous, if representing a return to former tree cover following land 
abandonment (Fig. 12.2). Furthermore, in the late twentieth century, ecological 
paradigms shifted, with the recognition that change rather than balance was the 
norm for most ecosystems (Pickett et al. 1997). Early conservation tactics aimed at 
preventing change, such as fire suppression and culling of animals, largely failed to 
stabilize ecosystems and ecologists realized that a new ecology of flux was needed 
(Gillson 2015). 

In restoration ecology, managers aim to restore a degraded ecosystem whose 
structure, composition and function has been compromised, usually as a result 
of anthropogenic factors, for example deforestation, agriculture, urbanization, 
pollution or the invasion of nonnative species (Falk 2017). To define restoration 
goals, a reference condition is needed. In the case of a once-off disturbance event, 
the reference condition can be the state of the ecosystem prior to the disturbance, 
or the state of a neighboring ecosystem that has not experienced the disturbance. 
However, in most cases, defining reference conditions is much more complicated. 
Disturbance and variability are normal in most ecosystems; climate and fire regime 
changes over time can be an integral process in system functionality and many 
landscapes have been managed by people for centuries or even millennia. These 
factors leave a lasting legacy on landscapes that must be considered in restoration 
plans (Higgs et al. 2014; Johnstone et al. 2016; Manzano et al. 2020). What then 
should be the reference conditions that inform restoration management?
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Fig. 12.2 Hypothetical graphs indicating observed increase in woody vegetation cover in the 
recent past (solid line) and different possible late Holocene landscape histories (dotted lines) (a) 
the recent increase in tree cover is unprecedented within the timeframe examined (b) the recent 
increase represents an recovery from past woody vegetation clearance (c) the recent increase 
represents an recovery from past woody vegetation clearance, but woody cover is now higher than 
it was before clearance (d) woody vegetation cover varies cyclically over time 

In Sub-Saharan Africa, there is a case to be made that at least 500 years of 
paleoecological data are needed to define an appropriate range of variability, this 
captures the status of ecosystems and social-ecological systems prior to European 
settlement, and well before the onset of postindustrial anthropogenic climate change 
(Gillson and Marchant 2014; Gillson 2015). Data from fossil pollen, together with 
historical documents and archeological records, can be used to reconstruct the 
influence of anthropogenic and environmental change on vegetation cover and form 
a basis for informing restoration of degraded landscapes. These data can also be 
useful in restoring traditional management techniques, such as patch mosaic burning
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Fig. 12.3 Repeat photographs showing increases in woody vegetation in the savanna biome of 
KwaZulu-Natal, South Africa in recent decades. Weenen Nature Reserve in (a) 1955 and (b) 
2011. Weenen Middlerest in (c) 1955 and (d) 2011. Original photos: D. Edwards (1955) © South 
African National Biodiversity Institute. Repeat photos: J. Puttick (2011) © Plant Conservation 
Unit, UCT. CC BY-NC 4.0. Photos courtesy of Timm Hoffman and rePhotoSA [http://ibali.uct.ac. 
za/s/rephotosa/] (Hoffman and O’Connor 1999) 

and transhumant grazing, that are well-adapted to the variable environments that are 
typical of African rangelands (Laris 2002). 

Here, savannas are used as an example case study to illustrate the importance of 
long-term data in defining reference conditions and informing restoration targets. 
In recent decades, woody vegetation has increased in many savannas (Wigley et al. 
2010; O’Connor et al. 2014; Hoffman et al. 2019) (Fig. 12.3), with several factors 
interacting to determine tree density. Tree abundance varies in response to climate 
(especially rainfall), fire, herbivory, soil nutrients and CO2 (Bond and Midgley 
2012). Furthermore, savannas are important rangelands and humans have manip-
ulated both fire and herbivory to sustain grazing for domestic animals and retain 
a diverse array of ES. This manipulation of savannas through fire and herbivory 
was disrupted due to the eighteenth-century European colonization and settlement. 
Hunting of elephants for ivory and extermination of predators, for example, would 
have affected herbivory and therefore tree recruitment and vegetation structure 
(Hempson et al. 2015; Venter et al. 2017). In the late nineteenth century, Rinderpest 
wiped out significant proportions of herbivores, probably driving pulses of tree and 
shrub recruitment and leading to unusually high tree densities (Ofcansky 1981; 
Holdo et al. 2009). In addition, many colonial governments instigated policies of 
fire suppression and later prescribed burning that disrupted natural fire regimes and
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traditional patterns of fire management, again facilitating tree growth (van Wilgen 
et al. 2014; Humphrey et al. 2020). 

Such fire management policies were often continued beyond independence and 
in many cases are only recently being reviewed. At the same time, rising levels of 
CO2 further enhanced tree recruitment (Scheiter and Higgins 2012), while land-
use and settlement patterns changed, with increasing sedentarization of previously 
transhumant populations. With increasing urbanization and government grants, 
destocking of formerly heavily grazed areas has occurred in recent decades (Blair 
et al. 2018). Many savannas were unusually heavily wooded by the opening of the 
twentieth century, due to the unusual and rapidly changing conditions of the past 
two centuries. Therefore, when many national parks were founded in the early 
decades of the twentieth century, they were likely in a state of atypically high 
tree density compared with preceding centuries and millennia. Using protected 
areas as reference conditions for other, more heavily degraded areas is therefore 
often inappropriate and highlights the potential role of paleoecology in establishing 
reference conditions for savanna restoration. 

Where paleoecology shows that tree abundance is unprecedented or outside of 
the historical range of variability (Fig. 12.3a and c), appropriate restoration might 
include attempts to reduce tree cover, for example through larger herbivore pop-
ulations or more intense burns. Such interventions might be deemed unnecessary, 
where tree cover is recovering from past clearance or undergoing cyclical change 
(Fig. 12.3b and d). With so many variables at play, it is not surprising that the 
structure of savannas is highly variable over both space and time. Therefore, the 
appropriate response to increasing woody cover depends on understanding the 
history of the landscape, requiring long-term data that extends beyond the timescale 
of intensive human impact in the past few centuries (Gillson and Marchant 2014; 
Gillson 2015). 

Sediment cores retrieved from the Kruger National Park, and spanning the last 
5000 years, assisted in identifying a series of alternate stable states in savanna 
vegetation, from studying interactions between local hydrology, climate, fire and 
herbivory (Gillson and Ekblom 2009, 2020; Ekblom and Gillson 2010). These states 
are largely determined by the interplay between rainfall and fire, but transitions 
between states can be facilitated or discouraged by management actions that alter 
herbivory and fire. In this way, the impacts of global change, can be ameliorated at 
least to some extent by management actions at landscape scales (Midgley and Bond 
2015). Fossil pollen data assisted managers and ecologists in the Kruger National 
Park in developing suites of monitoring endpoints, known as Thresholds of Potential 
Concern (TPCs) (Rogers 2003; Gillson and Duffin 2007). These thresholds define 
upper and lower limits of acceptable change in key environmental parameters, for 
example tree cover. When the measured parameters approach the thresholds, man-
agement interventions are triggered that bring the variable back into the accepted 
range of variability, or alternatively the TPC is re-evaluated. Managers chose limits
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of variability to tree cover, which if crossed would trigger management responses 
such as relocation of elephants or changes in fire management (Gillson and Duffin 
2007; van Wilgen and Biggs 2011; Gillson 2015). Thus, long-term records can assist 
in defining the historical range of variability and identifying ecological thresholds, 
which are significant in restoration and ecosystem management due to their impacts 
on ecological process and biodiversity. The application of these insights into past 
variability can assist in the management and restoration of terrestrial ecosystems by 
determining whether to control increases in woody plants (scenarios a and b in Fig. 
12.2) or where paleoecology shows ancient open grassland or heathland systems. 

Paleoecology can similarly be used to describe the “natural ecological character” 
of ecosystems (Finlayson et al. 2005; Gell et al.  2013, 2018; Davidson  2016; Gell  
2017), a requirement under the Ramsar Convention which was ratified in 1971. 
An example from the Murray-Darling Basin (MDB), Australia, shows how a lack 
of long-term data can lead to incorrect assumptions about “baselines” leading to 
the perpetuation of degraded states (Finlayson et al. 2017). Decadal–centennial 
timescales allowed the previous centuries of human impact to be understood, 
providing a more realistic target for wetland restoration and management of the 
surrounding landscape policies. Long-term data contextualizing recent vegetation 
changes and insight into the history of landscapes, environmental change and land 
use is particularly vital at the current time, an example would be management 
pressure to afforest open landscapes that are perceived as degraded or denuded 
forests (Bond et al. 2019). In fact, many open landscapes such as savannas, 
grasslands and heathlands are valuable in terms of biodiversity and ES. Therefore, 
it is essential that ancient ecosystems are distinguished from degraded systems if 
misguided restoration plans on ancient open and biodiverse ecosystems are to be 
avoided. As shown in the examples of the Kruger National Park and Murray-Darling 
Basin, this can only be achieved if the history of landscapes is properly understood. 

12.4 A Look into the Future: Applied Paleoecology 

With the increase and advancements of paleostudies within South Africa, much 
can be done to operationalize and mainstream paleoecology for sustainable devel-
opment in the region. Recent applied paleoecological studies seek to combine 
methodologies and promote interdisciplinary and transdisciplinary (TD) research, 
thus encouraging a past-present-future continuum (Dawson et al. 2011; Birks  2012; 
Gillson and Marchant 2014; Marchant and Lane 2014; Gillson 2015) to frame  
methodological approaches. This continuum is multifaceted, encompassing a wide 
variety of methodologies that must be taken into account at a past, present and future 
level to ensure a comprehensive research approach (Table 12.1).
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Table 12.1 Examples of mixed methods that can be used to explore the past–present–future 
continuum in interdisciplinary and TD research 

Past Paleoecology and paleoclimate science, analysis of orthorectified historical aerial 
photographs, repeat terrestrial photographs, GIS mapping, remote sensing, 
documentation analysis of historical records and long-term monitoring 

Present Stakeholder engagement via interviews and workshops, vegetation surveys, analysis of 
modern pollen trap data and experiments 

Future Scenario planning and various modeling techniques such as adaptive cycle, Bayesian 
network, systems- and agent-based simulation models 

12.4.1 What Operational Approaches Are Needed to Implement 
Ecosystem-Based Management Actions Based on Applied 
Paleoecology? 

Paleoecology is in a unique position to offer insights into historical variability, 
thereby providing clues regarding climatic and anthropogenic-induced impacts over 
time. Policymakers and land managers can use the paleoresults in a strategic 
way within existing systemic structures at multiple governance scales (Monat 
and Gannon 2015). Coherence and coordination with governance strategies that 
focus on ES and human well-being values, stewardship, environment-friendly 
technology, innovation and investment would therefore be an ideal leverage point for 
mainstreaming paleoecology into the sustainability development dialogue, which 
contains both environmental and social dimensions (Dearing 2008; Bond and 
Morrison-Saunders 2011; Grace 2015; Morrison-Saunders et al. 2015; Díaz et al. 
2018; Folke et al. 2021). In this regard, the analysis of multiple paleoproxies can 
contribute to understanding environmental change at global to local scales, from 
the interaction between regional biophysical drivers such as climate and fire to 
changes in vegetation and grazing patterns. However, it is of utmost importance 
that the (applied) paleoecological community coordinates research efforts to align 
with governance mechanisms at multiple governance scales. 

South Africa’s climate change and biodiversity policy supports and promotes 
coordinated and cross-sectoral implementation of Ecosystem-based Adaptation 
(EbA) (DEA and SANBI 2016; DEFF  2019). EbA is a globally-recognized 
approach that advocates for a climate change response that also has socio-economic 
and biodiversity/ecological cobenefits, thus contributing to sustainable development 
(Secretariat of the Convention on Biological Diversity 2009; Vignola et al. 2009; 
Pasquini and Cowling 2015; Aronson et al. 2019). Therefore, ecosystem-based 
approaches are a potential leverage point to incorporate applied paleoecology into 
land management and decision-making. Paleoresearch should be mainstreamed into 
governance structures and planning processes (including adaptive management and 
policy frameworks, e.g., Dearing et al. 2012a, b; Gillson and Marchant 2014), 
bearing in mind possible contextual factors that would either constrain or enable 
environmental mainstreaming efforts (Dalal-Clayton and Bass 2009; Bass et al.  
2011; Pasquini and Cowling 2015; Food and Agriculture Organization (FAO) of the
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Fig. 12.4 Conceptual model showing a transition from T1 which is ca. AD 750–1950s to T2 
which is ca. AD 1950s to present, and then to a potential future state (T3). Scenarios 1–3 represent 
potential transitions and the drivers of change associated with them. Herbivory is by livestock 
between ca. AD 1705–1973 and by reintroduced large indigenous herbivores since AD 1973– 
present. Scenario 1 shows a reversal to a pre-1950s state. Scenario 2 shows if the current state 
remains as is. It is hypothesized that, should an environmental threshold be crossed in the future, 
an alternative stable state of degraded Renosterveld may be attained (Scenario 3). This occurs as 
the intensity of local fires continues to increase, and the grazing of reintroduced large indigenous 
herbivores persists 

United Nations 2016), and therefore impact the likelihood of sustained resilience 
and social dynamics on South African landscapes. 

An interesting interface exists between paleoecology and modeling which further 
develops the holistic past-present-future continuum and could also improve the 
utilization of end-products. Despite the scarcity of research that combines long-term 
paleoecological data with system dynamics (e.g., United Kingdom agro-ecosystem 
study by McKay et al. 2019), a recent study at a lowland conservation site 
(Elandsberg Private Nature Reserve) in the Cape Floristic Region of South Africa 
showed that this can be achieved (Dirk 2021). The study noted the development 
of the site pre- and post-1950s to present and proposed potential future shifts to 
one of three alternative stable states (Fig. 12.4). It is indeterminate as to when a 
forthcoming regime shift will occur and the shift could be due to inappropriate 
levels of land-use disturbance (fire and overgrazing) and/or climate change. It 
has been observed that Degraded Renosterveld would consist of more than 60% 
bare ground, and would be homogenous at the landscape level, with Elytropappus
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rhinocerotis and alien plant species dominating the area (Forbes et al. 2018). The 
TD study utilized high temporal resolution, multiproxy paleodata (fossil pollen, 
spores and charcoal) to infer the alterations of a provisioning Ecosystem Service 
(plant biodiversity) and two land-use drivers of change (fire and herbivory) to 
define the historical range of variability. Participatory system dynamics—including 
a multistakeholder engagement workshop and semistructured interviews with com-
mercial farmers, conservation practitioners and government officials—was used to 
unravel the temporal complexity of the area. This approach was used to identify 
feedbacks in the dynamic SES structure and analyze potential scenarios in response 
to grazing and fire policy, management practices and climate change. The end-
product included a simulation model interface (Story Interface in Stella ® Architect, 
2019. Isee Systems Inc.), which facilitates engagement with interactive paleodata 
visualizations enabled by the system dynamics model. The end-product could then 
be used as a participatory tool or boundary object (Star and Griesemer 1989; Fischer 
and Riechers 2019) to encourage dialogue regarding unexpected simulation results 
and future scenarios to provide information to aid in land-use management and the 
promotion of resilience in the region. 

When amalgamating techniques from a variety of disciplines, it is imperative to 
prioritize the politics and social dynamics associated with not only the formation of 
knowledge, but also its application outside of academia (Roux et al. 2017; Biermann 
et al. 2020). To achieve sustainable ecosystem management, the manner in which 
data is obtained and utilized should incorporate stakeholder participation and mutual 
learning (Knight et al. 2008). Moreover, the applied paleoecological Community 
of Practice (CoP) needs to consider the benefits of reflection, and the compilation 
and dissemination of insights on how and why we engage with stakeholders. 
A common practice in climate change development programs is a process of 
monitoring and evaluation (M&E) to assess desired outcomes and impacts, and 
capturing lessons learned during project implementation (Spearman 2011; Bours 
et al. 2014). Such principles of transparency and replicability are equally important 
in applied research. Applied paleoecology is “reflexive” by nature because it uses 
techniques to gather data that describes the past and develops insights for the present 
and future. By harnessing best practices from the reflexive nature of paleoecology, 
the applied paleoecology CoP should be reflecting and reporting on the opera-
tional research processes they employ as innovative approaches and methodologies 
emerge. Documenting and sharing the novel process steps and methodological 
adaptations are essential for case-specific, multisector and geographically diverse 
contexts in southern African is an essential knowledge management practice for 
advancing this field (e.g., Dirk 2021). 

Community buy-in and stakeholder ownership is essential for addressing knowl-
edge gaps, integrating diverse knowledge streams and bringing about meaning-
ful change. Therefore, novel approaches whereby researchers and stakeholders 
iteratively and collaboratively formulate research questions based on real-world 
problems, use mixed methods and reflect on the applicable evidence and end-
products is the fundamental nature of sustainability science (Kates et al. 2009). 
In addition to using participatory approaches for multistakeholder collaboration
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at research conception and implementation, long-term data needs to be relevant 
and effective for communities that require the information. Thus, (applied) pale-
oecologists need to assume the duty of disseminating paleooutputs which are 
converted and presented in accessible formats for all relevant stakeholder groups (be 
they are from the public, private, or civil society sector). Applied paleoecological 
outputs packaged into useful management decision-support tools will hopefully 
empower and motivate land-users to practice biodiversity conservation and use 
natural resources judiciously (Gelderblom et al. 2003; Jackson et al. 2009). 

12.5 Conclusions 

The South African paleocommunity, in collaboration with international partners and 
funders, has actively sought to understand and decipher past environmental change. 
Historically, this has often taken on the form of relatively low temporal resolution 
studies emphasizing environmental reconstruction over a variety of timescales 
(decadal–centennial–millennial timescales), with the presentation of the generated 
data often being inaccessible to other disciplines and end-users, due to the specialist 
format or the lack of dissemination. 

However, over the last decade or so, the development of the science has been 
recognized as a valuable instrument in informing on the natural variability and 
thresholds of an ecological system. Globally, paleoenvironmental research has tran-
sitioned to encompass quantitative approaches including modeling, experimentation 
and observation to directly inform natural resource management practices. 

Thus, to take timely action in a world that is facing global problems (such as 
climate change, poverty and pandemics such as COVID-19), the paleocommunity 
together with other stakeholders (as multiactor levers) should consider using a 
past-present-future continuum. Through this lens, innovation and advancement is 
propelled with an emphasis on recognizing and initiating points of leverage to 
incorporate paleoecological understandings of long-term change into numerous 
institutionalized governance levels. 

The inclusion of applied paleoecology by the South African paleocommunity, 
by actively incorporating reflexivity into their research outcomes and providing 
opportunities for knowledge sharing, will enable them to tailor their work for 
effective context-based interventions by other researchers and practitioners. It is 
recommended that reflexive outputs such as lessons learnt, conceptual frameworks, 
historical range of variability and limits of acceptable change could be compiled 
and disseminated in the format of policy briefs, grey literature and shared with other 
knowledge holders (e.g., restoration ecology) Gillson et al. 2021. 

Lastly, the next iteration of paleoecological outputs must take into account 
the end-user and the practicality of the data to effectively guide sustainable land 
management through the incorporation of policy-relevant concepts such as ES, 
ecosystem function and social-ecological systems resilience (Dirk 2021).
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Abstract 

Soil erosion has been identified as an issue in South African farming for more 
than a century. Erosion of land surfaces by water or wind is a natural process 
which might be accelerated directly by human impact on land surface properties, 
e.g., vegetation and soils. An assessment of soil erosion risk indicates average 
soil loss rates two orders of magnitude larger than long-term soil formation 
rates. This challenging condition clearly underlines the need for continuous 
application of established policies and principles as well as emerging modes of 
conservation agriculture in farming activities in most parts of South Africa. In 
addition, conservation agriculture has been shown to have positive effects on the 
cost–value ratio, but diffusion and adoption of this innovative approach still meet 
resistance often founded in traditional faith and belief systems. However, to cope 
with challenges from global climate change, e.g., intensified extreme weather 
conditions (droughts and flooding), strengthened resilience of farming systems is 
required to i) meet increased domestic and global demand for food and ii) to put 
into practice sustainable management to diminish on-site and off-site damages 
from soil erosion on the way to reach sustainable development goals. 

13.1 Introduction 

Due to the interaction of internal (e.g., tectonic) and external (e.g., climate) 
processes the surface of the Earth has been constantly changing for millions of 
years. Plate tectonics might create mountain ranges by uplifting rocks while climate 
induced erosion, denudation and weathering decays rocks and minerals and lowers 
the mountain ranges (e.g., England and Molnar 1990). Thus, erosion and denudation 
are natural processes which can be accelerated by human impact resulting in what 
is then called soil erosion, either by water or wind or direct human action like 
ploughing and other means of removal of soils (Bennett 1939, Shakesby 2003, 
Baade 2006). 

Many authors around the World (Oldeman et al. 1991, FAO  2019) and in southern 
Africa (Hoffman and Ashwell 2001, Boardman et al. 2012, FAO and ITPS 2015) 
consider soil erosion as the major land degradation process. In addition, biological 
(e.g., loss of soil organic matter), physical (e.g., soil compaction) and chemical 
degradation (e.g., nutrient loss, acidification and salinization) of soils have to be 
noted. In South Africa, early mentioning of soil erosion issues, initially often related 
to livestock farming and overgrazing date back to the eighteenth and nineteenth 
centuries (Hoffman and Ashwell 2001, Beinart 2003, Rowntree  2013). Widespread 
recognition of land degradation and soil erosion and the development of land 
degradation and land conservation policies started in the late nineteenth and early 
twentieth centuries (Cooper 1996, Beinart 2003) and provide the foundation for the 
status quo and future developments.
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This contribution will focus on the soil erosion problem in South Africa, its 
extent, existing soil conservation measures and policies, socioeconomic dimensions 
and the challenges for future sustainable agricultural soil use preventing land degra-
dation as much as possible. To set the scene, we first look at rates of late Quaternary 
and current geological erosion and soil formation. We will then briefly review the 
general effects of human induced soil erosion on the soils and the environment, 
such as the on- and off-site damages from soil erosion. Acknowledging, that the 
problem of soil erosion has already been noticed in the eighteenth century and soil 
conservation policies developed in the early twentieth century, we then review the 
policy development. The next two sections provide an overview of the current extent 
of soil erosion by both water and wind in South Africa. We subsequently examine 
the socioeconomic dimension of soil erosion and land degradation, focusing on 
stakeholder’s and farmer’s perspective. In conclusion, we identify some major 
challenges for soil conservation and soil conservation policies in South Africa. In 
general, the scope of this contribution is to provide a nation-wide overview and to 
bridge natural science-based findings and socioeconomic aspects of human induced 
soil erosion. Due to the rather complex physical, historical and socioeconomic 
causes of land degradation and soil erosion (e.g., Meadows and Hoffman 2002), 
it will not be possible to consider all aspects. Despite focusing on South Africa, 
we are convinced that many aspects discussed may be applicable to many parts of 
southern Africa. 

13.2 Erosion and Denudation 

The evaluation of the impact of human induced soil erosion on soil degradation 
requires us to determine the long-term geological background (kyr-scale) erosion 
and denudation rates which are mainly controlled by tectonic uplift modulated 
by climate variability (e.g., Molnar and England 1990, Raymo and Ruddiman 
1992, Binnie and Summerfield 2013). Tectonic uplift results in physical erosion 
which produces fresh mineral surfaces, available for chemical weathering. Increased 
tectonic uplift and physical erosion takes place in active mountain ranges (e.g., 
Himalaya, Andes), but the majority of the Earth’s surface, is characterized by low 
tectonic activity and less pronounced topography, including large parts of South 
Africa. 

Cosmogenic nuclide methods are well suited to determine long-term denudation 
rates and relate them to observed current soil erosion rates (von Blanckenburg 2006). 
Production of cosmogenic nuclides is highest at the Earth surface and decreases 
exponentially, so that most nuclides are produced in the upper few meters of 
Earth’s surface (Bierman 1994). The concentration of cosmogenic nuclides in a 
surface sample is inversely related to the long-term denudation rate (Lal 1991). 
Thus, cosmogenic nuclide-derived denudation rates average timescales of 102 years 
in active tectonic areas with several m kyr−1 erosion to 105 years in inactive 
areas with several mm kyr−1 erosion (von Blanckenburg 2006). Often the nuclide 
concentration is well mixed in the soil by physical and biological processes (Schaller
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et al. 2018, Glotzbach et al. 2016), and therefore, recent human-induced increase in 
current soil erosion usually does not impact the cosmogenic nuclide concentration 
measured at the surface. 

South Africa is characterized by a wide variety of landforms, such as flat high 
plateaus, steep mountains and hilly to flat coastlines (Partridge et al. 2010). Despite 
these great landscape variability, long-term erosion rates derived from cosmogenic 
nuclides do not vary much and most rates are in the order of 1 to 10 mm kyr−1 

with an average of 3.6 ± 3.1 mm kyr−1 (see Glotzbach et al. 2016 for a review 
and additional references). It is noteworthy that erosion rates show no simple 
dependency on either topography, climate or rock type. For example, the steep 
mountains of the Cape (slope of up to >30◦) do erode as slowly as the lowlands 
in the Kruger National Park with a rate of only ~5 mm kyr−1 (cf. Scharf et al. 2013, 
Glotzbach et al. 2016). A feasible explanation is that differences in rock type and 
associated erodibility are offset by other parameters, such that steep regions with 
weathering resistant rocks (e.g., quartzite) do erode at similar rates like less resistant 
rocks (e.g., basalts) in flat terrain. Chemical weathering and soil production rates 
are in the same range as observed long-term denudation rates and suggest that the 
transformation from rock into soil is very likely in steady state over long timescales 
(e.g., Chadwick et al. 2013, Decker et al. 2011). 

Short-term (decades) sediment yield rates have been determined throughout 
Africa using gauging stations and reservoirs establishing yields from 0.2 to 
15,700 t km2 yr−1 with a median at 160 t km2 yr−1 (Vanmaercke et al. 2014). 
In the Kruger National Park (KNP), short-term (decades) and long-term (hundred 
thousand of years) sediment yields have been determined by sediment trapping 
in dams and cosmogenic nuclides (Reinwarth et al. 2019, Glotzbach et al. 2016). 
Long-term erosion rates are tightly clustered around a value of ~5 mm kyr−1, 
whereas short-term rates range between 5 and 75 mm kyr−1 and are on average ~ 6-
times higher than the long-term rates (Fig. 13.1). The same trend with even higher 
short-term rates was reported by Decker et al. (2011) in south-central parts of 
South Africa. The rather low long-term, geologic erosion rates in the KNP can be 
accounted for by very low tectonic activity, low relief and rather low precipitation 
and weathering rates in the Lowveld. Based on the fact that the study area located 
in the KNP was newer exposed to European style agriculture and ploughing of 
soils, the current sediment yield rates were expected to be low as well. As is 
evident from Fig. 13.1, some catchments yield current values as low as the long-
term rates, but others yielded much higher values. A similar trend can be seen 
elsewhere in South Africa. Only a small fraction of the catchment sediment yield 
rates (Vanmaercke et al. 2014) are in the range of long-term denudation rates 
(~3.6 mm kyr−1 or ~ 10 t km2 yr−1) (Glotzbach et al. 2016). 

Are these differences caused by human impact or can they be explained by 
climate change or methodological differences? A number of studies have shown, 
that erosion rates determined by sediment trapping can yield either higher or lower 
rates compared to long-term rates. In some cases, this was clearly attributable to 
the climate-induced variability in sediment transport and the magnitude of events 
occurring during the sediment trapping period. It is believed that inclusion or
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Fig. 13.1 Erosion rates [t km−2 yr−1] of dam-locked river catchments in the Kruger National Park 
derived from sediment trapping averaged over a few decades and cosmogenic nuclides averaging 
of hundred thousand years. For conversion of erosion rates between volume and mass, we use the 
continental crust density of about 2.7 t m−3 (Compilation: C. Glotzbach) 

exclusion of large infrequent flood events during the monitoring period is an 
explanation for the different results. Some studies observed an order of magnitude 
increase in denudation rates over the past decades and attributed them to human 
impact (Hewawasam (2003) in Sri Lanka and Raab et al. (2018) in Italy). 

While the observed difference between long-term and short-term sediment yield 
and erosion rates in the pristine Kruger National Park environment is not easy to 
explain cosmogenic-nuclide derived denudation rates provide a proxy for long-term 
soil formation rates—assuming a steady state—of about 5 mm kyr−1 equivalent to 
13.5 t km−2 yr−1. Current pristine erosion rates in the Lowveld are in the order of 
about 30 mm kyr−1 equivalent to 81 t km−2 yr−1. Given the existing studies, it is 
suggested that sustainable agriculture should aim at limiting current soil loss in and 
sediment yield from catchments to the range of values presented here, i.e., to 10 to 
100 t km−2 yr−1. 

13.3 Soil Erosion Due to Human Impact 

Under steady-state conditions, natural, geologic erosion is governed by internal and 
external forces and is believed to be close to an equilibrium state between these two 
major forces. We can assume that, humans interfere with this balance by removing 
directly or indirectly (by livestock farming) the natural vegetation cover protecting 
the soil against the kinetic energy of rainfall or wind as well as disturbing the 
moisture conditions at the surface. Ploughing or other mechanical disturbance from 
working the soils or by livestock farming further alters the structure and stability of 
the soil facilitating its removal, i.e., soil erosion by wind or water (Bennett 1939, 
Shakesby 2003, Baade 2006). Considering the processes involved, soil erosion
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comprises the entrainment, the transport and the sedimentation of soil and related 
material like nutrients, organic matter and fertilizers (Morgan 1995). 

Due to generally rather low soil formation rates (Sect. 13.2), human induced 
soil erosion causes a degradation of the nonrenewable resource soil (FAO 2019). 
Damages, which affect the area under use, are considered on-site damages and 
usually borne by the land owner. Impacts which affect the closer and wider 
surroundings are called off-site damages and are usually carried by the community. 
Estimates indicate that the costs of off-site damages are far greater than on-site ones 
(Clark 1985, Pimentel et al. 1995, Hoffman and Ashwell 2001, Boardman 2021). 

13.3.1 On-Site Damages from Soil Erosion 

The most important on-site damage from soil erosion is the removal of the soil and 
related material like seeds or plants, soil organic matter, fertilizer, and other nutrients 
from the fields eventually depleting the thickness and the fertility of the soil (Lal 
2015). This removal might occur in the form of deflation by wind or sheet (or inter-
rill) and rill erosion caused by rainfall impact (i.e., splash erosion) and overland 
flow. Where overland flow concentrates, (ephemeral) gully erosion can remove 
considerable amounts of soil in addition. These removal processes are selective 
leaving coarser lag deposits behind. The effect is an extensive gradual depletion 
and degradation of the fine soil material at the surface thinning the ecologically 
important upper soil horizon which provides the base for crop production and 
livestock farming, among other functions (du Preez et al. 2020). When it comes 
to erosion by water, occurring generally in hilly terrain, redeposition within a site 
is another aspect of concern, e.g., due to the accumulation of sediments, crusting, 
burial of plants and harvest losses. The same is true for wind erosion, which 
additionally might affect crops by abrasion (Funk and Reuter 2006). 

Usually this type of extensive, subtle soil erosion progresses slowly and often 
unnoticed. Visible effects include a mottled development of vegetation cover, 
eventually spotty exposures of parent material, and variation in forage or crop yields 
lowering the farmers return and eventually the Gross Domestic Product of a country. 
Nonetheless, estimates for the costs of on-site damages by soil erosion have not yet 
been established for South Africa (Turpie et al. 2017), despite early requests to do 
so (Braune and Looser 1989). 

Compared to this, the specific type of erosion caused by the concentration of 
overland flow in hilly terrain, i.e., gully erosion, results in often spectacular, well 
visible linear erosion features dissecting the land in a way that arable farming 
is precluded and livestock farming constricted. Often these areas are then called 
badlands (Fig. 13.2, Boardman and Foster 2008; Foster and Boardman 2020). A 
specific issue of gully erosion is the fact that this process is governed by the overland 
flow originating in the uphill catchment area of the gully. Given the generally steep 
slopes at the gully head, gully erosion and gully head retreat are often characterized 
by reinforcing feedback loops and very difficult to control or stabilize. Eventually,
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Fig. 13.2 Example of a strongly dissected former cultivated field, north of Ladybrand, Eastern 
Free State Province. In the foreground a gully head is clearly visible and brush to keep off livestock 
(Photo: J. Baade 2018) 

gully erosion might even impede or inhibit forestry activities or result in completely 
dissected and barren land (Bennett 1939, Boardman et al. 2012). 

13.3.2 Off-Site Damage from Soil Erosion 

The material removed by soil erosion from a site will be transported and eventually 
deposited in the closer or wider surroundings. Details of the processes and the 
effects are specific to the eroding and transporting agent: water or wind, and need to 
be examined separately. 

The extent of off-site damage from soil erosion by water is controlled by the 
magnitude of the rainfall and runoff event causing erosion and surface runoff 
as well as the configuration, density and connectivity of the drainage system 
downstream of the eroding sites (Rowntree 2012, Msadala and Basson 2017). Often 
these events cause sediment rich waters to end up downstream. Higher magnitude 
events might further flood roads, houses and other properties causing impacts from 
little discomforts to considerable damage. Some of the eroded material will be 
deposited along the way when flooding of river banks occurs. But, in South Africa, a 
considerable amount of the material is deposited in the dams and reservoirs (Braune 
and Looser 1989, Rooseboom et al. 1992, Msadala and Basson 2017) which serve 
as important sources of water to humans and semiarid agriculture. The remaining
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sediments will be carried on by the main rivers to the oceans where they get 
deposited in estuaries, coastal lakes, harbors or on the shelf, e.g., the mudbelt off 
the Orange River mouth (Compton et al. 2010) (see Chaps. 27 and 28). 

Using DWS (2017) data on reservoir siltation and the approach by Turpie et 
al. (2017) the monetary damage caused by the siltation of dams and reservoirs in 
South Africa sums up to about 2 billion ZAR for the period 1980 to 2000. This 
estimate is based on the costs to reestablish the lost water storage volume, only. It 
does not consider the costs for water treatment plants and other efforts to produce 
drinking water from heavily silted water (e.g., along the Caledon River). In addition, 
not included is the ecological damage caused by water enriched in silt, nutrient 
and possibly pesticides to the aquatic food resources in the receiving water courses 
including the oceans (Turpie et al. 2017) (cf. Chap. 31). 

Off-site damage from wind erosion can be divided into those that occur imme-
diately and those that show more long-term effects (Funk and Reuter 2006). Sand 
deposits are often found directly at the field boundaries after an event, filling ditches, 
developing fence-line dunes or covering traffic routes (Holmes et al. 2012). The 
immediate effects are further related to the dust emissions (Fig. 13.3). They cause 
reduction in visibility affecting traffic safety, and air pollution with particles of 
the fractions PM10 and PM2.5, which are harmful to human health (Vos et al. 

Fig. 13.3 Dust event near Bultfontein, Free State Province. Dust traps are collecting saltating and 
suspended sediments originating from a bare peanut field in August 2018. PM10 concentrations 
peaked at 2500 ppm during this two-hour event and resulted in the collection of 26 grams of 
sediment from the 4 traps (Photo: F. Eckardt 2018)

http://doi.org/10.1007/978-3-031-10948-5_27
http://doi.org/10.1007/978-3-031-10948-5_28
http://doi.org/10.1007/978-3-031-10948-5_31
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2021). Contamination of crops and fruits by dust deposits can also be considered as 
immediate off-site damage in the agricultural sector. Long-term damages are caused 
by repeated sand and dust input into adjacent sensitive areas, such as settlements or 
natural aquatic or terrestrial biotopes. 

13.4 Soil Erosion and Conservation Policy in South Africa 

13.4.1 Development of Soil Conservation Policy 

According to Kanthack (1930, p. 516), the “devastation of large areas due to soil 
erosion” has been an issue for the general public and the farmers at least since the 
beginning of the twentieth century. Rowntree (2013) provides a recent review of 
early discussions of land degradation in the Agricultural Journal of the Cape of 
Good Hope published between the 1890s and 1910s. This concern stimulated the 
development and further refinement of soil conservation policies. A detail account 
of these developments in the twentieth century up to 1994 is provided by Cooper 
(1996) who presents a unique and in-depth perspective of soil conservation policies 
in South Africa focusing on the human dimension thereof. According to her, the 
first documented policies on soil conservation go back to the early Cape settlers 
who provided directives to land users in the form of “Placaaten” starting already 
in the seventeenth century (Cooper 1996, 83 f.). Most of these included indirect 
reference to soil conservation. 

The first attempt by the Union of South Africa to formally investigate the effect 
of land degradation, especially soil erosion, was through the Drought Investigation 
Commission in 1923, followed by a Soil Erosion Conference in 1929 (Adler 1985). 
Initial governmental funding of erosion-control schemes to rehabilitate and prevent 
further erosion took place in the 1930s (Bennett 1939, Beinart 2003). The first 
formal legislation to address soil degradation was through the Soil Conservation 
Act, Act 45 of 1946 (SCA_1946, Table 13.1, Hoffman and Ashwell 2001). 

The Union Government soon realized that without support, farmers will be 
unable to successfully rehabilitate eroded and degraded land and a number of 
schemes were developed, namely the Grass Ley Crop Scheme (1958–1972), Veld 
Reclamation Scheme (1966–1971) and the Stock Reduction Scheme (1969–1979). 

Table 13.1 Overview of important acts related to soil degradation and soil conservation 

Year Act No Name Abbrev. 

1946 45 Soil Conservation Act SCA_1946 
1949 6 Soil Conservation Amendment Act SCAA_1949 
1960 37 Soil Conservation Amendment Act SCAA_1960 
1967 15 Soil Conservation Amendment Act SCAA_1967 
1983 43 Conservation of Agricultural Resources Act CARA 
1998 107 National Environmental Management Act NEMA 
2004 10 National Environmental Management Biodiversity Act NEM:BA
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Based on these interventions, considerable subsidies and other investments to 
combat and rehabilitate land degradation were provided to, e.g., lower stock 
numbers per unit area to combat erosion due to overgrazing, terracing of arable land 
and the development of contour banks or runoff bunds (Cooper 1996, von Maltitz et 
al. 2019). 

The amended Soil Conservation Act of 1967, repealed the SCA_1946 (Theron 
1985) and in 1983 was replaced by the Conservation of Agricultural Resources 
Act (CARA) (South Africa 1983). It is important to note that CARA build on 
the previous act’s success and shortcomings. Many of the current concepts were 
born from the preceding Soil Conservation Acts (Departement van Landbou-
Tegniese Dienste 1966). CARA was at its inception applicable to white owned 
agricultural land, only, and excluded the African self-governing homeland areas. 
This exclusion of former homeland areas was repealed through the Abolition of 
Racially Based Land Measures Act, Act 108 of 1991. Within homeland areas the 
“Betterment” scheme was used to improve land use planning and land degradation. 
But these efforts were met with considerable resistance and also had unintended 
environmental consequences like the degradation of resources around the newly 
build villages (Hoffman and Ashwell 2001). 

The scope of CARA includes control measures on soil cultivation, alien invasive 
plants, veld management, veld fires, management of wetland and soil conservation 
works. The act made provision for the establishment of a number of incentive 
schemes and subsidies for soil conservation, agricultural land rehabilitation, the 
reduction of stock numbers, the establishment of specific crops to enhance soil 
fertility and combating of alien plants. The schemes were governed by regulations 
(South Africa 1984) under CARA and a variety of manuals and guidelines were 
made available (e.g., Department of Agriculture 1984, 1997, Russell 1998). 

Any soil conservation activities were based on farm plans drafted by soil conser-
vation technicians and were kept on file at the local extension office. CARA further 
made provision for the expropriation of land for the restoration or reclamation of 
the farm. Based on this, a number of farms were expropriated due to the extent 
and severity of erosion on these farms. Examples from the Eastern Cape include a 
number of farms in the Molteno area as well as the Weenen Nature Reserve that was 
converted in 1975. Further examples exist where townlands (commonage) were so 
overgrazed that they were handed over (in 1973) to Agriculture Technical Services 
and converted to a research station, e.g., Adelaide Research Station, Eastern Cape 
(pers. Comm. Craig Trethewe 2021). 

Although numerous attempts have been made within the National Ministerial 
Department responsible for Agriculture after 1994 to put in place a more inclusive 
act that conforms to the constitution, CARA remains the only agricultural legislation 
governing natural resource use and protection of agricultural land. Its role to 
oversee agricultural land management has in part been replaced by the National 
Environmental Management Act (NEMA) in 1998 and the National Environmental 
Management Biodiversity Act (NEM:BA) in 2004 (Table 13.1, De Villiers and 
Hill 2008). After 1994 large sections of the act became redundant and inactive. 
Funding for soil conservation committees ceased, although a few committees are
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still semiactive through the initiative of farmers. Financial provision for schemes 
stopped because the schemes before 1994 exclusively assisted white commercial 
farmers. 

Post 1994 the role of funding rehabilitation degraded land is shared between 
the Department of Environment, Forestry and Fisheries (DAFF) Working for Water 
(WfW) and the Department of Agriculture Land Reform and Rural Development 
(DALRRD) LandCare Program. The LandCare program was established in 1997 in 
South Africa (Mulder and Brent 2006). Here, LandCare is a labor-intensive public 
works social program aimed at poverty alleviation and job creation while assisting 
rural communities to improve their livelihoods through soft interventions (e.g., 
clearing of alien invasive plants, fencing to rehabilitate cultivated fields, promoting 
better livestock production and conservation agriculture) (Kepe et al. 2004). Accord-
ing to Nabben and Nduli (2001), the new postapartheid policy direction was toward 
commitment to address the needs of people living in the former impoverished 
homelands, community empowerment and partnership with government. Kepe et al. 
(2004) stated that natural resources can ultimately contribute to poverty alleviation 
if key principles of LandCare are considered, i.e., that land degradation is addressed 
and sustainable natural resource utilization is achieved. A similar program, the 
Working for Wetlands, was initiated by the Department of Water Affairs in 1996 and 
later transferred to the Department of Environmental Affairs. Similar to LandCare, 
the program focuses on poverty alleviation by providing work to marginalized 
groups. Working for Wetland concentrates on the rehabilitation of wetland systems 
through, e.g., building erosion structures and sediment traps, plugging artificial 
drainage systems, revegetation and bioengineering. Part of the program is also to 
conclude contractual agreements with landowners where rehabilitation took place 
to secure the sustainability of the interventions and also to develop ecotourism 
opportunities through the establishment of bird hides and boardwalks (Dini and 
Bahadur 2016). 

Recently, the DALRRD has developed a Conservation Agriculture (CA) Policy 
for South Africa (DAFF 2017). The policy aims at promoting sustainable man-
agement practices to increase soil cover, biological diversity and minimum soil 
disturbance. It is grounded on the principles of farmer empowerment, addressing 
social inequality, implementing sustainable agricultural practices and knowledge 
development and sharing. The CA principle of minimum or no tillage is increasingly 
adopted by (commercial) farmers as it reduces mechanization and input costs 
(see Box 13.1 for a personal view). Rotation of monocrops is preferred above 
intercropping in annual dryland cropping, although none is widely practiced (Van 
Antwerpen et al. 2021). Although CA promotes the increase of soil cover either 
through crop residues or cover crops, the preservation of crop residues is a challenge 
in mixed cropping/livestock systems, since many farmers rely on crop residues 
for overwintering of livestock (Thierfelder et al. 2015). As part of South Africa’s 
UNCCD Land Degradation Neutrality (LDN) Targets (von Maltitz et al. 2019), 
60,000 km2 cultivated land needs to be converted to CA systems by 2030. There 
is considerable literature pointing to CA as a farming system of importance within 
a South African context (De Wit et al. 2015, Van Antwerpen et al. 2021). A recent
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study by Smith (2021) estimated that the total area of crop-livestock systems under 
CA in South Africa is 16,300 km2 with the highest adoption in the Western Cape 
(51%). However, CA adoption under semicommercial and small holder systems is 
only 0.8%. 

Box 13.1 On the Implementation of Conservation Agriculture (CA) in the 
Free State Province: A Farmer’s and CA Consultant’s Personal View 
by J. Knot 
It is fulfilling to be a steward of the soil. Working with small and commercial 
farmers is exciting especially when they are zealous in applying all sorts 
of soil conservation and regenerative farming practices. What is a farmer’s 
opinion about soil degradation and soil conservation? Here, I’ll share some of 
my findings, perceptions and interpretations. 

Farmers are not ignorant of soil degradation. They see the gullies (dongas) 
become deeper and wider and obviously note that their maize yield (mostly 
without synthetic inputs) dropped over time. The question is what they can 
do about it? What can individual farmers do inside a current collective system 
where action is defined by faith and belief systems? 

At district level these farmers cannot do much as grazing laws and 
regulations, etc. are the responsibility of the government. But, success stories 
at farm and village level have been noted: farmers that adopted CA applied 
compost, manure and soil cover. Fields were not ploughed anymore and 
tillage reduced enormously. Cover crops have been adopted into the maize 
production systems especially as relay cropping. They managed to a certain 
extend to reverse the traditional uncontrolled “free for all” grazing on their 
crop residues and winter cover crops. 

Commercial farmers have probably more advanced and better access to 
social media, internet research on reading about soil erosion and land degra-
dation. Many conventional commercial farmers however are not convinced 
that tillage is necessarily degrading the soil. Many if not all (conventional) 
farmers measure farm performance in financial terms only. If the crop yields 
decline then many find resort in using improved seed cultivars and apply 
higher fertilizer rates. Simply said, the crop yields remain the same, but the 
soil quality decreases gradually. The journey of soil conservation along with 
keeping farming profitable is a far more difficult road to travel. It requires 
more hands-on management, but it is the MUST-road to travel. Look after the 
soil and it will look after you, your crops and the livestock. 

It appears that combating soil degradation in southern Africa will best 
be via a bottom-up approach driven by devoted, visionary, regenerative lead 
farmers in a supportive innovative environment who successfully implement 
CA and stimulate farmer groups around them to also try, research and practice 
CA. Soil and water conservation is related to implementation of principles 

(continued)
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Box 13.1 (continued) 
but the HOW TO DO remains farm-specific. Unfortunately, as agricultural 
extension and research support is lacking soil conservation is solely on the 
shoulders of the farmers. 

Soil conservation committees provided an important means to promote conser-
vation of agricultural resources (Theron 1983) and to the implementation of CARA. 
Although the success and efficiency of soil conservation committees varied, clear 
legislative and regulative guidelines existed (South Africa 1983, 1984). Based on 
this, farmers must be responsible for interventions and ideally share the cost of 
interventions. In addition, policies and legislation must be implemented by a capable 
and motivated staff component and knowledgeable farmers to ensure that land 
degradation can be quickly identified, and the most appropriate soil conservation 
interventions can be applied. In the past considerable emphasis existed on training 
a skilled workforce both on a technical but also academic and managerial level. 
For this purpose, curriculums within agricultural engineering and extension were 
developed at Technicon’s to train soil conservation technicians and practitioners. 

The recent Land Degradation Neutrality (LDN) document revolves around three 
strategies of avoiding degradation, reducing degradation and restoring degradation 
(Cowie et al. 2018, von Maltitz et al. 2019). Any policy needs to consider all three 
with the emphasis on the first. Farmers can avoid and reduce further degradation 
by adopting practices and behavior that conserve and improve ecological capital, 
e.g., the soils. However, it remains very difficult for farmers or land users to 
rehabilitate severely eroded land and any intervention requires long-term dedication 
and sacrifice. 

13.4.2 Soil Erosion and Soil Conservation Research Development 

The visible effects of land degradation and the desire to optimize production 
stimulated research interest and created the awareness that a better understanding 
of soils and vegetation in South Africa would be needed (Cooper 1996). Thus, the 
Land Type survey came forth from the need to have a nationwide map of soil 
information as good soil data is imperative for setting policy guidelines on soil 
conservation. From early 1970 up to 2000 various soil scientists contributed to 
define homogenous areas called land types according to terrain, climate and soil 
(Land Type Survey Staff 2012). The land type survey remains the only nationwide 
survey of soils in South Africa. A similar exercise was completed by Acocks (1988) 
to define vegetation types for livestock and agricultural production. In addition to 
this, considerable research on the most sustainable veld management strategies to 
prevent land degradation was undertaken.
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Since 1994, research emphases have shifted away from innovative veld and 
cropping system research at Government owned research institutes. Greater empha-
sis is on on-site trials focusing on smallholder farming and communal farming 
systems testing traditional, low-input approaches. The focus of extension services 
has shifted toward project implementation aiming at poverty alleviation and small-
scale farmer assistance. Within commercial livestock farming, holistic farming and 
high intensity grazing has been adopted because of the perceived benefits the adap-
tive management decision-making framework brings. Holistic farming or Holistic 
Management (Savory and Butterfield 2016) is however seen as highly controversial 
from an ecological point of view (e.g., Briske et al. 2011, Mann and Sherren 2018). 
Through intensification of livestock rotational systems (smaller camps and faster 
rotation) and higher camp stocking rates, grass utilization efficiency is increased 
but grass recovery becomes longer, stimulating cover, nutrient cycling and carbon 
sequestration (Gosnell et al. 2020). 

13.4.3 A Successful Soil Conservation Policy 

Strong legislation and regulations regarding soil conservation developed over a 
period of 40 years spanning three acts. The CARA act is still relevant, but it 
is an old legislation that needs review. It does not consider new philosophies 
of holistic management, carbon sequestration and conservation agriculture. Tools 
to assist with implementing the act have also progressed significantly. Without 
sound implementation any form of legislation is ineffective. A strong and capable 
personnel corps is needed with an enduring institutional memory, an issue discussed 
as well in Europe (Boardman and Vandaele 2010), for administrating the acts, 
regulations, policies and strategies on soil conservation. 

There exists a wealth of data on methods to prevent soil degradation and to restore 
degraded soils. A good example is the World Overview of Conservation Approaches 
and Technologies (WOCAT) containing a database of various sustainable land 
management practices including a guideline book for southern Africa (Liniger and 
Studer 2019). Nonetheless, the need for constant data on the state of the resource 
and research on testing new technological advances in sustainable land management 
is essential. Although remote sensing provides a rather new dimension in natural 
resource monitoring (see Chaps. 24 and 29) the collection and monitoring of ground 
base measurements still remain essential. Although sufficient research is available 
on basic methods to prevent, reduce and restore soil degradation, continued training 
and research on newer technologies toward building human capacity are needed. 
Considering the time for rehabilitated land to recover, the benefit for current land 
users remains minimal. Policy decision makers should understand that benefits after 
land rehabilitation are only visible over the long-term and often beyond the lifespan 
of a farmer.

http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_29
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13.5 The Extent of Soil Erosion by Water in South Africa 

While long-term, geological erosion and denudation rates seem to be quite low 
and uniform over South Africa, current rates of soil erosion show a strong spatial 
variation. Due to a still missing uniform soil erosion model which would assess 
sheet and rill erosion as well as gully erosion at the same time, these two forms need 
to be looked at separately. Together, they are good proxies for the on-site damages 
from soil erosion by water, while sediment yield assessments are a good proxy for 
the off-site damages. 

In order to assess the actual risk of soil loss from sheet and rill erosion in South 
Africa, the Universal Soil Loss Equation (USLE, Wischmeier and Smith 1978) was  
interfaced in a Geographical Information System (GIS) and applied to the whole 
country. The (R)USLE represents the globally most frequently applied soil erosion 
by water model (Borrelli et al. 2021). It has sufficient simplicity for a risk assessment 
(not actual rates) on a national scale by incorporating the main factors causing 
soil erosion, i.e., rainfall erosivity, soil erodibility, topography and vegetation cover. 
Details on the method and the data used to account for the main factors are provided 
in Le Roux et al. (2008). 

To additionally assess concentrated flow erosion a gully erosion location map for 
South Africa was created by visual interpretation and vectorization satellite imagery 
acquired in 2008 to 2012 (Mararakanye and Le Roux 2012). SPOT 5 satellite 
imagery was utilized because it provides high resolution air photo-like quality for 
erosion mapping and was acquired from government agencies for the whole country. 
As a result, the study successfully mapped over 150,000 gully erosion features 
ranging from just a few square meters to several hectares of surface area each. 
However, one has to note that this mapping exercise is a first step in providing an 
assessment on gully erosion in South Africa. In particular, it does not consider the 
status of a gully (active or inactive) and does not provide any estimates on the age 
or lifetime of the gullies and thus gully erosion rates. 

Figure 13.4 illustrates the distribution of areas with a high erosion risk for sheet 
and rill erosion, basically under conventional tillage operations on arable land. 
Arable land is defined here as the interpretive groupings of Land Types (Land Type 
Survey Staff 2012) with cultivation potential ranging from least suitable (requires 
careful management) to most suitable (for safely and profitably cultivating crops) 
(Schoeman et al. 2002). Areas are classified as having a moderate to high erosion 
risk when the average annual soil loss rate exceeds 1200 t km−2 yr−1 (thereafter 
shortly called water erosion risk areas). This classification applies to about 25% of 
the land in South Africa. In total, approximately 96,350 km2 and 30% of all potential 
arable land can be considered at risk of water erosion. The average predicted sheet 
and rill erosion soil loss rate for arable land in South Africa is 1260 t km−2 yr−1, 
a value recently confirmed by Borrelli et al. (2017, Fig. 4). Looking at the total 
area classified as water erosion risk areas (Table 13.2), the Eastern Cape ranks first, 
followed by the Free State and the Northern Cape provinces. But if one considers
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Fig. 13.4 Water erosion risk map of South Africa (emphasizing sheet-rill erosion) (modified from 
Le Roux et al. 2008, p. 310) 

Table 13.2 Assessment of the extent of soil erosion by water (sheet and rill erosion and gully 
erosion) in South Africa 

Province 
Total Area 
[km2] 

Area affected 
by sheet and 
rill erosion 
[km2] 

Area affected by 
sheet and rill 
erosion [%] 

Area affected 
by gully 
erosion [km2] 

Area affected 
by gully 
erosion [%] 

Western Cape 129,462 20,653 16.0 254 0.2 
Northern Cape 372,889 54,071 14.5 1608 0.4 
North West 104,882 14,853 14.2 108 0.1 
Free State 129,825 55,039 42.4 647 0.5 
Eastern Cape 168,966 61,886 36.6 1518 0.9 
Limpopo 125,755 44,227 35.2 587 0.5 
Gauteng 18,178 7757 42.7 1 0 
Mpumalanga 76,495 25,784 33.7 174 0.2 
KwaZulu Natal 94,361 21,380 22.7 875 0.9 
Total 1,220,813 305,650 25.0 5772 0,5 

the proportion of areas at risk compared to the total area, then Gauteng and the Free 
State show up as hotspots followed by Eastern Cape, Limpopo and Mpumalanga. 

Figure 13.5 illustrates the distribution of gullies in the country and shows that i) 
all provinces are affected by gully erosion and that ii) there is a clear overlap with
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Fig. 13.5 Gully erosion location map of South Africa (from Mararakanye and Le Roux 2012, p.  
213) 

the water erosion risk areas (Fig. 13.4). Overall, about 0.5% of South Africa’s land 
surface is dissected by gullies (Table 13.2). The largest areas covered by gullies 
are in the Northern and Eastern Cape provinces and the highest density of gullies 
are found in the Eastern Cape and KwaZulu Natal. These findings confirm earlier 
assessments by Hoffmann and Ashwell (2001, 151) about the “provinces most badly 
affected by soil degradation.” In addition to the extent of gully erosion, Mararakanye 
and Le Roux (2012) determined that 1818 km2 and 5.5% of arable land is affected by 
gully erosion. Here, poor farming practices as well as the trend toward agricultural 
intensification can be considered a major cause of gully erosion. 

Finally, the assessment of catchment sediment yield provides a reasonable proxy 
for the off-site damages from soil erosion by water. Given the increasing threat 
of reservoir siltation, the Water Research Commission (WRC) identified the need 
to improve the original sediment yield map of South Africa (Rooseboom et al. 
1992). The revised sediment yield map (Msadala et al. 2010) was produced using 
latest reservoir siltation data in probabilistic and empirical modeling. One of the 
improvements involved the identification of new regional boundaries based on 
above-mentioned USLE study of Le Roux et al. (2008). Furthermore, revised 
sediment yield confidence bands were developed using recent bathymetric survey 
data for 157 dams obtained from the Department of Water and Sanitation dam 
survey information book (DWS 2006).
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Fig. 13.6 Sediment yield map of South Africa (modified from Msadala et al. 2010, p. 243) 

Figure 13.6 illustrates that the highest sediment yields are predicted in the eastern 
parts of the country. The spatial pattern is rather similar to the water erosion risk 
and gully erosion maps (Fig. 13.3, Fig.  13.4). Sediment yield ranges between 4 
and 1510 t km−2 yr−1 with an average of 207 t km−2 yr−1. It is noteworthy that 
differences between sediment yield and soil loss can be high (Walling 1983) and 
often sediment yield is lower than estimated soil loss or soil detachment in the 
corresponding catchment area. Nonetheless, comparing the three figures provides 
evidence of quite similar patterns of hotspots of sheet and rill erosion, gully erosion 
and sediment yield across the country and a strong correlation with the distribution 
of dispersive and duplex soils in South Africa (see Fey 2010). 

Recently, Borelli et al. (2017) published a RUSLE-based global modeling 
approach to assess the potential rates of soil detachment by water in the years 
2001 and 2012 considering land use change, but omitting climate change. In good 
agreement with earlier results of Le Roux et al. (2008) they report an average annual 
loss of about 1600 t km−2 yr−1 in cropland for 2012 (Borelli et al. 2017, Fig. 4). In  
addition to this, Borrelli et al. (2020) assessed future developments for the year 2070 
based on Representative Concentration Pathways (RCP). According to this, sheet 
and rill erosion are supposed to remain on the current level or decrease slightly for 
RCP 2.6 and RCP 4.5 and increase slightly for RCP 8.5. However, due to a number 
of uncertainties, monitoring the development by, e.g., continuous monitoring of 
reservoir siltation is advised.
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13.6 The Extent of Soil Erosion by Wind in South Africa 

Soil erosion has been identified as one of South Africa’s biggest environmental 
problem already decades ago, but the discussion has been clearly dominated by 
water erosion while the problems caused by wind erosion are often considered 
less severe and overlooked (Laker 2004). Wind erosion research related to southern 
Africa can be divided into two main topics. One is the consideration of wind erosion 
as a geomorphological or natural process in arid environments, forming landscapes 
and covering large areas and long timescales (e.g., Holmes 2015). The other one is 
the recent effects of wind erosion on agricultural land caused by human activities 
and contributing to soil degradation (Wiggs and Holmes 2011, Eckardt et al. 2020, 
Vos et al. 2021, Salawu-Rotimi et al. 2021). 

As is the case all over the world, data available on wind erosion in South Africa 
is very sparse. In a review, Laker (2004) refers to just a few available quantifications 
with soil loss rates reported for wind erosion ranging from 1100 to 5900 t km−2 a−1. 
In addition, he refers to findings by Schoeman et al. (2002) identifying hotspots of 
wind erosion in the coastal belts as well as parts of the Northern Cape, the Free State 
and the Northwest Provinces. 

More recently, wind erosion research has increasingly addressed the problems of 
aeolian dust emissions on agricultural land. Wiggs and Holmes (2011) were the first 
to examine both issues on agricultural land in the Free State Province. Here, sandy 
soils, strong winds and impacts of cultivation promote the processes of wind erosion. 
The controlling factors vary in time and space, with saltation during high winds as 
a key factor. High wind speeds are not only associated with the passages of frontal 
systems, but also with the diurnal cycle of wind resulting in many erosion events 
during early daytime hours. When the fields are bare, the roughness and moisture 
are the crucial parameters to mitigate erosion. Perpendicular orientation of tillage 
induced roughness to the main wind direction is therefore a particularly effective 
measure to mitigate against wind erosion. 

The Free State Province has been identified as a frequent dust source as well by 
Eckardt et al. (2020) evaluating satellite images for the decade 2006–2016 from the 
Spinning Enhanced Visible and Infrared Imager (SEVIRI) (Fig. 13.7). Particularly 
land used for rain fed agriculture lead to increased events during drought phases, 
which are accompanied by reduced ground cover by vegetation. A relation to the 
diurnal variation of the wind speed could also be shown. Most of the dust plumes 
were traveling in the direction of the Indian Ocean, and rather of minor extent 
compared to those in the northern hemisphere. Eckardt et al. (2020) also concludes 
that the individual field conditions are more important for the emissions than land 
use in general. 

The close proximity of natural and agricultural sources of dust in semiarid 
environments makes it also difficult to distinguish between them. Thus, a clear 
identification of possible source areas and the factors favoring dust emissions are 
important prerequisites to improve models as well as to effectively apply possible 
mitigation measures. Ground-based investigations of natural and agricultural dust
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Fig. 13.7 Map of southern Africa’s major dust sources based on satellite image surveys (2005 to 
2008, Vickery et al. 2013) and (2006 to 2016, Eckardt et al. 2020) (modified from Eckardt et al. 
2020) 

emission hotspots were made by von Holdt et al. (2019) and Vos et al. (2019, 
2021) to identify the most relevant controlling factors. The PI-SWERL (Portable 
In-Situ Wind ERosion Lab) device used allows to derive functional relationships 
between the force of the wind, the friction velocity (u*), and soil properties (particle 
size distribution, aggregation) and soil surface characteristics (roughness, crusts), 
expressed as dust emission potentials. 

The Revised Wind Erosion Equation (RWEQ, Fryrear et al. 1998) is used in many  
parts of the World as basis to assess the wind erosion risk and to identify potential 
hotspots. The estimation is based on soil properties (erodibility and crusting), a 
meteorological parameter combining transport capacity of the wind (erosivity) and 
the ratio between precipitation and evaporation, and the land use to derive vegetation 
cover as well as landscape roughness (for details see Kestel et al. 2023). If only 
these most basic influencing factors are considered, the following picture emerges 
for South Africa (Fig. 13.8, Fig.  13.9). High sand contents and a low ability to form 
aggregates result in the highest susceptibilities, especially in the north-western parts 
of South Africa (Fig. 13.8). The climatic erosivity is highest along the coast line with 
decreasing tendency inland and from west to east (Fig. 13.9). The combination of 
all parameters results in highest susceptibilities to wind erosion in the northwestern 
parts of South Africa, amounting to 5.5% in the moderate to highest susceptibility 
level (Fig. 13.10). The soil losses assigned to the classes are in accordance with
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Fig. 13.8 Susceptibility of soils to wind erosion in South Africa (data sources: de Sousa et al. 
2020, Fischer et al. 2008, compilation: F. Kestel) 

Fig. 13.9 Climatic erosivity factor in South Africa derived from mean monthly wind speed and 
the ratio of precipitation and evaporation (data source: Abatzoglou et al. 2018, compilation: F. 
Kestel)
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Fig. 13.10 Wind erosion risk in South Africa, 15-year average (2005–2019) (modified from 
Kestel et al. 2023) 

water erosion levels and corresponds to measurements of wind erosion at the plot 
scale from different continents (Bielders et al. 2002, Sterk 2003, Funk et al. 2004). 

While soils susceptible to wind erosion are found to the northwest of the country 
(Fig. 13.8.) and major winds (Fig. 13.9) are associated with the west coast, many 
of the major observed dust events in satellite imagery originate from the Free State 
(Fig. 13.7), where wind speeds are lower, but luvisols and arenosols supply the 
available fine fraction, which becomes available during drought periods when fields 
remain devoid of crop cover for extended periods of time. 

Climate change impacts are a further factor influencing wind erosion and dust 
emission processes at the larger scale. Zhao et al. (2021) used the RWEQ with 
meteorological and remote sensing data to explore the spatial and temporal variation 
of wind erosion in southern Africa between 1990 and 2015. They show a decreasing 
tendency in the 1990s and a stabilized level after 2010, based on the annual mean 
maximum wind speed, which decreased by about 2 m s−1 in the period under 
consideration. This agrees with an analysis of Wright and Grab (2017) showing 
a decrease in mean wind speed, although not to this degree. In addition, they 
found seasonal trends in wind speed deviations, increasing in autumn and winter 
and decreasing in spring and summer. Zhao et al. (2021) also estimated potential 
soil losses by wind erosion with the RWEQ. They calculated soil losses less than 
1000 t km−2 yr−1 for most parts for southern Africa, but also maximum values 
up to 17,000 t km−2 yr−1. The values are not verified by any measure, but they
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show relative changes in the wind erosion risk over the regarded 25 years caused by 
climatic factors and associated vegetation cover changes. 

13.7 The Socioeconomic Dimension of Soil Erosion 

The African population is experiencing a number of socioeconomic problems such 
as poverty, food insecurity and increased mortality rates (UNEP 2015). These 
hardships are intensified by land degradation which further disadvantage people 
and leads to migration and conflict over arable land. Land degradation has an 
influence on productivity which may affect food security and the livelihoods of 
those who derive their well-being from practicing small scale farming or working on 
commercial farms (Hamdy and Aly 2014). Barbier and Hochard (2016) reason that 
the overall poverty in developing countries may be influenced by the concentration 
of communal populations on degrading, as opposed to improving, agricultural land. 
In South Africa for example, 68% of the country’s land surface is occupied by 
range land and are mostly utilized for livestock agriculture. Large parts of these 
rangeland are already experiencing different levels of degradation. Gully erosion, 
scrub encroachment and a general decrease in vegetation cover pose a threat to the 
production of livestock, the farmer’s livelihood, and the production of food in South 
Africa (Rabumbulu and Badenhorst 2017). 

Land degradation is often identified as the consequence of existing social and 
economic conditions experienced by the land users and workers (Abu Hammad 
and Tumeizi 2012). These social and economic conditions include population 
growth, poverty, overgrazing, deforestation and access to agriculture extension, 
infrastructure, opportunities and constraints created by market access as well as 
policies and general government effectiveness (Jouanjean et al. 2014). 

A substantial proportion of people in rural and urban areas depend on agricultural 
production as the main source of employment and livelihood. Therefore, population 
growth has an impact on land as an important economic sector in terms of food 
production, employment generation and improving the livelihoods of the poor 
to alleviate poverty (Kangalawe and Lyimo 2010). In South Africa, there has 
been a significant migration to urban areas. The push factors include poverty and 
unemployment, with the prospect of receiving high wages in urban areas being a 
major pull factor. The outmigration is a threat to the growth and productivity of 
rural agriculture due to the loss of human capital. However, studies also indicated 
that remittances from migrant workers are often used to purchase agricultural inputs 
(Mbata and Mofokeng 2021). 

The socioeconomic development of smallholder farmers is dependent on access 
to profitable markets, thus markets where they obtain information, farm organiza-
tions and income (van Tilburg and van Schalkwyk 2012). This can contribute to 
profit incentives and empower farmers to upgrade yield production and mitigate land 
degradation through acquisition of sustainable land use information and practices, 
which in turn may contribute to household income and food security. In South 
Africa, for example, it is broadly understood that smallholder farmers experience
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difficulties to access profitable markets due to poor infrastructure, long distance to 
access output and input markets, expensive transport costs, absence of information 
(regarding markets, production and environmental issues such as land degradation), 
lack of technical assistance (training on sustainable land use) and inefficient record 
keeping practices (Ngqangweni et al. 2016). These issues have been also confirmed 
in a case study of the South Africa Land Degradation Monitor (SALDi) project in 
the Ladybrand area, Free State Province of South Africa (see Box 13.2). 

Deep-rooted poverty leads to overdependence on natural resources for liveli-
hoods which in some instances have undermined the capacity of the population to 
manage the resources sustainably (Kangalawe and Lyimo 2010). Kirui (2016) and 
Mbata and Mofokeng (2021) observe that the connection between land degradation 
and poverty is greater in rural areas of developing countries such as South Africa, 
where the livelihoods of the majority of the population are attached to agriculture. 
Poverty inhibits farmers to have access to equipment that enhances the rehabilitation 
of the land (Birungi 2007). Most small-scale farmers live barely on subsistence 
level and do not have the capacity to use purchased inputs or to pay for labor to 
use the labor-intensive conservation technologies (Birungi 2007). Thus, farmers are 
disadvantaged if they are unable to utilize effective land productivity enhancing 
inputs such as fertilizers which contributes to the degradation of natural resources 
(Kirui 2016). Poor small-scale farmers are often unable to compete for resources, 
including high quality and productive land and are therefore restricted to peripheral 
land that cannot sustain their practices which prolong land degradation and advance 
poverty (Birungi 2007). Even where small-scale farmers may have access to 
productive land and infrastructure in South Africa, the sociopolitical context may 
prevent them from using the land. This can play out through corruption, nepotism 
or imbalances in power relations. 

Box 13.2 South Africa Land Degradation Monitor (SALDi) Case Study 
on Small-Scale Farmers and Land Care Workers’ Perceptions of Land 
Degradation: Main Results 
A case study in the Ladybrand area in the Free State Province that includes 
commercial, small scale and commonage farmers was conducted between 
2019 and 2021. Information was gathered through observation, focus group 
discussions and face to face interviews (for details see Msipa 2022). The study 
investigates the community perceptions about land degradation and the impact 
of land degradation on the livelihoods of the communities. The study shows 
that the main driver for farming in the area is the provision of a livelihood. Soil 
quality and land degradation is seen as something that prevents commercial 
gains. 

Commercial farmers have more access to resources such as fertilizer, 
equipment and manpower to prevent soil degradation. Although there are 
some conservation farmers in the area, it requires a different mindset. Doing 

(continued)
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Box 13.2 (continued) 
things nature’s way makes it more difficult to manage your farm and it appears 
“less neat.” From a commercial farming perspective, the study area is a high 
input driven farming society. 

Commonage farmers rent municipal land to farm on. About 60 farmers 
from the area use the commonage to graze cattle. Many people using the 
commonage are poor and don’t have resources to conserve the soil, have no 
training, no equipment and limited options. It is also difficult to manage the 
numbers of the cattle and because of the bad condition of the land, yields are 
low and the contribution to their livelihood security is limited. Farmers are 
reluctant to invest in land that they do not own. Commonage farmers list their 
biggest challenges as lack of access to land, limited space, lack of equipment, 
no access to capital, bad management skills and no safety nets. They feel that 
the land is “sour” and needs something added to the soil to improve it. 

Small scale farmers also have challenges with land degradation. The 
degradation is attributed to invasive plants, lack of fences, proximity to waste 
sites and urban areas and illegal grazing. They attempt to do things like 
rotational grazing to protect the soil, but due to illegal grazing this often does 
not work, as they are left with no grazing for their cattle. Due to the proximity 
to the urban area, their land is susceptible to veld fires started in the township. 
Land degradation causes lower yields, which with the other challenges, have 
a real impact on their livelihoods. Small scale farmers in this area tend 
not to grow commercial crops because they don’t have the equipment to 
plant and harvest crops. When renting equipment timing becomes an issue, 
and sometimes they are late with planting or harvesting. Buying things like 
fertilizers and chemicals to control weeds are beyond their budgets and often 
the yield of the crops does not cover these costs. Thus, they report that crop 
farming is not profitable at all. There is a dire need for mentorship programs 
and skills development. Small-scale farmers feel that they cannot produce 
the same quality as the commercial farmers, and that the markets favor the 
products of commercial farmers because these are of a higher quality due to 
their access to resources. 

The poor and food insecure households may contribute to land degradation 
because they are unable to set land aside for given periods of time (fallow), make 
investments in land improvements or use cost-effective external inputs (Birungi 
2007). Given the over dependency on natural resources, stagnation or reduction 
in agricultural productivity due to land degradation imposes serious income and 
livelihood constraints for rural and urban households and therefore leading to 
poverty. Poverty contributes to land degradation and the latter contributes to poverty; 
it is a cyclic process, as the commonage and small-scale farmers in Ladybrand 
confirm.
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13.8 Challenges for Soil Conservation in South Africa 

Soil erosion is the most important soil degradation process in South Africa and 
has been considered an issue for over a century. Already at the beginning of the 
twentieth century, this problem was addressed in policy, and around the mid of 
the century, extensive measures were taken to combat soil erosion on (commercial) 
arable land and rangeland. Visible features include contour tillage and runoff bunds, 
usually considered effective measures to diminish soil erosion by water as well 
as wind breaks to control wind erosion. In addition, strict guidelines concerning 
livestock numbers accompanied by subsidies to reduce stocks were implemented. 

Nonetheless, sustainable soil use (in agriculture and beyond) remains a chal-
lenge. The urgency to control soil erosion by the application of established policies 
and principles as well as emerging modes of conservation agriculture (CA) in 
farming activities is best illustrated by the following comparison (Table 13.3): The 
average geological denudation and erosion rate, indicating long term soil formation 
rates varies in South Africa between 3 and 27 t km−2 yr−1 (Table 13.3). Compared 
to this, the mean USLE-based predicted sheet and rill erosion soil loss rate for arable 
land is assessed to range between 1260 and 1750 t km−2 yr−1 and the predicted soil 
loss from wind erosion is about 750 t km−2 yr−1. Thus, there is evidence that current 
soil loss is two orders of magnitude higher than the long-term soil formation rates 
and still more than one order of magnitude higher than values for tolerable soil loss 
rates reported for Australia (20 to 85.5 t km−2 yr−1, FAO 2019). 

The United Nations Convention to Combat Desertification (UNCCD) recently 
began endorsing a response hierarchy that invests resources to avoid future degra-
dation, followed by a reduction in current degradation and lastly to restore degraded 
land (Cowie et al. 2018). Specifically, in South Africa it will not be feasible to 
rehabilitate erosion features with large and expensive structures at a broad or 
catchment scale due to limited financial resources. Not only are large structures 
costly, structures in dispersive soils enhance subsurface accumulation of water 
and cause further erosion around structure walls (van Zijl et al. 2014). Thus, it is 
important to prevent further erosion by protecting susceptible areas that are currently 
not eroded (Le Roux and van der Waal 2020). 

It is postulated that prevention measures cost far less than repairing the on- and 
off-site damage caused by soil erosion (Boardman 2021). It is imperative to prevent 

Table 13.3 Summary of soil formation, denudation and erosion rates in South Africa (for details 
see Sects. 13.2 and 13.5) 

Process Time span [yr] Rates [t km−2 yr−1] Remarks 

Soil formation 104–105 3–27 South Africa (range) 
Soil formation 104–105 13.5 In Kruger National Park, Lowveld 
Sediment yield 101–102 81.0 In Kruger National Park, Lowveld 
Sheet and rill erosion 101 1260–1750 USLE soil loss risk for arable land 
Wind erosion 101 ~ 750 RWEQ soil loss risk,
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erosion with appropriate soil conservation measures and expansion of conservation 
agriculture (CA) in cultivated areas, as well as to protect (natural) vegetation from 
overgrazing through rotational grazing management systems. The potential of CA 
to protect and improve soil health has been well documented (De Wit et al. 2015, 
Van Antwerpen et al. 2021). Under CA, crop residues are retained on the soil surface 
to protect it from the erosive impact of rainfall, runoff, and wind. The use of cover 
crops can further increase the crop canopy- and ground cover on the soil, while the 
presence of permanent and strong living root systems in the soil greatly enhance the 
resistance of the soil against erosion. Ultimately, the increased organic matter level 
in the soil is the key factor stabilizing cultivated lands against the devastating effect 
of erosion. Soil erosion prevention by means of CA will not only prevent soil loss 
and sustain agricultural production, but will also prevent siltation of water resources 
and increase the life span of dams and reservoirs in South Africa. 

In recent years, devastating droughts and local to regionalized flood events 
have severely affected South Africa. Agriculture as one of the main sectors of 
the economy in South Africa ranging from the intensive, large-scale, commercial 
agricultural to the low-intensity, small-scale, and subsistence farming, will in any 
case be strongly influenced by climate change in the coming decades. Thus, there 
is a need to strengthen the resilience of farming operations to i) meet increased 
domestic and global demand and ii) to put into practice sustainable management 
to diminish on-site and off-site damages from soil erosion on the way to reach 
sustainable development goals. 

Tangible and reciprocal partnerships between research institutes, farmers, con-
sumers and government are needed to foster knowledge of sustainable land use 
practices. A broader view is needed to recover productivity and promote sustainable 
land management practices including good land use practices and efficient engi-
neering design implementation. Land degradation also needs to be seen within the 
bigger picture of agricultural and nonagricultural land use and activities. Good soil 
conservation and sustainable agricultural practices intersect with the preservation 
of high potential agricultural land, conservation of natural ecosystems, including 
wetlands, good catchment management and the conservation of water resources. 
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Abstract 

Biomes are regional to global vegetation formations characterised by their struc-
ture and functioning. These formations are thus valuable for both quantifying 
ecological status at sub-regional spatial scales and defining broad adaptive 
management strategies. Global changes are altering both the structure and the 
functioning of biomes globally, and while detecting, monitoring and predicting 
the outcomes of such changes is challenging in Southern Africa, it provides 
an opportunity to test biome theory with the goal of guiding management 
responses and evaluating their effectiveness. Here, we synthesise what is known 
about recent and expected future biome-level changes from Southern Africa 
by reviewing progress made using dynamic global vegetation modelling (based 
on archetypal plant functional types), phytoclime modelling (based on species-
defined plant growth forms) and phenome monitoring (based on the seasonal 
timing of vegetation activity). We furthermore discuss how monitoring of 
indicator species and indicator plant growth forms could be used to detect and 
monitor biome-level change in the region. We find that all the analysis methods 
reviewed here indicate that biome-level change is likely to be underway and to 
continue, but that the analytical approaches and methods differed substantially in 
their projections. We conclude that the next phases of research on biome change 
in the region should focus on reconciling these differences by improving the 
empirical opportunities for model verification and validation. 

14.1 Introduction 

Biomes are conceptual constructs that categorise terrestrial ecosystems into struc-
tural and functional units and thereby help us organise our knowledge on how 
ecosystems work (Moncrieff et al. 2016). Despite their importance, there is surpris-
ingly little consensus on how to define biomes (Moncrieff et al. 2016). Most biome 
schemes use a combination of plant growth forms, leaf phenology and sometimes 
climate to recognise formations that include Forest (evergreen, deciduous and 
mixed), Savannas (mixed tree and grass formations), Shrublands, Grasslands, 
Deserts and high elevation or high latitude Tundra. Whittaker (1975), refining ideas 
developed by Schimper (1903) made the case that biomes are strongly dependent on 
climate, while observing that it was not possible to predict the dominant biome in 
seasonally dry, subtropical climates, which happen to cover vast areas of the planet. 
Bond (2005) addressed this conundrum, hypothesising that fire and herbivores 
override climate forcing in the subtropics by preventing vegetation from attaining its 
“climatic potential”, while (Walter 1973) drew attention to how soils and orographic 
processes may also cause vegetation to deviate from climatic potential. 

The manifold impacts of anthropogenic climatic change make it extremely likely 
that biomes are changing in character and distribution, given that there is ample 
evidence for wide-scale redistribution of global biomes under the changing climates 
of the Pleistocene and earlier epochs (Huntley et al. 2021). Indeed, several studies
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have used satellite imagery to detect changes in vegetation cover and ecosystem 
functioning in recent decades that are large enough to qualify as biome shifts 
(Seddon et al. 2016; Higgins et al. 2016; Buitenwerf et al. 2015, Song et al. 2018; 
Zhu et al. 2016). Such shifts can have large impacts on biodiversity, for example, 
the number of endemic species has been shown to be higher in areas of relative past 
biome constancy (Huntley et al. 2016, 2021). 

One way of forecasting biome shifts is to use Dynamic Global Vegetation 
Models (DGVMs). DGVMs are ambitious models that seek to simulate how 
resource assimilation, growth, competition and consumption (fire, herbivory) pro-
cesses interact over ecological time scales and thereby how biomes might shift 
in response to changes in the climate system (Prentice et al. 2007). DGVMs 
also account for the impacts of changes in atmospheric chemistry, in particular 
the plant physiological impacts of enhanced CO. 2 levels (which increases carbon 
uptake through photosynthesis and reduces water loss through transpiration Walker 
et al. 2021). The aDGVM is a dynamic global model that has been specifically 
developed to model the biome boundaries between forest, savanna and grassland 
and is therefore particularly suited to modelling the Southern African sub-region 
(Scheiter and Higgins 2009; Scheiter et al. 2012). How DGVMs define biomes 
however varies considerably. In the aDGVM, the relative cover of C3 grasses, C4 
grasses, savanna trees and forest trees is used to define biomes. 

An alternative method for forecasting biome shifts is to use a data-driven 
approach to represent plant growth forms. Conradi et al. (2020), for example, 
estimated the climatic suitability of geo-locations for plant growth forms typically 
used to define biomes. This was achieved by parameterising physiological growth 
models for 23,500 African plant species categorised into the growth forms, project-
ing the distribution of climatically suitable geo-locations for each species and then 
calculating the proportion of species of each growth form for which a geo-location 
was suitable. This proportion was used to characterise the climatic suitability of a 
geo-location for each growth form. This approach allows the researchers to forecast 
changes in the ability of a geo-location’s climate to support different plant growth 
forms. The climate suitability of a geo-location for different plant growth forms 
describes its capacity to support different types of plants that ecologists use to 
define biomes. The vector of growth form suitability scores can then be used 
to classify different geo-locations into groups. The groups can be conceptualised 
as phytoclimes, where a phytoclime is defined as a geographic region where 
the climate’s influence on growth form suitability is similar. Phytoclimes align 
conceptually with Holdridge (1947) and Whittaker (1975) who emphasised links 
between climate and vegetation formations even if phytoclimes establish these links 
differently. Using the term phytoclime emphasises that such analyses model the 
potential of a region’s climate to support different plant growth forms; phytoclimes 
are not equivalent to biomes. Rather, the phytoclimate describes which plant types 
could potentially grow at a location, whereas a range of processes ignored by 
phytoclimes such as competition, facilitation, herbivory, predation, dispersal and 
historical contingencies determine how climate suitability translates into vegetation 
formations and biomes.
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Southern Africa is a challenging arena for forecasting biome shifts because 
climate and consumption (fire and herbivory) processes interact to shape the 
regions’ major vegetation formations. South Africa alone has 9 recognised biomes 
(Mucina and Rutherford 2006), and the biome concept has for decades shaped and 
structured both the practice of ecological science in the country and the national 
environmental policy. This is well illustrated by the biodiversity vulnerability 
assessment, which was part of the South African country study on climate change 
(Rutherford et al. 1999). The Rutherford et al. (1999) study developed the case 
that changes in the climate forces that regulate the distribution of the biomes of 
South Africa would lead to a large and dramatic re-organisation of the country’s 
vegetation. A combination of effective science communication and the severity of 
the impacts predicted in the study served to stimulate an intensification of research 
on climate change impacts in the region. Perhaps more importantly, the report has 
had a sustained impact on South African climate change policy. Here, we review 
recent analyses of how climatic change may impact on the distribution of the 
vegetation of Southern Africa. 

The forecasts of predictive models such as DGVMs or phytoclime models have 
uncertainties originating from multiple sources. These include uncertainty on the 
key processes represented in the models, the parameterisation of the processes, the 
Global Circulation Models (GCMs) used to forecast future climates that ecologists 
use to force their ecological models and the global emission scenarios that these 
GCMs assume (Thuiller et al. 2019). It follows that such models need to be critically 
evaluated using independent information. Indeed, much can be inferred about the 
trajectories of change that ecosystems are on by observing the recent past using 
remote sensing and on-the-ground monitoring. For this reason, we would suggest 
that modelling approaches endeavour to provide output in a form that can be 
compared to monitoring data. In particular, we highlight the potential of using the 
MODIS satellite record and field-based monitoring using Biome Shift Monitoring 
Phytometers (BISMOPs) and indicator species. 

14.2 Phytoclimes 

14.2.1 Phytoclime Methods 

A phytoclime analysis of Southern Africa (Higgins et al. 2023) used species 
distribution data from the National Vegetation Database (Rutherford et al. 2012), 
ACKDAT (Rutherford et al. 2003) and BIEN version 4.1 (http://bien.nceas.uscsb. 
edu), thereby combining South Africa’s excellent vegetation data legacy with a 
leading global data base on plant species distributions. These distribution data 
and the CHELSA 2.0 climate data (Karger et al. 2017), which scales CMIP6 
climate projections to a 1 km resolution, were used to parameterise a process-based 
physiological plant growth model, the TTR-SDM (Thornley Transport Resistance 
Species Distribution Model Higgins et al. 2012), for 5006 species. The model 
considers how spatial and monthly variations in temperature, soil moisture, solar

http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
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radiation and atmospheric CO. 2 concentrations influence the growth of plant species. 
The model fitting procedure estimates the influence of these environmental factors 
on growth that are consistent with the observed distribution data. The fitted models 
were projected in geographical space to identify climatically suitable grid cells for 
each species. The growth form of each of these species was then used to group 
species by growth form. The analysis assigned species to the following growth 
forms, trees, shrubs, C3 grasses, C4 grasses, restioids, geophytes, annual forbs, 
other forbs, succulents and climbers using several data bases: C4 grass data base— 
Osborne et al. (2014), succulent plant data base—Eggli and Hartmann (2001), Eggli 
and Nyffeler (2020), POSA—http://newposa.sanbi.org, BIEN—http://bien.nceas. 
uscsb.edu and GIFT—Weigelt et al. (2020). 

The average of the geographical projections of the climate suitability scores of 
each species belonging to a growth form was then used to estimate the suitability 
of the sub-region for each of the 10 growth forms (Fig. 14.1). The growth form  
suitability scores of grid cells were then classified, using unsupervised classification, 
to yield phytoclimes—geographical regions where the climate favours plant growth 
forms in similar ways. 

Using CHELSA 2.0, climate projections derived from the CMIP6 (Eyring et al. 
2016) programme future (225, 2055, 2085) shifts in phytoclimes were projected. 
These projections considered uncertainty in TTR-SDM model used (different TTR-
SDM variants make different assumptions, 4 variants were considered), the GCM 
used (5 GCMs were considered ) and the SSP assumed (3 SSPs were considered). 

14.2.2 Phytoclime Findings 

The suitability surfaces for each growth form (Fig. 14.1) revealed patterns that are 
broadly consistent with prior knowledge, and we highlight a few of these patterns 
here. The arid region associated with the Namib was generally unsuitable for all 
growth forms, as were the higher lying parts of Lesotho. In general, suitability 
for growth forms gradually increased from west to east (Fig. 14.1). C3 grasses 
had preferences for the south coast and eastern coast of South Africa, and this 
preference area extended over the escarpment and into the highveld areas including 
the Soutpansberg mountains and Inyanga mountains in Zimbabwe. C4 grasses by 
contrast showed a preference for the north eastern part of the sub-region. Both 
grass types revealed a low preference for the arid central and western parts of the 
sub-region, although this trend was stronger for C3 than for C4 grasses. Perennial 
forbs had a lower preference for an arid area starting at the Cunene River mouth 
and extending towards the south coast. Climatic suitability for annual forbs was 
often higher than for perennial forbs, and in particular they revealed less aversion 
to the aforementioned arid area. Geophytes had a high preference for the south 
coast and grassland regions, including the Soutpansberg mountains in South Africa 
and Inyanga mountains in Zimbabwe. Restioids exhibited the same preferences as 
geophytes, but a more distinct aversion to almost all other parts of the sub-region. 
Succulents exhibited preferences for the Cape provinces of South Africa, central

http://newposa.sanbi.org
http://newposa.sanbi.org
http://newposa.sanbi.org
http://newposa.sanbi.org
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
http://bien.nceas.uscsb.edu
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Fig. 14.1 Ambient suitability surfaces for growth forms derived from the TTR-RED-LD model. 
The preference scores are the averaged preference scores of the species belonging to each growth 
form, transformed to scale between 0 and 1



14 Biome Change in Southern Africa 375

Namibia and a region centred on the intersection of the border between South 
Africa, Botswana and Zimbabwe. Shrubs showed preference for the southern coast 
regions and the central east of the sub-region, and they showed low preferences 
for the arid regions of Namibia and the Kalahari. Trees showed a preference for 
the north eastern part of the sub-region and had an aversion to an arid triangle that 
extends from the Cunene River mouth to the southern coast. Climbing plants had a 
similar preference surface to trees. 

Additional insight can be gathered by examining how the growth form suitability 
values shown in Fig. 14.1 change over time (from the present to the end of the 
century). Figure 14.2 shows the rate of change (% change in suitability per 100 
years) in growth form suitability averaged over the different TTR-SDM variants, 
SSPs and GCMs. The rates of change were frequently as high as 35% per 100 
years, forecasting a fundamental change in the influence of climate on the region’s 
vegetation. The most striking trend is that eastern South Africa is forecast to 
experience an increase in suitability for C4 grasses, trees and climbers and to a 
lesser extent shrubs, succulents and annual forbs (Fig. 14.2). Furthermore, Lesotho 
is forecast to be climatically more suitable for all growth forms in the future, 
suggesting that these high-lying parts of the Drakensberg mountains could serve 
as a climate refuge for many species and growth forms if they could migrate 
there. A similar trend can be seen in the Cape Fold mountains. A comparison of 
Figs. 14.1 and 14.2 suggests that C4 grasses, which under ambient conditions had 
an intermediate preference for the central plateau, will find this region more suitable 
in the future. These same areas will become less suitable for C3 grasses. C4 grasses 
were also forecast to find the fynbos, karoo and Namib more favourable in the future. 
C3 grasses were predicted to find the south coast, an area for which they have a 
high ambient preference, less suitable in the future. Perennial forbs, which under 
ambient conditions had a low preference for an arid triangle from the Cunene River 
mouth to southern coast, were predicted to find this area slightly more suitable in 
the future. Geophytes were largely predicted to face decreases in climate suitability 
except in Lesotho and surrounding areas. Restios were predicted to face a marked 
decrease in climatic suitability in the areas in which they currently have a high 
climatic suitability (the south coast). Projected loss and gain patterns in climbers 
and trees resembled those projected for C4 grasses. Succulents were projected to 
face losses in their ambient high-preference areas such as the Succulent Karoo and 
the area around the intersection of the borders between South Africa, Botswana and 
Zimbabwe). Shrubs were projected to find the Drakensberg and surrounding areas 
more suitable, but parts of the bushveld of South Africa, Botswana and Zimbabwe 
as well as the Albany Thicket biome of the Eastern Cape less suitable. 

When the ambient growth form preferences (Fig. 14.1) are classified into phyto-
climes, it is possible to produce a range of phytoclime maps. Figure 14.3 illustrates 
phytoclimes for the region when assuming 6–32 phytoclimes. There is no a priori 
reason why the region should have 6 or 32 phytoclimes. That is, this analysis explic-
itly acknowledges that phytoclimes are abstractions designed to help us understand 
climate’s influence on a region’s vegetation ecology, but they do not represent an 
absolute truth. In this analysis, 24 different phytoclime maps were generated (4
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Fig. 14.2 The mean rate of predicted change in growth form suitability (% change in suitability 
per 100 years) for the 10 growth forms considered in this study. The rate of change is calculated 
assuming a linear change in preference over time (from the present to the end of the century) and 
using TTR-variant, GCM and SSP as covariates
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TTR-SDM variants . × 6 numbers of phytoclimes), which quickly complicates the 
interpretation of how phytoclimes may change since there are 3 emission scenarios 
(SSPs) to consider, and these scenarios have been simulated by different global 
circulation models (we consider 5 GCMSs). Figure 14.4 provides an illustrative 
example of phytoclime change that uses a 6-phytoclime map generated using the 
TTR-RED-LD model variant, the SSP 585 scenario as predicted by the gfdl-esm-4 
GCM for a climatology centred on the year 2085. This single scenario illustrates that 
phytoclime 6 (climate that currently supports grassland and fynbos) will decrease 
in area, mostly due to losses to phytoclime 5 (climate currently supporting savanna) 
(Fig. 14.4). Figure 14.5 reveals that the area currently occupied by phytoclime 5 
will lose territory to phytoclime 4 (which currently supports more arid savannas). 
The area currently under phytoclime 5 will become increasingly unsuitable for 
all growth forms, particularly perennial forbs and C4 grasses. Similarly, the area 
currently under phytoclimate 6, which currently suits all growth forms, is predicted 
to lose suitability for restioids, C3 grasses and geophytes and acquire an enhanced 
suitability for C4 grasses, annual forbs, climbers, succulents, trees and shrubs. 

14.2.3 Synthesis of Phytoclime Change Scenarios 

To synthesise phytoclime change, Higgins et al. (2023) recorded the time point of 
phytoclime changes observed between the ambient climatology and climatologies 
centred at 2025, 2055 and 2085. Using a Kaplan–Meier estimator, the mean time 
to phytoclime change was estimated for each location. The averaged mean year 
of phytoclime change, averaged over GCM, SSP, TTR-SDM variant and biome 
classification scheme (i.e. 6, 9, 12, 18, 24 or 32 phytoclimes) is shown in Fig. 14.6. 
This average year of phytoclime change is to be interpreted as the relative time point 
at which the climate forcing which defines the phytoclimes is sufficient to force a 
change into another phytoclime (cf. Fig. 14.5); this interpretation emphasises that 
realised change in vegetation will lag behind climate forcing. This analysis revealed 
a strong continentality trend, with the centre of the region forecast to change earlier 
than the coastal regions. This suggests an overriding effect of temperature which is 
forecast to change more severely in the interior than in coastal regions (Engelbrecht 
and Engelbrecht 2016). 

The patterns summarised in Fig. 14.6 average away some important sources of 
variation. Anchor Environmental, under stakeholder review explored the phytoclime 
change trends in more detail for South Africa. They found that very few areas are 
expected to change by 2025 under both the SSP 126 and the SSP 585, with relatively 
modest changes across phytoclime configurations by 2055 under both pathways. 
However, by 2085, the changes in phytoclimates are forecast to be widespread. 
Very few parts of the country experienced no change at all with only parts of the 
Fynbos and Desert Biomes appearing to have no change by 2100. The likelihood of 
phytoclime change for SSP 1–2.6 (the Sustainability pathway) and SSP 5–8.5 (the 
Fossil-Fuelled Development pathway) is remarkably similar up until ca. 2055. By 
2025, the likelihood of phytoclime change appears to be mostly limited to a few
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Fig. 14.5 Growth form suitability for the 6-phytoclime map derived from the TTR-RED-LD 
model under ambient conditions and the change in the suitability scores in the ambient phytoclime 
regions forecast for the year 2085 under SSP 585 using the gfdl-esm4 GCM (as in Fig. 14.4). The 
values in the left panel express the normalised average climatic suitability for the growth forms in 
the phytoclimes and the values in the right panel show their change 
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Fig. 14.6 The average time to phytoclime transition averaged across TTR-SDM model variants 
(.n = 4), SSPs (.n = 3), climate model (.n = 5) and the number of phytoclimes assumed (.n = 6) 
using a Kaplan–Meir survival estimator



14 Biome Change in Southern Africa 381

isolated areas of the Kalahari Duneveld and Eastern Kalahari Bushveld Bioregions 
in the North West and Northern Cape Provinces of South Africa. The likelihood 
of phytoclime change increases notably by 2055. By 2055, a high change score 
region extends from the Kgalagadi to the south and east. Moderate to high change 
scores are also predicted for large areas of the Grassland Biome (particularly, the 
Dry and Mesic Grassland Bioregions) by 2055. Moderate to high change scores 
are also predicted for large areas of the Central Bushveld Bioregion spanning the 
Savanna Biome in the North West and Limpopo Province. Phytoclime change scores 
are higher under SSP 5–8.5. Change to South Africa’s coastline occurs later, with 
projected phytoclime change scores remaining low at the 2055 time slice, which 
may be due to the cooling effect of the proximity to the ocean. The Succulent Karoo, 
Nama-Karoo, Albany Thicket and Fynbos biomes overall are likely to be least 
affected. The northern half of the Kruger National Park in Limpopo also appears 
to remain relatively unchanged in the 2055 time slice. 

By the 2085 time slice, the phytoclime change scores are high throughout 
South Africa, only a few areas, such as patches of mountainous Fynbos in the 
Western Cape, and isolated areas of Namaqualand and the Desert Biome remain 
unchanged. Lower change scores were derived for many areas of the Eastern Cape 
and Southern KwaZulu-Natal (Sub-Escarpment and Drakensberg Grassland) and 
the Bushmanland Bioregion of the Nama-Karoo. The central interior of the country 
had very high phytoclime change scores. The Lowveld and Sub-escarpment Savanna 
areas of Mpumalanga, Limpopo and KwaZulu-Natal exhibited large increases in 
change scores between 2055 and 2085. 

Overall, the Savanna and Grassland Biomes have the highest phytoclime change 
scores. This is perhaps partly due to their size, occupying 59% of South Africa’s 
terrestrial extent. This matches findings by Midgley et al. (2011) who identified the 
Orange River Basin and Highveld plateau as being climate change hotspots. 

For planning, it is useful to combine spatial information on both the likelihood 
of ecological change due to climate change and the level of protection against other 
anthropogenic impacts. For this purpose, Anchor (2022) calculated a vulnerability 
index that considered the level of ecosystem health (DEA, 2019) and the level 
of conservation protection (DFFE, 2021). The resulting vulnerability indices were 
summarised by the recognised biomes of South Africa and contrasted for SSP1-
2.6 (Fig. 14.7) and SSP 5–8.5 (Fig. 14.8). Across both SSPs, the extent of high 
vulnerability areas increases substantially over time, particularly between the period 
centred on 2055 and 2085. There is almost no difference between the SSPs in the 
2011 to 2040 period, since protected areas ensure vulnerability remains very low 
in this time window. The most noticeable changes in the following period centred 
on 2055 are the increase in the extent of areas with high vulnerability > 0.5 in 
the Kalahari, Bushveld and southern Kruger National Park (all in the Savanna 
Biome). There is also an overall increase in vulnerability in the Bushmanland 
Bioregion of the Nama-Karoo. In the period centred on 2085, the extent of very high 
vulnerability (. >0.75) increases dramatically, particularly under SSP 5–8.5 (under 
SSP 1–2.6, various areas in the Grassland and Savanna regions in Gauteng, Free 
State, Mpumalanga, North West and Limpopo remain slightly more stable). There
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Fig. 14.7 The vulnerability index for change of vegetation under SSP 1–2.6 for the periods 2011– 
2040, 2041–2070 and 2071–2100 (left) and the biome vulnerability index (mean vulnerability 
index per biome) for each time period’s median year. The vulnerability index considers phytocli-
matic change, land use change and protected area status 

are also substantial increases in vulnerability across KwaZulu-Natal and areas of the 
Northern Cape. The Desert Biome area, eastern parts of the Succulent Karoo, the 
mountainous areas of the Fynbos and eastern Fynbos Biome areas remain the most 
stable. 

The increase in mean biome vulnerability index can also be seen between the 
SSPs with slight increases between 1–2.6 and 5–8.5. For SSP 5–8.5, in the earliest 
time period (2025), the Indian Ocean Coastal Belt (IOCB) has the highest biome 
vulnerability index with 0.52, followed by Grassland with 0.46 and Fynbos 0.36. 
The Desert and Albany Thicket have the lowest overall. These values largely reflect 
the existing extents of modified land in each of the biomes with the IOCB and 
Grassland having the highest values of all nine terrestrial biomes (Skowno et al. 
2021). By 2055, Grassland, Savanna and IOCB have the highest biome vulnerability 
indices with values of approaching 0.55. The Desert and Albany Thicket biomes 
continue to have the lowest. By 2085, the biome vulnerability index of Savanna 
increases to 0.92, followed by Grassland (0.83) and IOCB (0.81). Desert remains 
the lowest but increases to 0.31 (still the only biome below 0.5) followed by Fynbos 
with 0.52. Similar between-biome differences are forecast under SSP 1–2.6 albeit 
with slightly lower scores.
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Fig. 14.8 The vulnerability index for change of vegetation under SSP 5–8.5 for the periods 2011– 
2040, 2041–2070 and 2071–2100 (left) and the biome vulnerability index (mean vulnerability 
index per biome) for each time period’s median year. The vulnerability index considers phytocli-
matic change, land use change and protected area status 

14.3 Insights from DGVM Modelling of Biomes 

14.3.1 DGVM Methods 

Here, we analysed results from four different DGVMs, three global ones that were 
not adapted for the study region and the aDGVM originally developed for Africa 
(Scheiter and Higgins 2009; Scheiter et al. 2012). As the global models do not rep-
resent all major biome types in the study region, we first describe the methodology 
and results for aDGVM and provide more detail than for the global models. The 
aDGVM uses concepts and processes commonly used in other DGVMs such as leaf-
level ecophysiology or the representation of the carbon cycle (Prentice et al. 2007). 
In addition, processes such as carbon allocation to different plant compartments 
or leaf phenology are adjusted based on environmental conditions. The aDGVM 
is individual-based and simulates growth, biomass, allometry, reproduction and 
mortality of individual trees. This approach enables simulations of the impacts of 
disturbances such as fire, herbivory or fuelwood collection on individual plants 
while relating these impacts to plant traits such as tree height or stem diameter. 
In contrast to trees, grasses are only simulated by super-individuals representing 
grasses between and under tree crowns.
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The aDGVM simulates fire impacts on vegetation (Scheiter and Higgins 2009). 
Fire spreads if an ignition event occurs and if the fire intensity is high enough to 
carry fire. Days with ignition events are randomly distributed during a year, but the 
number of ignition events decreases with tree cover. This approach ensures that the 
likelihood of fire is high in open grassland or savanna vegetation but low in dense 
forests. Fire intensity is defined by fuel biomass, fuel moisture and wind speed. The 
aDGVM only simulates surface fire such that grass biomass is the main component 
of fuel biomass. Fire removes the entire aboveground grass biomass. Fire impacts 
on trees are related to tree height. Fire removes aboveground biomass of small trees 
in the flame zone, whereas tall trees survive fire. Both grasses and trees can resprout 
after fire and recover. By default, aDGVM simulates natural fire but anthropogenic 
management fire with fixed fire return interval and burning season can be simulated 
as well. 

The aDGVM simulates four different plant functional types (PFTs): fire-tolerant 
savanna trees, fire-sensitive forest trees, C. 4 grasses and C. 3 grasses. Savanna and 
forest trees differ in their shade tolerance and fire tolerance. Shade tolerance is 
simulated by linking growth rates to light availability which is in turn influenced 
by light competition between neighboring trees and by shading. At low light 
availability, forest trees have greater growth rates than savanna trees. Fire tolerance 
is implemented by different topkill probabilities and resprouting rates, where 
savanna trees have lower topkill probabilities and higher resprouting rates than 
forest trees. Based on these assumptions, forest trees outcompete savanna trees in 
closed forest stands without fire, whereas savanna trees can survive in open and 
fire-driven environments. The difference between C. 4 and C. 3 grasses is simulated 
based on the physiological differences between C. 4 and C. 3 photosynthesis and 
shade tolerance. To simulate differences in shade tolerance, we used different light 
competition parameters for C. 4 and C. 3 grasses, which describe how shading effects 
by neighboring plants influence the light availability and photosynthetic rate of 
a target plant. The relative abundances of these four PFTs are influenced by the 
prevailing environmental conditions, competition between individual plants, and 
disturbance regimes. 

Similar to suitability surfaces of different growth forms derived from the TTR-
RED-LD model, relative abundances of the four PFTs derived from aDGVM 
simulations can be used to create suitability surfaces. In addition, vegetation 
simulated by aDGVM can be classified into different biome types using simulated 
model state variables. Following the classification scheme developed by Martens 
et al. (2021), vegetation is classified as desert if tree cover is below 10% and grass 
biomass is below 1.5 t/ha and as grassland if tree cover is below 10% and grass 
biomass is above 1.5 t/ha. Grassland is further separated into C. 3 or C. 4 grassland 
based on the relative abundance of C. 3 and C. 4 grass PFTs. If tree cover is between 
10 and 80%, vegetation is classified as either woodland, if forest tree cover exceeds 
savanna tree cover, or as savanna, if savanna tree cover exceeds forest tree cover. 
This separation between woodland and savanna reflects the absence or presence 
of regular fire, which favours savanna trees. Savannas are further split into C. 4 or 
C. 3 savanna, depending on the abundance of grass PFTs. If the total tree cover (i.e.
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forest and savanna tree cover) exceeds 80%, vegetation is classified as forest. Hence, 
biome shifts, simulated for example in response to climate change or changes in land 
use, occur if simulated biomass of different grass PFTs or cover of different tree 
PFTs exceeds or falls below the respective thresholds used for biome classification. 
While this scheme represents important biomes of Southern Africa, it ignores 
biomes including Fynbos or Karoo. In the current version, aDGVM lacks PFTs 
required to simulate these biome types, including CAM plants, succulent shrubs 
and flammable shrubs (Moncrieff et al. 2015). 

Martens et al. (2021) used aDGVM to study climate change impacts on future 
vegetation in Africa for an ensemble of climate change scenarios. Specifically, 
simulations were conducted for the period between 1971 and 2099 for RCP4.5 and 
RCP8.5. For each scenario, down-scaled climate forcing from six different GCMs 
was available. Down-scaling to a spatial resolution of 0.5° was conducted with the 
variable-resolution conformal-cubic atmospheric model (CCAM, McGregor 2005; 
Engelbrecht et al. 2015; Engelbrecht and Engelbrecht 2016). All details of the 
modeling protocol are provided by Martens et al. (2021). Here, we evaluate the 
results provided by Martens et al. (2021) focusing on the Southern African study 
region. 

Several DGVMs were run globally with harmonised past to future environmental 
forcing and land use data within the Intersectoral Impact Model Intercomparison 
Project (ISIMIP; https://www.isimip.org). The modelling protocol is described in 
Frieler et al. (2017). Only three models produced outputs that enabled us to analyse 
results per PFT and to transform the results with land use into simulations of the 
potential natural vegetation, which we considered more relevant here than grid cell 
averages with land use. Therefore, we analysed results for these three models: LPJ-
GUESS (Smith et al. 2014), ORCHIDEE (Krinner et al. 2005) and CARAIB (Dury 
et al. 2011). As the global models have not been adapted for Africa and do not 
represent all major biomes in the study region well, we only analysed mean results 
across all three DGVMs and available climate scenarios (four for LPJ-GUESS and 
CARAIB and two for ORCHIDEE, whereby results for each DGVM were weighted 
equally), and we used a rather coarse biome classification. More details of the 
analyses are described by Wilhelm (2021). 

14.3.2 DGVM Findings 

aDGVM simulations showed that most of the study region is suitable to support 
both C. 3 and C. 4 grasses, except the Namib region and Lesotho (Fig. 14.9) with low 
precipitation and low temperature, respectively. Suitability is generally higher for 
C. 4 grasses than for C. 3 grasses. Hence, in our simulations C. 4, grasses dominate the 
grass layer except a small region in the Karoo (Fig. 14.10). The model simulated 
increasing suitability for tree PFTs from west to east with low suitability in the 
Namib region and the Karoo, intermediate suitability in the savanna regions of 
Namibia, Botswana, South Africa and Zimbabwe and high suitability along the 
south and east coast of South Africa and Mozambique. Suitable regions for savanna

https://www.isimip.org
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Fig. 14.9 Suitabilities/Niches in 2000–2019 and their changes until 2080–2099 under RCP4.5 
and RCP8.5 for plant functional types (PFTs) as simulated by aDGVM. PFTs simulated by 
aDGVM are C. 3 grasses (c3g), C. 4 grasses (c4g), fire-tolerant savanna trees (svt) and shade-
intolerant forest trees (frt). Suitability surfaces (left) are based on maximum values in 2000–2019. 
For grasses, 0.9 times the maximum value of both grass PFTs was used to scale grid cells. For 
savanna trees, 0.9 times the maximum savanna tree canopy cover was used because inherently 
the savanna tree PFT rarely has a closed canopy. Forest tree canopy cover was used as suitability 
surface for forest trees. Changes are derived from the differences between 2080–2099 and 2000– 
2019. The simulation setup is described in Martens et al. (2021)
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Fig. 14.10 Biomes in 2000–2019 and biome changes until 2080–2099 under RCP4.5 and RCP8.5 
simulated by aDGVM. Grid cells were classified into biomes based on grass biomass, dominance 
of C. 3 or C. 4 grasses, tree cover, dominance of savanna or forest tree types. In the biome change 
subfigures, biomes that were simulated for 2080–2099 for grid cells where biome transitions were 
simulated are shown. This figure is based on Martens et al. (2021) 

trees and forest trees are almost disjoint with little overlap in their distributions. 
While savanna trees dominate fire-driven savanna regions with intermediate tree 
cover, forest trees dominate forests in the East of the study region. This result is 
not surprising given that savanna trees in aDGVM are fire-tolerant and able to 
outcompete fire-intolerant forest trees in fire-driven regions, whereas forest trees 
are shade-tolerant and able to outcompete shade-intolerant savanna trees in dense 
forests. 

Under climate change, aDGVM simulates changes in the suitability of different 
PFTs. Suitability of C. 3 grasses was predicted to increase in almost the entire study 
region. Suitability of C. 4 grasses was predicted to increase in Namibia, Botswana 
and Mozambique, whereas it was predicted to decrease in Zimbabwe and most 
of South Africa. These results can be explained by CO. 2 fertilisation effects that, 
in aDGVM, enhance C. 3 photosynthesis but not C. 4 photosynthesis. Suitability of 
savanna trees was predicted to decrease primarily in Namibia, Botswana and the 
North of South Africa, whereas it was predicted to increase in Zimbabwe and most 
of South Africa. Suitability of forest trees was predicted to increase in South Africa, 
but decreases were simulated in the forest regions of Mozambique. Taken together, 
these changes cause woody encroachment and an increase of woody biomass in the 
entire study region until the end of the century (not shown, Martens et al. 2021). 
Patterns of change of suitability were similar for RCP4.5 and RCP8.5 for all PFTs, 
but on average, changes were higher for RCP8.5. 

Predicted changes in suitability of PFTs imply changes in simulated biome 
patterns (Fig. 14.10). Increases in the suitability of tree PFTs implied transitions 
from desert to woodland (along the coast of Namibia), from grassland to savanna 
or woodland (e.g. in the Karoo) and from savanna to woodland or forest (e.g. East 
of South Africa, Botswana). In Mozambique, both forest dieback and transitions to 
woodland as well as transitions from woodland to forest were predicted. 

The ensemble mean of the three global DGVMs roughly reproduced the main 
distribution of biomes across the study region as reconstructed in a global PNV 
(potential natural vegetation) map. Major shrub biomes, such as the Nama Karoo, 
however, were not distinguished (Fig. 14.11). The models also confirmed the
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Fig. 14.11 Biomes according to expert reconstruction (reference data) based on Haxeltine and 
Prentice (1996); multi-model ensemble mean (3 DGVMs and 2–4 GCMs) for recent past (mean 
1986–2005) and future (mean 2080–2099) for RCP2.6 and RCP6.0 

increasing suitability for tree PFTs from west to east predicted by aDGVM. For 
the future, the DGVMs predicted woody encroachment and increasing tree cover 
in particular in eastern parts of the study area, and much more pronounced under 
RCP6.0, as a result of higher CO. 2 fertilisation effects on woody plants under 
this scenario. Biome shifts were also much more pronounced under RCP6.0 and 
concentrated in the eastern part of the study region and, under RCP 6.0, the 
northwestern fringe (Fig. 14.12). These results were roughly in line with those by 
the aDGVM, but they clearly differ for large parts of Zimbabwe, where the aDGVM
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Fig. 14.12 Sum of simulations with biome change between historical (mean 1986–2005) and 
future (mean 2080–2099) under RCP2.6 (left) and RCP6.0 (right) according to a multi-model 
ensemble 

predicted increasing climatic suitability for fire-tolerant savanna trees (Fig. 14.9), 
while the global DGVM ensemble predicted decreasing woody leaf area index 
(Fig. 14.13). These differences might have been caused by differences in vegetation 
process representations or by using different climate models as forcing. The general 
strong woody encroachment into savannas is consistent with results from other 
DGVM-based studies (Scholze et al. 2006; Gonzalez et al. 2010). 

Regarding biome stability, simulations with LPJ-GUESS spanning the last 
140.000 years suggest a remarkable biome constancy along the southern and eastern 
coast and in the southern Kalahari, which appears to be correlated with high 
species diversity (Huntley et al. 2016, 2021). Simulations for the future with climate 
scenario data input, however, suggest substantial biome shifts in these areas of 
previous biome constancy (Huntley et al. 2021). 

14.4 Monitoring Biome Change 

Process-based forecasting models such as the phytoclime models and aDGVM are 
influenced by process and parameter uncertainty, which can make them difficult to 
interpret. A complementary alternative is to use statistical monitoring of change that 
is already ongoing. Global change impacts are already manifesting, meaning that 
statistical detection and description of the recent trajectories of change should also 
be a priority for adaptation and mitigation science. That is, process-based models are 
essential for exploring future scenarios of change, but statistical analysis of recent
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Fig. 14.13 Woody LAI change between recent past (mean 1986–2005) and future (mean 2080– 
2099) under RCP2.6 (left) and RCP6.0 (right), according to a multi-model ensemble mean (3 
DGVMs and 2–4 GCMs) 

trajectories of change can help us understand change that is already ongoing. In this 
section, we describe three promising change monitoring and detection activities. 

14.4.1 Birds as Indicators of Biome Change 

Indicator species are organisms which are easily monitored and whose status reflects 
the state of the environment in which they are found (Siddig et al., 2016). The 
use of indicator species as early warning systems in climate change science is still 
in its infancy. Anchor (2022) has recently suggested a range of bird species that 
could be used as indicators of biome change. Birds have the advantage that they are 
readily observed by a large population of hobby birdwatchers and citizen scientists 
and are also mobile enough to respond immediately to changes in climate and 
vegetation structure. The premise is that species that are strongly associated with a 
particular biome can serve as sensitive indicators for changes in biome structure and 
functioning that are not necessarily detectable using satellites or standard vegetation 
monitoring. A comparable approach has been used by BirdLife International for 
global analyses, and however the BirdLife protocol needs to be adapted to the 
sub-region. Anchor (2022) identified 16 bird species with range boundaries that 
correspond with biome boundaries and where the range boundaries have relatively 
hard edges. Birds as indicators have the potential to run as a citizen science project 
which would reduce field costs and enhance public engagement. However, the lure 
of volunteer field work should not distract from the fact that a substantial investment 
is nonetheless required to ensure that an efficient computational back-end exists that
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Fig. 14.14 Biome shift monitoring phytometers (BISMOPs) have been installed in the major 
biomes of South Africa (left panel). A BISMOP is a mini-common garden experiment that monitors 
the performance of the plant growth forms characteristic of the biomes of South Africa. Each 
BISMOP monitors 3 individuals of 11 plant species and records their NDVI over a diurnal cycle as 
well as associated climate system variables (middle panel). The Nieuwoudtville Hantam Botanical 
Garden BISMOP (right panel) 

allows data to be uploaded, processed and visualised in real time. Another issue is 
that detailed research will be required to understand and anticipate the different 
ways in which bird species may respond to changes in climate versus vegetation 
structure (e.g. Seymour et al. 2015) or direct human influence on habitat structure 
and resource availability (e.g. Weideman et al. 2020). 

14.4.2 Phytometers as Indicators of Biome Change 

A phytometer is a special kind of indicator species: a phytometer is a transplanted 
plant whose growth, survival or reproduction are used to provide information on 
environmental conditions. Phytometers have the advantage that their performance 
can be interpreted as an integrative measure of the environment. Here, we provide 
an illustration of how phytometers could be used to monitor climatically induced 
biome changes. The system we describe is a biome shift monitoring phytometer 
(BISMOP), which we have implemented in South Africa (Fig. 14.14). 

A BISMOP is a miniature common garden experiment where plants represen-
tative of the biomes of South Africa are grown in common garden settings in the 
different biomes. BISMOP plants are selected based on two criteria. First, their 
distributions should closely match the distribution of the biomes. Second, they 
should represent a plant growth form typical of the biome in question. The existing 
BISMOPS used 11 vascular plant species. Individuals were planted in 9 litre pots 
filled with perlite substrate. Perlite was used because it has good hydraulic properties 
(reasonable drainage and water retention) and is commercially available in various 
quality classes ensuring that the same substrate can be sourced in the future. Three 
replicate plants of each species are grown in each BISMOP. The planted pots and 
one control (34 in total) are arranged in a 250 . × 200 cm area. An aluminum frame 
supports a camera system 250 cm above the pots. The cameras are based on the 
Raspberry Pi Camera Module 2, which uses a Sony IMX219 8-megapixel sensor 
and a wide angle and low distortion lens (MX219 Camera Module 160°FoV). The
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camera modules have no infra-red filter and use a blue filter (Roscolux 2007 Storaro 
Blue, Rosco, UK). The blue filter blocks most red and green light, allowing near-
infrared (NIR) to be captured in the camera’s red and green channels, whereas 
the camera’s blue channel records mostly blue light allowing a vegetation index 
with similar properties to NDVI to be calculated. Each BISMOP station further 
records air temperature and air humidity. The control pot, filled with perlite only, is 
instrumented with a soil moisture and soil temperature probe. This bare ground pot 
is used to calculate a simple water balance that allows the current level of moisture 
stress at the BISMOP site to be estimated. Images from the cameras are captured 
every daylight hour and environmental variables are recorded every 10 minutes. 

The data from the BISMOP systems produce time series (at daily or hourly res-
olution) that allow the analysis of how the physiological performance of individual 
plants are influenced by climate system variables. Since the data represent key South 
African plant growth forms, growing in environmental situations that represent the 
diversity of climate systems in the region, the data will additionally be valuable for 
testing the predictions of DGVM and phytoclime models. 

14.4.3 Remote Sensing of Phenome Change 

There is a long history of monitoring vegetation activity using satellite-based 
remote sensing. Buitenwerf et al. (2015), for example, developed a method for 
analysing change in a satellite-based vegetation activity using NDVI data (NDVI, 
normalised difference vegetation index) from the AVHRR satellite program. The 
primary advantage of the (Buitenwerf et al. 2015) method is that it stratifies the 
phenological metrics into groups, or phenomes, thereby allowing change in the 
phenological metrics to be analysed by group. This allows the change analysis 
to be stratified by phenological groups, which in turn aids change detection since 
phenologically divergent signals are not diluted by averaging. 

Higgins et al. (2023) applied this method to the Southern African region; 
this analysis used MODIS EVI (enhanced vegetation index), which has a higher 
resolution (the 1 . × 1 km. 2 MOD13 product spanning 2000–2019 was used) than the 
AVHRR NDVI used by Buitenwerf et al. (2015). EVI is additionally less prone to 
saturation at high vegetation density and less sensitive to atmospheric sources of 
error than NDVI. Higgins et al. (2023) further focused exclusively on protected 
areas, which removes the potential for confounding the effects of land use and 
climate on vegetation activity. The world database on protected areas was used 
(UNEP-WCMC and IUCN 2021) to select areas that do not contain land use effects 
(nature reserves, game parks, national parks and forest reserves, Fig. 14.15). 

Following Buitenwerf et al. (2015), Higgins et al. (2023) estimated 21 pheno-
logical metrics for each phenological year for the time series in each 1 km. 2 pixel 
(Fig. 14.16). The metrics describe the annual phenological curve and include metrics 
with time units (e.g. day of peak EVI) and metrics in EVI units (e.g. maximum 
EVI). To quantify change, the mean of each metric was calculated for the first 
and second half of the record. Figure 14.17 summarises by how many standard
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Fig. 14.15 To exclude land use effects, phenological change was analysed in the protected areas 
of Southern Africa. Protected areas were derived from the world database on protected areas 
(UNEP-WCMC and IUCN 2021) 
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Fig. 14.16 A schematic representation of the EVI activity of a remotely sensed grid cell. At each 
labelled point, metrics in both EVI units and day of year units are recorded. The integral of the 
EVI between two subsequent trough days, although not labelled in this diagram, is also calculated. 
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Fig. 14.17 Changes in vegetation phenological activity between 2000 and 2019 reported in 
standard deviations. (a) Aggregated change of all metrics. (b) Aggregated changes in metrics 
representing vegetation activity (measured in EVI units). (c) Aggregated changes in metrics that 
represent the timing of the vegetation activity (measured in days or day of the year)
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Fig. 14.18 Phenomes of the protected areas of Southern Africa. The phenomes were produced by 
performing an unsupervised clustering of the phenological metrics as defined in Fig. 14.16. The 7  
phenomes represent zones with similar phenological behaviour 

deviations these metrics have changed revealing widespread change hotspots in 
Namibia, Botswana and Zimbabwe (Fig. 14.17). These analyses revealed shifts in 
both the timing magnitude of vegetation activity. 

The ecological interpretation of the pattern of change is aided by classifying 
pixels into groups (Buitenwerf et al. 2015 phenomes) with similar phenological 
behaviour. Higgins et al. (2023) used the phenological metrics (Fig. 14.16) to  
classify pixels into 7 phenomes (Fig. 14.18). The phenome classification identified 
regions superficially consistent with desert, arid savanna, bushveld, grassland, 
woodland savanna and fynbos. 

For each phenome (Fig. 14.18), the mean phenological signature in the first 
(2000–2009) and second (2011–2019) parts of the time series is shown in Fig. 14.19. 
The vectors in Fig. 14.19 show the average change in phenological metrics in both 
the EVI (vegetation activity) and time (timing of activity) dimensions between 
the first and second parts of the time series. Although the phenological signature
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Fig. 14.19 Phenological change per phenome. The phenological signature of each phenome is 
plotted for the first (2000–2009, blue lines) and second (2011–2019, green lines) parts of the time 
series. The vector plots show change in all metrics (cf. Fig. 14.16) in both EVI and time dimensions. 
For example, the circle plotted phenome 5 shows change in the metric “Trough.” In this example, 
the trough day has increased (it is delayed) and its EVI value has increased. Vectors parallel to the 
axes represent metrics that have only EVI or time dimensions
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plots suggest minor absolute changes in each phenome’s phenological signature, 
the vector plots reveal large relative changes. 

Phenome 1 covered a diverse range of Cowling’s phytogeographical regions 
(Cowling et al. 2004), from the Zambezian region, the Kalahari-Highveld Transition 
Zone, the Tongaland-Pondoland Region and Afromontane Region to the Cape 
region. It spread from the Moremi National Park in northwest Botswana through 
national parks in South Africa such as the Songimvelo in the northeast to the Maloti-
Drakensberg in the southeast. The growing season length decreased in phenome 1, 
caused by both a delayed start and an earlier end of the growing season. 

Phenome 2 was primarily distributed in the xeric Karoo-Namib and the Cape 
regions, spreading southwards from the Skeleton Coast in northwestern Namibia 
towards the Anysberg in South Africa. This phenome was characterised by a low 
vegetation activity and the amplitude and integral of the annual NDVI decreased 
over the study period. A decrease in the length of the growing season was also 
detected, caused by both a delayed start and an earlier end of the growing season. 

Phenome 3 was mainly distributed in the Zambezian phytogeographical region, 
spreading from the Bwabwata in northeast Namibia through the Chobe in northern 
Botswana to the Hwange in northwest Zimbabwe. Further in Zimbabwe, it was 
distributed in the Charara in the north as well as the Gonarezhou in the south. This 
phenome revealed an increase in the amplitude and integral of the annual EVI signal. 
The length of the GSL did not change substantially although the timing metrics were 
delayed, with the exception of the onset of the peak and peak of the growing season 
which were earlier. 

Phenome 4 was mainly distributed in the Zambezian and the Kalahari-Highveld 
Transition Zone phytogeographical regions. This phenome stretched from the 
Moremi in northern Botswana through the Chewore in northern Zimbabwe to the 
northern parts of Kruger in northeastern South Africa. The growing season length 
extended over the observation period, caused by both an earlier onset and a delayed 
end. As a consequence, the integral of the EVI increased and as did the peak EVI 
which was also delayed. 

Phenome 5 occurred mainly in the Zambezian and the Kalahari-Highveld Tran-
sition Zone phytogeographical regions, spreading from eastern Etosha in northern 
Namibia towards the Kalahari in central Botswana to the eastern parts of Kruger in 
northeast South Africa and the Tsehlanyane in eastern Lesotho. In this phenome, the 
growing season length decreased mostly due to delayed start of the growing season. 
In addition, the peak, integral and amplitude of the EVI also decreased, combining 
to produce an overall decrease in vegetation activity. 

Phenome 6 was primarily distributed in the Zambezian and the Kalahari-
Highveld Transition Zone phytogeographical regions, spreading from the Khaudum 
in northeast Namibia through the Kalahari in central Botswana to the eastern parts 
of Kruger in South Africa and the western parts of Tsehlanyane in Lesotho. The 
growing season length in this phenome decreased primarily due to an earlier end of 
the growing season. Moreover, the peak, integral and amplitude of EVI decreased. 

Phenome 7 was primarily distributed in the Kalahari-Highveld Transition Zone 
phytogeographical region, spreading from western Etosha in northern Namibia
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through the Kgalagadi in southwestern Botswana to Camdeboo in southern South 
Africa. In this phenome, the growing season length increased due to both an earlier 
start and a delayed end to the growing season, although the delayed end effect 
dominated. The peak, integral and amplitude of EVI all increased in this phenome. 

14.5 Discussion 

This review summarises recent analyses of vegetation change in Southern Africa. 
The focus is on predictive simulations of vegetation structure and function, as 
derived from both established mechanistically based dynamic global vegetation 
models (DGVMs) and novel species-based modelling of the climatic preferences 
of major plant growth forms (phytoclimatic modelling). The review additionally 
suggests options for monitoring vegetation and biome change that can be used to 
detect and understand change as well as to test the ability of the prediction models 
to provide information robust enough to support policy and management actions. 
Over the past two decades, the capacity to develop such models has evolved rapidly 
from the rudimentary yet insightful correlative modelling work of Rutherford et al. 
(1999) at both biome and species levels, to more sophisticated correlative modelling 
(Thuiller et al. 2006) and earlier dynamic vegetation modelling efforts (Scheiter 
and Higgins 2009; Moncrieff et al. 2014). The results of these early efforts raised 
awareness and concerns regarding the potential severity of climate change impacts, 
despite the level of uncertainty that was clearly communicated. However, reported 
observations of historically observed changes tempered these projections even 
further, showing trends that ran counter to projections in some cases (Masubelele, 
Stevens), or revealing changes consistent with projections (Stevens et al.) that may 
have occurred via unanticipated mechanisms. Two main causes of these divergences 
have been noted, namely the importance of disturbance via fire in over-riding 
climatic drivers of change, and the role of rising atmospheric CO. 2 via increased 
water use efficiency and productivity that were not accounted for in correlative 
approaches. The mechanistically based approaches described here provide new 
insights that permit a deeper understanding that may be of more value for policy 
and management guidance. 

We first discuss what light the results of the modelling approaches used here 
sheds on our understanding of the current representation of biomes and vegetation 
types in the region. The (Rutherford and Westfall 1986) treatment of biomes 
of Southern Africa, updated by Mucina and Rutherford (2006), remains one of 
the clearest in terms of its simple plant growth form definitions (that is, simple 
combinations of Raunkiaer plant life forms trees, shrubs, grasses and annual plants). 
Their mapping of combinations of dominant growth forms at the 100 km grid scale 
provides a useful template for comparison, and it remains the basis of fundamental 
regional ecological distinction for a wide range of applications, including the 
planning of adaptation responses. Despite being based purely on growth form 
dominance, their approach uncovered floristic distinctiveness between biomes (e.g.
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Gibbs Russel et al.), which makes a comparison with the phytoclime approach 
extremely interesting. 

It is most insightful to compare the phytoclimes identified by successive 
increases in the number of species clusters with the biomes as mapped by Mucina 
and Rutherford (2006). It must be noted that the phytoclime maps represent the 
potential of the climate and substrate to support different growth forms (Fig. 14.1), 
whereas ecological processes not considered by the phytoclimatic analysis, such as 
fire, herbivory, competition, fertility and dispersal, influence which combination of 
growth forms will actually grow at a given location. 

At its most parsimonious 6-cluster level (Fig. 14.3), the arid and semi-arid 
phytoclime unit 1 closely matches the Desert, Nama-Karoo and Succulent Karoo 
biome borders with Fynbos Biome in the south and Savanna, Grassland and Albany 
thicket biomes in the east. A hyper-arid subdivision of desert indicates a level of 
sensitivity lacking in the Mucina and Rutherford (2006) definition, while three 
phytoclimes are discerned in what is traditionally seen as Savanna across Namibia, 
Botswana, Zimbabwe and Mocambique. Thus, a predominance of tropical assem-
blages overwhelms the purely plant life form approach of Mucina and Rutherford 
(2006). Even at the 9-cluster level (an equivalent number of biomes recognised by 
Mucina and Rutherford 2006), hyper-arid and subtropical assemblages dominate, 
with latitudinal divisions emerging to differentiate the 6-phytoclime classification’s 
units 1, 2 and 6, more clearly separating grassland and savanna-type biomes in 
central and northern South Africa and differentiating further North/South divisions 
in arid and semi-arid shrubland and savanna types in the west. Phytoclime units 
comparable with Succulent karoo, Grassland, Thicket, Coastal Belt and Fynbos 
biomes emerge only when clustering 18 phytoclimes levels and higher, while the 
forest biome does not emerge at all. 

Overall, unit 6 in the 6-phytoclime classification retained coherence at successive 
clustering levels while also showing low concordance with purely plant life form-
defined biomes for this region. This is a novel revelation of interesting climatic 
control of vegetation, mediated by plant form and function, in this region. This could 
be further refined by expanding the phytoclime analysis to consider how soil fertility 
modulates the influence of climate. However, low confidence in currently available 
soil fertility products precludes consideration of soil fertility. 

The representation of Mucina and Rutherford (2006) biomes by DGVM simula-
tions is also interesting in how the arid- and semi-arid Succulent Karoo and Desert 
biomes are somewhat recognisable, but C4-dominated Grassland, C4-co-dominated 
Nama-Karoo and Savanna biomes occupy the central portion of the region, with 
increasing dominance of trees from the arid west to the more mesic eastern reaches, 
resulting in a less refined differentiation relative to both (Mucina and Rutherford 
2006) and the phytoclime approach. The DGVMs only consider a limited set of 
plant functional types, and it is likely that consideration of additional functional 
types such as succulent plants and different types of shrubs (Gaillard et al. 2018) 
may enhance the ability of the DGVMs to represent the Mucina biome map more 
closely.



400 S. I. Higgins et al.

The phytoclime and DGVM analyses do make predictions of where we should 
expect vegetation change in the future, but these are quite different. The aDGVM, 
for example, forecasts that the core of the large C4 savanna biome in the central 
interior does not change with climate change (Fig. 14.10), whereas this is an area 
of high change in the phytoclime analysis (e.g. Fig. 14.4). This is confirmed when 
examining how the suitability of geographic space for aDGVM plant types changes 
across Southern Africa with changing climate. The aDGVM predicts, for example, 
that central Botswana will become increasingly suitable for C3 grasses and to a 
lesser extent for C4 grasses and that C4 grasses will decrease in central South Africa 
(Fig. 14.9). The phytoclimatic analysis by contrast suggests that C3 grass suitability 
will decrease almost everywhere except Lesotho and that C4 grass suitability will 
increase over the Namibian coast, the South African coast and the higher altitude 
areas of the region but will decrease over most of the central and northern parts of the 
region (Fig. 14.2). In effect, the phytoclimatic analysis is emphasising temperature 
effects which will favour C4 grasses, whereas the aDGVM is emphasising CO. 2
effects which will favour C3 grasses. 

The strong positive effects of increasing atmospheric CO. 2 on the photosynthesis 
and the growth of C3 plants are a general feature of the DGVMs. However, DGVMs 
that do not simulate nutrient limitation most likely overestimate these effects 
(Hickler et al. 2015; Martens et al. 2021). Nonetheless, the woody encroachment 
observed in the eastern part of the study region was simulated by the LPJ-GUESS 
model (Wilhelm 2021), which does include a nitrogen cycle and nitrogen limitation 
of plant growth (Smith et al. 2014). 

A further reason for these differences might be that the aDGVM model predicts 
the realised niche of the functional types, that is, the biomass that can accumulate 
under a given climate under the influence of fire and competition, whereas the 
phytoclimatic suitability surfaces represent estimates of the climate’s potential 
to support different plant growth forms. In effect, the phytoclimatic suitabilities 
(Fig. 14.1) represent the climatic limits hard coded in earlier developed DGVM 
model versions. These global DGVMs include hard-coded limits that relate to 
cold temperature tolerance and are thus unlikely to be important in this study 
region. The aDGVM by contrast does not include hard-coded climatic limits for 
its different plant types. Thus, in aDGVM, biome borders in the study region are 
mainly determined by the competition between grasses and trees as mediated by the 
simulated frequency and intensity of fire. 

One of the apparently important similarities between projections made by 
the models is that tree dominance will increase in parts of the savanna regions 
(Figs. 14.4 and 14.9). For example, the region currently occupied the phytoclime 
suitable for grasses (phytoclime 6, Fig. 14.4) will be increasingly occupied by a 
phytoclime suitable for trees (phytoclime 5, see also Fig. 14.5). It is now well 
established that these regions are centres of widespread thickening of woody plants 
and that this process may drive substantive changes in the functioning and diversity 
of these landscapes over vast areas (e.g. Stevens et al review). 

The phenome analysis (Higgins et al. 2023) provides convincing evidence that 
the vegetation of all parts of the sub-region is responding to climate change. This
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analysis is unique in that it focuses on change in protected areas and thereby 
excludes the potential confounding effects of land use change. The phenome 
analysis reveals that plants in some regions are experiencing an increase in 
growing season length (phenomes 1, phenome 4, phenome 7), whereas decreases 
were observed in other regions (phenome 2, phenome 6). In addition, in some 
regions there was an overall increase in vegetation activity (phenome 3, phenome 
4, phenome 7), whereas for others there was an overall decrease (phenome 5) 
in vegetation activity. These findings are in agreement with previous work. For 
example, in northeast South Africa, Masia et al. (2018) reported early green-up dates 
and early leaf drop dates among species typical of phenomes 1 and 6. Furthermore, 
in the Cape Floristic region of South Africa, herbarium specimen of species has 
been used to show that between 1901 and 2009, leaf flowering has advanced by 12 
days (Williams et al. 2021). Phenomes 1 and 2 represent this region, and they both 
show an early start to the growing season. Higgins et al. (2023)’s findings further 
agree with the early greening patterns reported by Whitecross et al. (2017) who used 
MODIS NDVI data to detect early green-up dates along a latitudinal gradient from 
Zambia to South Africa. Phenomes 1 and 4 cover portions of their study region, 
and they both show an early start to the growing season. Overall the findings of the 
phenome study emphasise that different parts of the study region are responding in 
qualitatively different ways to changes in the climate system. Further work is needed 
to ground verify the changes detected by the Earth observation satellites used in the 
phenome analysis. The analysis reviewed in this study provides the data for guiding 
such field work. In parallel, additional work is needed to attribute these changes to 
particular climate system drivers. 

This study illustrates that modelling the biomes of Southern Africa with DGVMs 
reveals priorities for model development. For example, simulating field experiments 
with a DGVM identified that improving the representation of demographic events 
associated with drought is a priority (Baudena et al. 2015). In a more general 
sense, DGVMs can be improved by calibrating and or testing them using the Earth 
observation system (EOS) data; the potential of this avenue is under-exploited, 
particularly in Southern Africa. Using multiple lines of EOS evidence (e.g. biome 
maps, NPP and GPP, fire activity, surface temperature) would improve the iden-
tifiability of DGVM parameterisations and the robustness of their predictions. 
Furthermore, more regionalised approaches might be necessary in order to capture, 
for example, the peculiarities of the Karoo which are poorly captured by the PFT’s in 
existing DGVMs. Strategically, a balance between parameterisation and calibration 
needs to be found: short- and medium-term predictions can be enhanced by 
calibration, whereas understanding is best enhanced by adjusting parameterisations 
and assumptions. 

Our premise when initiating the work reported on here was that using different 
methods to analyse biome-level change in vegetation in the Southern Africa would 
allow us to make robust inferences about the nature of change. However, we have 
learned that different inference methods represented by statistical inference of the 
capacity of the regions climate to support different plant growth forms (the phyto-
climatic analysis), forward simulation of ecosystem dynamics (DGVM simulations)
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and monitoring of change using remote sensing time series of vegetation activity 
(the phenome analysis) have yielded different insights. The only unifying insight 
is that change is widespread. This unfortunately leaves us in the position where 
we have to advocate increased effort to refine the forecasting models. Satellite-
based monitoring of vegetation change using the phenome method as described here 
and phytometer monitoring as represented by the BISMOP system are promising 
avenues for generating the data needed to test the models’ predictions and the 
assumption upon which they are based. However, it is also clear that experimental 
work aimed at exploring the interactions between CO. 2 fertilisation, temperature 
increases and moisture deficits is necessary to resolve the disparate predictions of 
the phytoclimatic and dynamic vegetation models. This means that atmospheric 
CO. 2 experiments designed to quantify the interactive effects of CO. 2 enrichment, 
temperature and moisture should be a regional research infrastructure priority. 
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Abstract 

Savanna rangelands provide diverse communities across southern Africa with 
livestock and wildlife-based livelihoods, as well as extensive ecosystem services. 
Historical usage patterns, however, are increasingly challenged by widespread 
degradation. While regional- and local-scale policy initiatives have attempted 
to minimize damage and increase the sustainability of savanna rangelands, 
poverty, land tenure and shifting climate conditions all exacerbate ongoing 
degradation. Here, we detail the environmental and political setting of southern 
African savanna rangelands, causes and implications of rangeland degradation, 
and discuss possible strategies toward improved regional ecosystem manage-
ment. We present recent knowledge on how degradation by bush encroach-
ment influences biodiversity and biodiversity-mediated ecosystem functioning of 
semiarid savanna rangelands with the aim of improving rangeland management 
strategies. Improved rangeland management requires a broad approach which 
integrates both socioeconomic and ecological frameworks, built upon improved 
understanding of the strong couplings between flora, fauna, water and land-
management strategies. 

15.1 Biophysical Features of African Savanna Rangelands 

Southern Africa’s vegetation is dominated by tropical savannas (Fig. 15.1) which 
can be distinguished from other vegetation biomes by their codominance of trees 
and C4 grasses (see Chap. 2). Within the southern African savanna, there is a vast 
variety of types, such as the different ecoregions as defined by Olson et al. (2001) 
(Fig. 15.1). They are home to diverse endemic floras and faunas including the earth’s 
greatest diversity of ungulates. Most of the natural land area of southern Africa can 
be considered as rangeland (Ellis and Ramankutty 2008), i.e., natural ecosystem 
habitats managed for grazing livestock and wildlife (Allen et al. 2011). 

Climate A climatic feature of all southern African savannas, which occur over 
a wide rainfall gradient from approximately 250 mm to 1800 mm mean annual 
precipitation (MAP), is almost exclusive summer rainfall with long dry winters 
(see Fig. 15.2, Huntley 1982; Scholes and Archer 1997). Interannual variability 
in rainfall, with the most arid areas having the greatest coefficient of variation in 
rainfall, means that years of both intense drought and near flooding are common (see 
Chap. 7). The drought and above average rainfall are linked to El Niño–Southern 
Oscillation cycles and as such periods of either above or below average rainfall 
are the norm. This has profound impacts on the carrying capacity for livestock 
and wildlife with animal numbers increasing during rainy periods but with die-offs 
occurring during droughts (Shackleton 1993).

http://doi.org/10.1007/978-3-031-10948-5_2
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Fig. 15.1 Map of savanna and other rangeland vegetations of southern Africa (ecoregions based 
on Olson et al. 2001, bioregions on Mucina and Rutherford 2006) 

Fig. 15.2 Topographic Overview of southern Africa based on ETOPO1 data (a). Mean annual 
rainfall is derived from CHIRPS data and averaged from 1980 to 2020 (Funk et al. 2015). Red 
line indicates 200 mm/yr isohyet, and the blue line is 400 mm/yr. (b) Land surface temperature is 
derived from MODIS data 2000–2021 https://lpdaac.usgs.gov/products/mod11a1v006/
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Fig. 15.3 Annual temperature seasonality. (a) Long-term (2001–2021) average annual tem-
perature amplitude (e.g., warmest to coldest month). (b) long-term coldest monthly average 
temperature and (c) warmest monthly average temperature. Data derived from MODIS (https:// 
lpdaac.usgs.gov/products/mod11a1v006/) 

Fig. 15.4 Satellite-based Normalized Differential Vegetation Index (NDVI) derived from MODIS 
data (https://lpdaac.usgs.gov/products/mod11a1v006/). Sixteen-day measurements were averaged 
from 2000 to 2021 and their mean (a) and standard deviation (b) are shown. Note the low vegetation 
cover and low standard deviation in northern Namibia. Savanna regions are partly associated with 
slightly higher standard deviation, suggesting seasonal changes (light red colors in b) 

Summers tend to be hot to very hot, with potentially cool nights (Scholes 2004). 
Frost occurs in some areas, but the occurrence of heavy frost is a key determinant of 
the interface between savanna and the true South African grasslands (Fig. 15.1) in  
moister regions (Ellery et al. 1991). Large portions of south-western savannas have 
highly variable annual temperature cycles (Fig. 15.3). 

Vegetation and Soil Due to the high variation in climate and geology, there is 
a large degree of variation in vegetation types and vegetation amount over the 
climatic and geological range of the savannas (Figs. 15.1 and 15.4). Changes in

https://lpdaac.usgs.gov/products/mod11a1v006/
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geology can be clearly discerned at a regional scale; texture and nutrient status of 
soils have a profound influence at a local scale. The position on the slope, i.e., 
the catena position, leads to distinctive changes in vegetation characteristics (see 
Chap. 2). For instance, on the granite soils of the Kruger National Park, top of 
slopes are sandy, dystrophic, leached soils and are dominated by broadleaved trees 
and unpalatable grasses. In the valley at the bottom of slopes, the soil has a finer 
texture and higher nutrient status and is dominated by fine leaved trees and palatable 
grasses. A mid-slope hydromorphic grassland fringed by Terminalia species is also 
common (Scholes 2004). 

Scientists differ on how the savannas should be subcategorized. Huntley (1982) 
points out a clear distinction between what he terms moist/dystrophic savan-
nas (Miombo) and arid/eutrophic savannas (bushveld). In addition, the vast hot, 
low-lying areas are covered in near monospecific stands of the mopane tree 
(Colophospermum mopane), and though part of Huntley’s arid savanna is suffi-
ciently different for Olson et al. (2001) to include them as a unique bioregion. Key 
differences between these three savanna types are given in Table 15.1. Mukwada 
(2018) suggests that the arid savanna can be broken into five types, moist/mesic 
dystrophic savanna, dry eutrophic savannas, dry miombo woodlands, mopane 
woodlands, teak woodlands and Terminalia-Combretum and Acacia woodlands. He, 
however, makes no attempt to map the distribution of these woodlands. Olson et 
al. (2001) identify nine savanna types (see Fig. 15.1). Savanna vegetation is often 

Table 15.1 Generalized key distinctions between arid and moist savanna after Huntley (1982) 
and Scholes (2004) 

Moist Savanna Arid Savanna Mopani Savanna 

Rainfall per year More than 600 mm Less than 650 mm Less than 650 mm 
Soils Mostly dystrophic Mostly eutrophic Mostly eutrophic 
Key tree genera Brachystegia, 

Julbernardia, 
Burkea, Ochna 

Vachellia, Senegalia 
(previously Acacia), 
Commiphora 

Colophospermum 

Tree leaf 
morphology 

Marginally 
deciduous large 
leaflets or broadleaf 

Strongly deciduous 
fine leaf 
nanophyllous 

Deciduous 
large broadleaf 

Key tree defense and 
palatability 

High tannins 
nonspinescent 
leaf N < 2.5% 

Moderate tannins 
mostly spinescent 
leaf N > 2.5% 

Moderate tannins 
nonspinescent 
leaf N > 2.5% 

Key grass genera Andropogon, 
Schizacharium, 
Loudetia 

Stipagrostis, 
Panicum, 
Enneapogon, 
Aristida 

Anthephora, 
Aristida, 
Eragrostis, 
Schmidtia 

Grass palatability coarse leafed and 
low palatability 

fine leafed and high 
palatability 

fine leafed and high 
palatability 

Fire very frequent every 
1–3 years 

less frequent every 
10 years or more 

less frequent every 
10 years or more
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mapped to an even finer detail within individual countries; for instance, in South 
Africa, Mucina and Rutherford (2006) identify 87 distinct savanna vegetation types 
grouped into 6 bioregions. 

The woody cover of savanna varies from 0% in hydromorphic grasslands through 
to about 80% in areas of over 600 mm MAP. Above this, the canopy fully closes 
and the grass layer is lost. Savanna systems persist at tree densities below those that 
could be expected from rainfall (Sankaran et al. 2005). Many ecologists consider 
them to be disequilibrium systems where disturbances such as fire, herbivory, 
droughts and floods are key to their functioning (Scholes 2004). Therefore, any 
change in herbivory and fire can shift a savanna to either an increased or decreased 
tree or bush density (see Sect. 15.4.1). 

15.2 Land Tenure and Grazing Systems 

The management and use of the savanna rangeland is closely tied to the tenure 
arrangements, with three dominant tenure patterns being found in all the southern 
African countries, with country specific nuances. These are commercial tenure, 
either on freehold or leasehold land, communal tenure and conservation areas 
on state land (Table 15.2). Early European colonialists tended to establish large 
commercial farms/ranches that were initially managed almost exclusively for 
livestock production. These farms tended to be stocked at stocking rates considered 
to optimize economic return. Production of livestock was almost exclusively for 
marketing purposes and over time, complex management strategies were developed 
based on stocking rates and grazing rotation. Individual farmers used different 
stocking rates and rotations, this despite legislated maximum stocking rates in most 
countries. Initially wildlife was seen as competing with grazing for livestock and 
commercial farmers actively prevented wildlife from their land (ABSA 2003). A 
change in wildlife tenure legislation during the 1970s effectively changed wildlife 
from being royal game to a commodity which commercial farmers could own and 
financially exploit (Carruthers 2008). This resulted in a huge conversion of livestock 
land to mixed livestock and wildlife or simply wildlife. ABSA (2003) found that 
over 5000 game ranches and 4000 mixed game and livestock farms were developed 
in South Africa alone. Low value cattle land, such as that adjacent to the Kruger 
National Park in South Africa, is now some of the most valuable savanna rangeland 
and being run as exclusive private wildlife destinations. Similar trends to wildlife 
based land use are found in all the southern African countries. 

Communal management of rangelands has historically been for subsistence 
use of livestock and is very common in much of South Africa. The rangeland is 
managed as a commonage and is typically stocked at ecological carrying capacity. 
In some cases, livestock is kept for cultural and investment purposes and offtake 
for sale is only when cash is desperately needed. In such cases, the driving 
force in management is to maximize numbers rather than turnover or quality. In 
Botswana, there is a higher degree of commercial cattle production on the communal



15 Biodiversity and Ecosystem Functions in Southern African Savanna. . . 413

Ta
b
le
 1
5
.2
 

A
pp

ro
xi

m
at

e 
la

nd
 a

llo
ca

tio
n 

to
 d

if
fe

re
nt

 te
nu

re
 a

nd
 la

nd
 u

se
 (

ba
se

d 
on

 P
ot

ts
 2

01
2)

, a
s 

w
el

l a
s 

ty
pi

ca
l l

iv
es

to
ck

 a
nd

 w
ild

lif
e 

us
ag

e 
pa

tte
rn

s 

A
pp

ro
xi

m
at

e 
pe

rc
en

ta
ge

 p
er

 
co

un
tr

y
L

iv
es

to
ck

M
ix

ed
W

ild
lif

e 

C
om

m
un

al
 (

1)
SA

 1
3%

 
N

am
ib

ia
 4

8%
 

B
ot

sw
an

a 
48

%
 

Z
im

ba
bw

e 
47

%
 

eS
w

at
in

i 4
2%

 
M

oz
am

bi
qu

e 
(5

) 

Pr
ed

om
in

an
t u

se
 o

f 
co

m
m

un
al

 la
nd

 a
nd

 is
 

ty
pi

ca
lly

 o
pe

n 
ac

ce
ss

. 
St

oc
ke

d 
at

 e
co

lo
gi

ca
l c

ar
ry

in
g 

ca
pa

ci
ty

 (
C

C
) 

O
cc

as
io

na
l 

e.
g.

, N
am

ib
ia

n 
co

ns
er

va
nc

ie
s,

 
B

ot
sw

an
a 

ar
ou

nd
 O

ka
va

ng
o 

V
er

y 
un

iq
ue

 s
itu

at
io

ns
 

e.
g.

, B
ot

sw
an

a 
ar

ou
nd

 
O

ka
va

n-
go

. T
he

 b
as

is
 o

f 
th

e 
Z

im
ba

bw
e 

C
A

M
PF

IR
E

 
pr

og
ra

m
. N

am
ib

ia
n 

co
ns

er
va

nc
ie

s 
C

om
m

er
ci

al
 F

re
eh

ol
d 

an
d 

co
nc

es
si

on
s 

(2
) 

SA
 8

7%
 

N
am

ib
ia

 5
2%

 
B

ot
sw

an
a 

4.
8%

 
Z

im
ba

bw
e 

47
%

 (
3)

 
eS

w
at

in
i 4

4%
 (

4)
 

M
oz

am
bi

qu
e 

(5
) 

T
he

 c
om

m
on

 tr
ad

iti
on

al
 

E
ur

op
ea

n 
se

ttl
er

 f
ar

m
in

g 
m

od
el

. S
to

ck
ed

 a
t e

co
no

m
ic

 
C

C
 

C
om

m
on

 tr
en

d 
m

ad
e 

po
ss

ib
le

 
by

 c
ha

ng
es

 in
 le

gi
sl

at
io

n 
to

 
al

lo
w

 g
am

e 
ow

ne
rs

hi
p.

 

C
om

m
on

 tr
en

d 
of

 p
ri

va
te

 
na

tu
re

 r
es

er
ve

s,
 T

ul
i b

lo
ck

 
B

ot
sw

an
a—

gr
ea

te
r 

K
ru

ge
r 

So
ut

h 
A

fr
ic

a 

St
at

e 
co

ns
er

va
tio

n 
la

nd
 (

4)
SA

 8
%

 
N

am
ib

ia
 3

8%
 

B
ot

sw
an

a 
29

%
 

Z
im

ba
bw

e 
27

%
 

eS
w

at
in

i 2
0%

 
M

oz
am

bi
qu

e 
22

%
 

Fo
rm

al
 c

on
se

rv
at

io
n 

ar
ea

s 
an

d 
st

at
e 

fo
re

st
s.

 

(1
) L

an
d 

re
fo

rm
 is

 c
ur

re
nt

ly
 ta

ki
ng

 p
la

ce
 in

 a
ll 

so
ut

he
rn

 A
fr

ic
an

 c
ou

nt
ri

es
. T

he
 c

om
m

un
al

 te
nu

re
 re

fe
rs

 to
 la

nd
 h

is
to

ri
ca

lly
 a

llo
ca

te
d 

to
 tr

ad
iti

on
al

 c
om

m
un

iti
es

 
(2

) L
an

d 
re

fo
rm

 h
as

 le
d 

to
 s

om
e 

tr
ad

iti
on

al
ly

 c
om

m
er

ci
al

 o
r 

st
at

e 
la

nd
 b

ei
ng

 r
ed

is
tr

ib
ut

ed
 to

 c
om

m
un

iti
es

; t
hi

s 
is

 m
os

t p
re

va
le

nt
 in

 Z
im

ba
bw

e.
 S

ta
tis

tic
s 

re
fe

r 
to

 h
is

to
ri

c 
al

lo
ca

tio
ns

, w
hi

ch
 c

ha
ng

e 
ov

er
 ti

m
e 

th
ro

ug
h 

te
nu

re
 r

ef
or

m
 

(3
) 

T
hi

s 
re

la
te

s 
to

 f
re

eh
ol

d 
la

nd
 p

ri
or

 to
 th

e 
20

00
 la

nd
 r

ef
or

m
 p

ro
ce

ss
 in

 Z
im

ba
bw

e 
(4

) 
C

on
se

rv
at

io
n 

la
nd

 is
 o

ft
en

 in
cl

ud
ed

 a
s 

a 
co

m
po

ne
nt

 o
f 

th
e 

co
m

m
er

ci
al

 o
r 

co
m

m
un

al
 la

nd
 a

nd
 is

 th
er

ef
or

e 
in

 s
om

e 
ca

se
s 

do
ub

le
 a

cc
ou

nt
ed

 in
 th

e 
st

at
is

ti
cs

 
(5

) 
In

 M
oz

am
bi

qu
e,

 l
an

d 
is

 a
llo

ca
te

d 
to

 c
om

m
er

ci
al

 f
ar

m
in

g 
un

de
r 

a 
lo

ng
 t

er
m

 l
ea

se
 p

ro
ce

ss
. 

C
ur

re
nt

ly
 i

t 
is

 d
if

fic
ul

t 
to

 o
bt

ai
n 

ac
cu

ra
te

 s
ta

tis
tic

s 
be

tw
ee

n 
co

m
m

un
al

 a
nd

 c
om

m
er

ci
al

 la
nd

 u
se

 d
ue

 to
 in

fo
rm

al
 la

nd
 o

cc
up

at
io

ns
 a

nd
 a

n 
ev

ol
vi

ng
 te

nu
re

 r
eg

im
e



414 K. Geißler et al.

rangelands with individual farmers with large commercial herds drilling boreholes 
to open up new exclusive grazing areas. 

There has been, however, a trend to what is termed Community Based Natural 
Resource Management (CBNRM) in all countries. This started with the CAMPFIRE 
program in Zimbabwe, but it is probably Botswana and Namibia where this is 
most developed (Bond 2001). In Botswana, areas that were previously termed 
Wildlife Management Areas have been converted into Community Management 
Areas. Many of these areas are now managed by communities for ecotourism or 
hunting, with wildlife rather than livestock. In Namibia, communal conservancies 
also opt for wildlife management to gain income from tourism to reduce poverty of 
communal households. Furthermore, wildlife tourism is promoted as a sustainable 
land use option and an alternative to livestock farming (Berzborn and Solich 2013). 
Beyond CBNRM programs, the governments try to correct colonial injustices with 
land reforms and resettlement programs but with different paths. On one side, the 
fast track and highly conflictive land reform in Zimbabwe and on the other side 
the slow resettlement program in Namibia are two extremes of land reform in 
southern Africa. Land reform is directed mainly to the redistribution of freehold 
land of white farmers, but also of state land (Breytenbach 2004). CBNRM and land 
reform contribute to more equity in land tenure and conservation, but until today, it 
was not possible to turn around colonial injustices. Furthermore, both development 
pathways generate new borders, conflicts and uncertainties. 

Southern African savannas have exceptionally high levels of formal state pro-
tection as conservation areas, but the level of actual protection varies across 
the countries (Table 15.2). Moreover, management in wildlife conservation areas 
has evolved over time. In the past, there was sometimes extensive management 
intervention in terms of fire management, elephant density controls or changing the 
balance of predator and prey species and the provision of artificial watering points. 
The more recent trend, particularly in the larger reserves, is to now allow systems to 
regulate naturally with fewer management interventions and a reduction in artificial 
watering points. 

15.3 Savanna Rangelands as Source of Food, Fodder 
and Valuable Ecosystem Services 

As per their definition, one of the main uses of rangelands is to produce livestock 
and increasingly wildlife. In addition to this, the savanna rangelands of southern 
Africa provide many additional ecosystem services critical to maintaining both 
local livelihoods (Shackleton and Shackleton 2004) as well as being an important 
global carbon sink (Scholes 2004). The benefits derived from the rangelands 
differ substantially by the tenure system and management objectives (Table 15.2). 
Especially in communal areas, rangelands provide the greatest diversity in addi-
tional ecosystem services. Shackleton and Shackleton (2004) identify eight cate-
gories of direct benefits: fuelwood, construction material, wild foods, medicine, 
household implements, fodder, fibers and cash sales, as well as four indirect
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benefits: spiritual, cultural, indigenous knowledge and ecological services accruing 
to community’s resident within the savanna rangelands. A multitude of studies 
suggests that the provisioning of fuelwood is often the single biggest value of 
the savanna rangelands to local communities (e.g., Dovie et al. 2004). Most 
rural communities are almost fully dependent on fuelwood for household cooking 
energy. The wood use varies widely, depending on household size and dead wood 
availability, with Dovie et al. (2004) estimating approximately 700 kg/capita/year 
usage. Use of charcoal is not that common in rural areas, but is a major fuel source 
in many cities, with the communal areas deriving substantive income from the 
sale of charcoal (Baumert et al. 2016). Charcoal trade differs substantially across 
the subregion. South Africa, Botswana, eSwatini and Zimbabwe having relatively 
low or no charcoal dependency, while Mozambique, Zambia, Malawi and Tanzania 
having urban centers almost totally dependent on charcoal as the fuel for low income 
households. For instance, the town of Maputo has shown an increase from most 
households preferring firewood (60%) to charcoal (17%) in 1990 to 87% of informal 
households using charcoal in 2004 and 96% using charcoal by 2016 (Mudombi 
et al. 2018). Estimates from Tanzania suggest that rural income from charcoal 
production exceeds the value of rural subsistence agriculture (Luoga et al. 2000), 
though harvesting for charcoal is often done by external contractors, with limited 
financial benefit accruing to the local residents (Baumert et al. 2016). Namibia is 
a major producer of charcoal from eradicating bush encroachment, much of this is 
exported (Shikangalah and Mapani 2020). 

In communal areas, rangelands provide a critical safety net during times of need 
such as droughts (Shackleton and Shackleton 2004). Although fruits, nuts, insects 
and mushrooms provide an important nutritional supplement during droughts, these 
are indispensable to household wellbeing. In addition, the poor in the village often 
use woodland products for applications such as brooms, or even make and sell these 
and other crafts for a cash income (Shackleton et al. 2010). 

Cattle and other livestock have important cultural value throughout the subregion 
(Shackleton and Shackleton 2004). In addition to provision of fodder, the savanna 
rangeland also provides material for the building of cattle kraals (corrals), and 
indeed for the construction of traditional homesteads which use both poles for the 
structure and grass for thatching (Dovie et al. 2004). 

Medicinal plants from the rangelands are also very important and valuable from 
both a cultural, spiritual and medicinal perspective. Bulbs, bark and leaves are 
harvested for a wide variety of treatments (Mander 1998). 

In commercial areas, the use of rangeland has traditionally focused on 
subsistence-based livestock production, with limited additional benefits to the land-
owner. A trend in all southern countries has been a move from livestock toward 
mixed livestock and wildlife or to total wildlife. 

In conservation areas, the key benefit from the rangeland is biodiversity preser-
vation. However, in these and all other rangeland areas, there is also growing 
realization of the important role of the savanna rangelands in terms of being a 
globally important carbon sink (see Chap. 17).

http://doi.org/10.1007/978-3-031-10948-5_17
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15.4 Indicators and Drivers of Degradation in African Savanna 
Rangelands 

Rangeland degradation is a growing threat to many savanna regions in southern 
Africa. Degradation is expressed through lowered groundwater tables and reduced 
water quality, soil erosion and decreased soil fertility, and both loss of—and changes 
in—plant species density, diversity and palatability as well as bush encroachment. 
Both climatic (e.g., changes in precipitation, CO2 levels) and anthropogenic (e.g., 
overgrazing, fire suppression and the socioecological framework) drivers contribute 
to rangeland degradation through overlapping and often synergistic processes. 

15.4.1 Climate, Atmospheric CO2, Overgrazing and Fire Suppression 

The consensus explanation for savanna degradation is that overgrazing reduces the 
grass layer, which in turn increases the opportunities for bush establishment by 
lower fuel loads for natural fires and reduced grass competition with emerging bush 
seedlings (e.g., Walter 1939; Archer et al. 1995; Higgins et al. 2000; Ward  2005). 
When grasses disappear, bare-soil patches become increasingly prevalent, and are 
highly vulnerable to soil erosion by wind and water. 

Both browsing wildlife and natural fires play an important role in maintaining the 
coexistence of grasses and bushes in healthy savanna ecosystems. The replacement 
of indigenous browsers and grazers by domestic livestock and the artificial preven-
tion of hot fires are key anthropogenic drivers of intensified rangeland degradation. 
Indigenous browsers in general suppress bush establishment (Trollope and Dond-
ofema 2003); elephants even uproot mature trees (Dahlberg 2000). Frequent fires 
in moist savannas limit bush density by killing bush saplings and even large trees 
if their fire-resistant bark has been stripped by browsers (Yeaton 1988). In more 
arid savannas, where fires are less frequent, fires often coincide with a series of 
above-average rainfall seasons. High rainfall generally encourages abundant grass 
biomass that is then available as fuel for fires (Joubert et al. 2008). It is exactly 
those wet years where soil moisture conditions are also optimal for bush sapling 
establishment (Joubert et al. 2008; Lohmann et al. 2014). 

Under changing climate conditions—particularly increased rainfall variability 
and extended droughts—the rate and scale of rangeland degradation is expected 
to increase; however, site-specific soil, vegetation and land use characteristics make 
generalization difficult (e.g., Ward 2005; Bond and Midgley 2012; Stevens et al. 
2016; Archer et al. 2017). Evidence increasingly suggests that higher atmospheric 
CO2 will play an additional role in driving rangeland degradation by reducing the 
advantage in water use efficiency of C4 grasses compared to C3 bushes and trees 
(Archer et al. 1995; Bond and Midgley 2012; Stevens et al. 2016).
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15.4.2 Socioecological Framework and Policy 

The relation between drivers of unsustainable land use (overgrazing and fire sup-
pression) and their sociopolitical and socioeconomic context is rooted in colonialism 
and apartheid. Colonial expansion was tantamount with grabbing of indigenous 
lands by white settlers, mining- and farming companies (52% in Namibia in 1990, 
87% in South Africa in 1936) (Potts 2012). The establishment of nature reserves 
for wildlife protection by the colonial authorities exacerbated the loss of land for 
indigenous communities (Berzborn and Solich 2013). The subsequent territorial 
encapsulation of indigenous people on remaining lands led to overpopulation in 
comparison to the white farming areas, which were characterized by large farm 
sizes (Schnegg et al. 2013). Furthermore, the communal lands in Namibia and South 
Africa often had worse climatic, geomorphological and soil conditions (Hoffman 
and Todd 2000; Menestrey Schwieger and Mbidzo 2020). These conditions together 
with overpopulation led to overstocking in communal areas, despite each communal 
farmer keeping only few livestock. The villagization, induced by colonial authorities 
and the apartheid regime, in combination with kraaling and cultivation near the 
homestead to be able to protect livestock and crops worsened the situation. It 
led to overgrazing and trampling within and near the settlements. Illegal fencing 
of communal land by those who can afford fencing materials increases grazing 
pressure in the remaining commonage by effectively excluding other residents from 
using the fenced off area. Although it is illegal, it has been observed in communal 
areas of Namibia. However, fencing by a community could be viewed as a strategy 
to deal with drought conditions by protecting grazing resources for the future 
(Kashululu and Paul 2020). In the region of today’s Namibia, the combat against 
animal diseases led to further territorial encapsulation of black smallholders. The 
veterinary cordon fence (VCF) dividing the northern areas from the rest of the 
country was supposed to protect the farming area south of the VCF from animal 
diseases such as foot and mouth disease (FMD) and to secure export markets. Since 
the mid-1960s, outbreaks have been limited to the communal areas north of the 
VCF (see Chap. 18; Schneider 2012). While the farming area south of the VCF, 
where nearly all white farmers and also communal areas are located, has been 
well protected against FMD, the new borders and fences represented a conspicuous 
obstacle to pastoral mobility. 

In what is now Namibia and South Africa, before the advent of colonialism, 
indigenous communities used pastoral grazing systems similar to modern rotational 
grazing and veld fires to control bush encroachment and to stimulate grass growth 
(Beinart 2003; Hoffman 2014; Rohde and Hoffman 2012; Menestrey Schwieger and 
Mbidzo 2020). Colonial authorities in South West African Hereroland and other 
reserves and the Native Trust in South Africa forcibly intervened into the practices 
of black smallholders restricting livestock movement, dictating maximum stocking 
numbers, fencing-off land and establishing grazing or stock fees. As a result, the 
communal farmers’ mobility, on which their traditional farming practices were

http://doi.org/10.1007/978-3-031-10948-5_18
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based upon, was further reduced, which subsequently intensified overgrazing and 
trampling. (Delius and Schirmer 2000; Menestrey Schwieger and Mbidzo 2020). 

Furthermore, state authorities banned and discouraged the practice of veld 
fires for freehold as well as communal farmers in the late nineteenth and early 
twentieth centuries. They feared that fires would damage vegetation and get out 
of control, even though the beneficial properties were known (Beinart 2003; Rohde 
and Hoffman 2012; Hoffman 2014; Humphrey et al. 2021). By disrupting traditional 
pastoralist activities and intentionally giving scarce resources to indigenous commu-
nities, colonial authorities and the apartheid regime enforced the diversification of 
pastoralist activities of communal farmers, which are still practiced today. Absentee 
farmers work outside of communal areas and use their wages to buy cattle and to 
increase their herds, which are herded by family members or paid herders. Herd 
sizes of absentee farmers tend to depend more on their wages than on environmental 
considerations (Schnegg et al. 2013). 

The colonial and apartheid state in today’s Namibia and South Africa established 
several assistance programs for water supply infrastructure, livestock vaccination, 
new livestock breeds, farming techniques and the drought relief programs. The gov-
ernmental assistance enabled livestock farming beyond natural limits and avoiding 
destocking in the face of drought especially for freehold farmers showing favorable 
treatment of white land users (Lange et al. 1998; Delius and Schirmer 2000; Bollig 
2013; Kreike  2009; Menestrey Schwieger and Mbidzo 2020). Summing up, the 
disruption of pastoralist practices of communal farmers as well as the favorable 
government assistance for freehold farmers led to overstocking and in the end land 
degradation. 

15.5 Degradation of African Savanna Rangelands 

15.5.1 Bush Encroachment 

Bush encroachment has been defined as the increase in the density of woody 
vegetation in grassland and savanna ecosystems (e.g., De Klerk 2004; Smit  2004; 
Ward 2005; O’Connor et al. 2014; Archer et al. 2017). It occurs across all southern 
African savannas (Fig. 15.5), with increasing severity along a moisture gradient 
(O’Connor et al. 2014). 

Bush encroachment describes a change in savanna vegetation structure and 
function impacting ecosystem services and ecosystem disservices worldwide (e.g., 
Li et al. 2016). From a rangeland perspective, it is regarded as a major form of 
land degradation. It diminishes the availability and quality of forage for grazing 
animals, with impacts on meat, milk and leather (Shikangalah and Mapani 2020). 
Bush encroachment can also lead to an increase in certain animal diseases (e.g., 
Bollig and Osterle 2008). Bush thickets have been blamed for offering hiding spots 
for predators to ambush livestock (Vehrs and Heller 2017). The impenetrability of 
thorny thickets increases animal injuries and hinders the accessibility of limited 
grass forage (Mcleon 1995). A study in Zimbabwe showed that for every percent
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Fig. 15.5 Changes in nonforest and nonanthropogenic landcovers. (a) MODIS landcover classi-
fication 2019 grouped by functional type. Note the preponderance of shrublands and grasslands in 
much of southern Africa. (b) Changes in landcover (2001–2019). Blue areas show a move toward 
more woody (e.g., woody savanna, shrublands) landcover, brown areas show a move toward more 
grassy (e.g., grasslands, open savanna) landcover. Grey areas show no change in landcover type, 
as well as anthropogenic or other natural (e.g., forest) landcovers. More land area has shifted 
toward grasslands; however, the spatial pattern of these changes is complex (https://lpdaac.usgs. 
gov/products/mod11a1v006/) 

increase in bush cover grass biomass decreased by 26.5 kg/ha. In the Molopo 
region in South Africa veld productivity for cattle was suppressed by 970 kg/ha 
of dry matter resulting in a reduction in grazing capacity from 8.7 to 45 ha per 
large stock unit (LSU) (Moore and Odendaal 1987). Wigley et al. (2009) reported 
a 20% decline in grazing capacity in a mesic savanna rangeland in KwaZulu-
Natal, South Africa over a 63-year period between 1937 and 2000. In Namibia, 
where the original carrying capacity (also known as grazing capacity) before bush 
encroachment was 10 ha/LSU it decreased to 30 ha/LSU (de Klerk 2004; NAU  
2010). Due to the reductions in grazing capacity and related consequences, in 
2012, the Namibian Meat Board estimated a decline of about 30% to 64% in cattle 
numbers in commercial farms when compared to 1959 (Demas et al. 2012). This 
decline was estimated to be equivalent to an economic loss in meat production of 
N$700–1.6 billion (US$ 94.8 million–US$ 217 million) per annum (NAU 2010; 
Trede and Patt 2015). For Zimbabwe, woody encroachment caused a loss of £16 
million (US$74 million) in beef production already in 1948 (Hattingh 1952). This 
is all worrisome and can lead to significant declines in food security, such as 
in Namibia, where livestock production (mainly beef production) is estimated to 
contribute up to 75% to the total agricultural output (Shikangalah and Mapani 2020). 

Dense bush also negatively impacts important cultural services especially 
tourism by obstructing game viewing (Demas et al. 2012) and by decreasing

https://lpdaac.usgs.gov/products/mod11a1v006/
https://lpdaac.usgs.gov/products/mod11a1v006/
https://lpdaac.usgs.gov/products/mod11a1v006/
https://lpdaac.usgs.gov/products/mod11a1v006/
https://lpdaac.usgs.gov/products/mod11a1v006/
https://lpdaac.usgs.gov/products/mod11a1v006/
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densities of certain wild animals (e.g., Wigley et al. 2009; Demas et al. 2012). In 
communal areas, the cultural standing as well as the royal value is compromised 
where bush encroachment prevents cattle production, because cattle are a powerful 
status symbol in many southern African cultures (Reed et al. 2015). 

Despite the apparent and predominantly negative impacts of bush encroachment 
on cultural services, fodder and animal production, recent studies increasingly show 
positive effects of structural changes for, e.g., soil properties, biodiversity and 
associated ecosystem functioning (see Sects. 15.5.3 and 15.5.4). Also, the relatively 
new consciousness is that Carbon (C) sequestration by woody plants and changed 
soil organic carbon stocks are potentially an important regulating service of bush 
encroachment, and can play a vital role in reducing C emissions into the atmosphere 
globally (Tallis and Kareiva 2007). Although global patterns are not consistent, 
a study in South Africa showed that soil C content and soil C stocks were on 
average 148% and 117% greater, respectively, in bush-encroached compared to open 
grasslands (Dlamini et al. 2019, see also Chap. 17). 

15.5.2 Soil Erosion, Soil Nutrient and Soil Moisture Decline 

High stocking rates of livestock or wildlife can decrease soil water by two processes: 
(i) trampling can destroy soil porosity, which decreases infiltration and (ii) grazing 
decreases plant cover critical for soil organic matter, which is important for water 
storage (water holding capacity) (McNaughton et al. 1988). High stocking rates 
reducing the density of vegetation cover and size of vegetation patches (overgrazing) 
also increase soil erosion, thus leading to an overall loss of water and nutrient 
resources from the ecosystem (Rietkerk and van de Koppel 1997). Degradation of 
soil resources will largely determine primary production of vegetation (fodder) also 
in the long-term. 

It has been argued, however, that the increase in thick dense bush and the 
spread of the unpalatable grasses, which is normally viewed as degradation of 
savanna rangelands, may actually help controlling soil erosion (e.g., Shikangalah 
and Mapani 2020). Aboveground plant parts covering the ground decrease the 
erosive impacts of raindrops and high winds. The root system anchoring the 
soil offers stability to the soil structure. Moreover, bush encroachment mainly by 
legumes that fix nitrogen increases nitrogen mineralization. Greater soil fertility 
with bush cover was observed in many African savanna rangelands (Belsky 1994; 
Smit 2004; Sitters et al. 2013; Dlamini et al. 2019; Sandhage-Hofmann et al. 2020; 
Mogashoa et al. 2021). 

While nitrogen-fixing legumes may indeed increase nutrients in the soil and 
can improve the soil microclimate by shade (Metzger et al. 2014), they possibly 
deplete soil moisture by high evapotranspiration and lowered infiltration (Archer et 
al. 2017). Bush encroachment alters soil moisture availability (Geissler et al. 2019a) 
and will largely determine both the recovery potential of the remaining herbaceous 
vegetation and the establishment of new bush seedlings leading to further bush 
encroachment.

http://doi.org/10.1007/978-3-031-10948-5_17
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Fig. 15.6 Poorly managed water point in an area that is already vulnerable to nitrate contamina-
tion by its shallow soil and dominated by Senegalia species. Note: water is leaking from the trough 
and dissolves nitrate from animal feces that can contaminate groundwater 

15.5.3 Decline in Water Quality and Groundwater Recharge 

Although often less obvious, a decreased water quality (i.e., surface and subsurface 
water) is another important sign of rangeland degradation. A water quality param-
eter of concern in many catchments of this world is nitrate (e.g., Weitzman et al. 
2021), since the very complex biogeochemical nitrogen cycle can be influenced 
in various ways. Regarding rangeland degradation, a shift in species composition 
and/or biomass production, particularly toward nitrogen fixing Senegalia species 
and other legumes, will alter the nitrogen cycle in the unsaturated zone and 
consequently influence the nitrate concentration in groundwater carried in with 
infiltration water. 

Poor water point management (Fig. 15.6) can further the impacts and amplify 
groundwater pollution. Moreover, water points are areas of the highest animal 
excrement deposition. Soil erosion could free nitrate pools, but also lead to a loss of 
fungi and bacteria that are usually involved during ammonification in the soil zone, 
an intermediary step of the nitrogen cycle toward nitrate (Hiscock et al. 1991). 

An example of dynamics in water quality in rangelands is drawn from an area in 
south-western Etosha National Park, including surrounding conservancies, livestock 
farms and private game reserves using water quality index (WQI). Among other
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easy measurable parameters, this index includes nitrate concentration. Comparison 
of historical (pre-2000) and recent (2020) data of 68 boreholes shows a reduction in 
water quality at 40% of the boreholes. The number of boreholes with deteriorated 
water quality in livestock farms and private game reserves was at least two times 
higher than in conservancies and national park. In contrast, the number of boreholes 
with improved water quality was at least two times lower. This shows that signs of 
rangeland degradation in terms of water quality are more pronounced in livestock 
and private game reserves than in conservancies and national parks. 

The effect of bush encroachment on groundwater recharge is a topic of contro-
versy since the differences in water consumption between grasses and bushes are 
still unclear (Scholes and Archer 1997; O’Connor et al. 2014). Nevertheless, water 
loss in Namibia through bush encroachment is estimated to be around 12 million m3 

on 10,000 ha (NAU 2010). Indeed, Groengroeft et al. (2018) found deep drainage 
about 3-fold lower in the area below the canopy than in intercanopy patches. They 
explain the decrease in the amount of deep percolating water by lower infiltration 
and higher evapotranspiration in bush dominated patches and conclude that bush 
encroachment is likely to reduce groundwater recharge. 

15.5.4 Biodiversity 

Bush encroachment is associated with negative, but also neutral and positive 
consequences for species richness of plants and animals, and biodiversity-associated 
ecosystem functioning as part of the degradation process in African savanna range-
lands (e.g., Chown 2010; Eldridge et al. 2011). A decline in ecosystem functioning 
has serious consequences for ecosystem services and the regulatory processes 
of the systems, which can further exacerbate degradation. A higher biodiversity 
increases both, the multifunctionality and the resilience of an ecosystem. The so-
called “Insurance Hypothesis” assumes that higher species richness increases the 
probability that functionally redundant species buffer a specific function against 
environmental fluctuation or future threats. (Buisson et al. 2019). 

15.5.4.1 Plant Diversity 
The impacts of bush encroachment on plant diversity in savanna rangelands depend 
on local conditions of climate and soils, in particular on the level of disturbance and 
resource stress (soil moisture and nutrients, see Sect.15.5.3), the heterogeneity of 
these resources and viable soil seed banks. Several studies have reported a decline 
in the diversity of understory vegetation with increasing bush cover (e.g., Scholes 
and Archer 1997; Angassa 2005; Mogashoa et al. 2021). Other studies found no 
effect or a decrease in diversity only above a certain bush cover and only for specific 
functional groups (perennial grasses, forbs) (Dreber et al. 2018). In contrast, Belay 
et al. (2013) showed that plant diversity increased with bush density. 

Bush encroachment also supports the invasion of alien species (e.g., Chromo-
laena in South Africa, Wigley et al. 2009), although the susceptibility of rangelands 
varies between the vegetation types. By changing the structure and function of
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soils, invasive alien plants exacerbate the risk of losing native plant diversity. The 
Southern African Plant Invaders Atlas (SAPIA) database contains currently records 
for over 500 invasive plant species in South Africa, Lesotho and eSwatini (Zengeya 
and Wilson 2020). 

15.5.4.2 Plant Diversity Mediates Soil Moisture, Groundwater Recharge 
and Primary Production 

The hydrological cycle is in various ways interlinked with biodiversity and ecosys-
tem functions. The availability of soil water obviously controls the primary produc-
tion of vegetation. Less obvious are biodiversity-mediated feedbacks on the water 
cycle, controlling local climate and ultimately the availability of freshwater as an 
ecosystem service to the human beneficiaries. 

Depending on plant size and morphology, rainfall is differently intercepted by 
the above-ground parts of plants and either directly returned to the atmosphere 
via evaporation from the canopy or funneled to the soil below via stemflow and 
throughfall (Yuan et al. 2016). Water reaching the soil can affect not only the 
amount of water available to plants but also the amount of groundwater recharge 
and runoff, controlling soil erosion. However, most dryland plants—particularly 
those in Africa—are poorly explored. Comparing the impacts of morphologically 
different African bush encroacher species such as Terminalia sericea, Dichrostachys 
cinerea, Colophospermum mopane, Senegalia mellifera, Vachellia reficiens and 
Catophractes alexandri on rainfall interception and subsequent soil moisture is key 
focus of the recent research program SPACES. 

Once water has entered the soil, diverse rooting systems of different plant species 
can either improve local soil-water availability by increasing the preferential flow 
along the root systems into deeper soil layers or decrease local soil-water availability 
by a complete uptake of water via spatial niche partitioning (Lee et al. 2018). 
Modern stable isotopes analyses of water indicate a sharing of water resources 
between many species of bushes, trees and grasses in the upper soil of African 
savanna rangelands (Kulmatiski et al. 2010; Beyer et al. 2018; Geissler et al. 2019b; 
Uugulu 2022). These results indicate that diverse vegetation has a potentially higher 
water use efficiency (biomass produced per unit water used) compared to species-
poor ecosystems. High water-use efficiency maximizes the relative amount of water 
kept in the ecosystem; however, groundwater recharge potentially decreases as 
fewer precipitation events reach below the effective root zone. The positive impact 
of plant diversity on water use efficiency was confirmed by an ecohydrological 
simulation study (Irob et al. 2022). The simulation results also showed a positive 
effect of functional diversity on vegetation cover, especially the cover of perennial 
herbaceous vegetation. As a result of these changes, the biomass production of 
sites with functionally diverse vegetation increased, leading to improved fodder 
production. 

15.5.4.3 Animal Diversity 
Bush encroachment will strongly impact animal diversity in African savanna 
rangelands through changes in the structural diversity of vegetation. Structural
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diversity not only determines the amount and quality of habitats (i.e., niche space), 
but also the heterogeneity of resources and the interactions between species (e.g., 
Hering et al. 2019). While an initial increase in bush cover increases structural 
diversity, severe bush encroachment has the opposite effect (e.g., Blaum et al. 
2007a)—it creates homogeneous and structure-poor environments that lead to the 
loss of habitats and species niches. Thus, animal diversity often shows hump-shaped 
responses to increasing amounts of bush cover (e.g., Chown 2010). Studies along 
bush-cover gradients in the Kalahari in South Africa have shown similar responses 
for insects and spiders (Blaum et al. 2009; Hering et al. 2019) and for small- to 
medium-sized mammalian carnivores (Blaum et al. 2007a, b). Maximum diversity 
for all taxonomic groups was found at a mean bush cover of 15% (Fig. 15.7). 
Similar responses to altered structural diversity linked to bush encroachment have 
been reported for birds in the Rooipoort Nature Reserve in South Africa (Sirami 
et al. 2009) and lizards in central Namibia (Meik et al. 2002). Though hump-
shaped distributions recur for some taxonomic groups, linear negative effects of 
bush encroachment were observed for reptiles (Wasiolka and Blaum 2011) and 
rodents (Blaum et al. 2007c; Fig. 15.7). 

The loss of structural diversity due to degradation of savanna vegetation may 
even cascade up to large herbivores and top predators. In South Africa’s Kruger 
National Park, the reduction of grass cover induced by an increasing bush layer led 
to declines in grazing herbivores such as zebras (Equus burchellii) and wildebeests 
(Connochaetus taurinus), which in turn were replaced by browsing herbivores 
such as kudus (Tragelaphus strepsiceros) and giraffes (Giraffa camelopardalis) 
(Smit and Prins 2015). Likely, the changes in herbivore communities caused by 
structural changes in vegetation negatively affect top predators. Lowered preferred 
prey densities, poor visibility and restricted movement spaces may reduce their 
hunting efficiency and alter hunting behavior (e.g., Muntifering et al. 2006). 

Significant changes in hunting behavior due to bush encroachment have already 
been noted for different taxa. For example, the Spotted sand lizard (Pedioplanis 
l. lineoocellata) is classified as a “sit and wait forager.” That is, it sits and hides 
in a grass tussock and waits for prey to pass by. In bush dominated habitats with 
low food availability, the Spotted sand lizard changes its foraging behavior to 
“actively foraging.” Individuals actively search for prey and travel significantly 
longer distances, which increases their own predation risk. This behavioral plasticity 
acts as a buffer mechanism against the negative effects of bush encroachment and 
allows this species to still occur in heavily bush encroached savannas, albeit at 
significantly lower densities (Blumröder et al. 2012). 

These examples illustrate that consequences of changes in structural diversity 
caused by bush encroachment may vary considerably across taxonomic groups and 
that multiscale feedback mechanisms can impact trophic cascades and complex 
interactions in food webs.
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Fig. 15.7 Relationship between bush cover and animal diversity in Kalahari savanna rangelands 
in South Africa. From top to bottom: Insects and Spiders, Small- and medium-sized mammalian 
carnivores, rodents, reptiles. Redrawn after Blaum et al. 2007a, b, c, 2009; Wasiolka and Blaum 
2011 

15.5.4.4 Animal Diversity Mediates Soil Moisture and Soil Nutrient 
Dynamics 

The awareness of animal biodiversity for ecosystem functioning has developed 
rapidly in the past decades. Early work has focused primarily on indigenous large 
mammals and has largely overlooked the role of small animals only until recently. 
Bioturbating animals such as termites, ants, beetles and other invertebrates can alter 
the micro-soil environment. They modify soil texture, build tunnels (macropores) 
and transport nutrients into the soil (e.g., termites, dung beetles) that affect a variety 
of soil functions, such as nutrient accessibility, water holding capacity and water 
sorption (Rückamp et al. 2012), which in turn impact vegetation (e.g., Traore 
et al. 2015). Termites for example, promote plant growth directly around their 
nests, thereby altering the vegetation composition and structure of entire landscapes 
(Bonachela et al. 2015). 

Macropores of all sizes and forms created by termites, ants or beetles that 
open to the soil surface can strongly improve water infiltration into soils (e.g.,
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Léonard et al. 2004; Brown et al. 2010; Colloff et al. 2010). Precipitation can 
preferentially flow into deeper soil layers, making it less susceptible to evaporation 
loss and thereby improving the ecosystems water balance and groundwater recharge 
(Bargués Tobella et al. 2014). This effect is stronger on soils with higher loam 
content, compared to sandy soils (Marquart et al. 2020c). Loamy soils with termite 
burrowing activity can act primarily as runoff interception areas and thereby reduce 
water loss and soil erosion (Léonard et al. 2004); however, some studies have found 
that the termite-built sheetings (i.e., water-repellent compacted surfaces) decrease 
infiltration under dry conditions, while the construction of tunnels increases infiltra-
tion under wetter conditions (Cammeraat et al. 2002). 

The transport of feces into the soil by dung beetles (Nichols et al. 2008) and the 
subsurface nests build by meat ants (Iridomyrmex greensladei) (Nkem et al. 2000) 
enhance nutrient cycling and soil aeration, and can also counteract soil compaction 
and improve water infiltration compared to surrounding soils. 

Growing evidence suggests that soil-burrowing invertebrates in general may 
enhance the restoration success of degraded rangelands (Colloff et al. 2010; Kaiser  
et al. 2017). Since, macropore abundance is generally higher under bushes compared 
to the interspace (Marquart et al. 2020a, b), restoration measures such as area-
wide de-bushing should keep single bush patches intact. These patches provide 
important microhabitats and can preserve founder populations of soil invertebrate 
communities, hence maintaining their ecosystem function and improving ecosystem 
restoration efforts. 

15.6 Impacts of Degradation on Human Livelihoods 

With ecosystem degradation, the lives and livelihoods of those dependent on 
ecosystem services become vulnerable and in the case of the poorest, they might 
even get devastated. According to the Consortium on Ecosystems and Poverty in 
sub-Saharan Africa (CEPSA), the livelihood of most people living in arid and 
semiarid African rangelands directly depends on natural resources (Shackleton et 
al. 2008) through agriculture, fishing and hunting (Barbier and Hochard 2018). 
The equivalent income share of such products might constitute up to one third of 
total income of these households. Therefore, declining ecosystem services often (i) 
lead to a steady erosion of livelihood assets, (ii) increase vulnerability by making 
people less able to withstand external shocks, (iii) increase the risk of widespread 
disaster and (iv) might even exacerbate existing conflicts and give rise to new 
conflicts over access to ecosystem services (Shackleton et al. 2008). In other words, 
rangeland degradation is not only linked to increased poverty, but rather entails 
serious consequences for poverty alleviation in general. 

One of the most obvious signs of land degradation is declining biomass 
production. It leads not only to reduced agricultural crop productivity but also to 
difficulties to support livestock numbers in rangeland systems (Tully et al. 2015) 
affecting the livelihoods of both pastoral communities and cattle farmers. To manage 
such lands and support livestock, an increased investment of management costs (i.e.,
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supplementation or bush control) would be necessary (e.g., Lal 2015). In 2016 in 
Namibia, animal fodder was ranked as the eighth largest imported good, with total 
fodder imports valuing close to 4 billion Namibian Dollar (NAD), equivalent to the 
gross value addition of the entire agricultural sector (Honsbein et al. 2017). Such 
economic investments will, however, only be accessible to those who can afford 
them and may on top of that be coupled with indebtedness, especially in the case of 
subsistence and poor farmers (Gomiero 2016). 

By the end of the last century, 75% of the population of sub-Saharan Africa 
depended on subsistence farming (Sanchez et al. 2007). In 2017, an estimate of 
4 million households practiced subsistence farming in South Africa (RSA 2017) 
and in Namibia, today, approximately 48% of rural households depend on it 
(MET 2020). Most people living in rural areas and depend on agriculture have 
relatively low purchasing power and are thus rarely able to purchase the required 
supplementary fodder that livestock needs for a healthy growth and weight gain. 
Therefore, livestock is undernourished, which in turn implicates an insufficient 
nutrition and calorie provision for consumers (Schnegg et al. 2013). Moreover, with 
underweight livestock, potential sales are not as profitable and household capital is 
confined (Barrett and Bevis 2015). The consequence is a restriction to invest in more 
sustainable practices, let alone the ability to provide sustenance (i.e., food, health). 

Degradation of rangelands can therefore force farmers to abandon their lands 
and either look for new ones to meet the surviving needs of current and future 
generations (Gomiero 2016), or look for new opportunities to earn a livelihood else-
where. Such a situation might also lead to the diversification of pastoralist activities 
or migration movements. Rangeland degradation can therefore foster urbanization 
via rural-urban migration (Marchiori et al. 2012). This in turn entails far-reaching 
consequences, e.g., a loss of local knowledge in rural areas, disintegration of local 
communities, wage competition in urban areas and as a result migration decisions of 
urban households. However, given the lack of substantial assets, household members 
of the poorest seeking additional working opportunities (off-farm or outside of 
agriculture) tend to seek them locally or migrate only temporarily for short distances 
(Banerjee and Duflo 2007). This still forces many to exploit natural resources in 
their surrounding environments to supplement their consumption and income or 
to support their family members, giving the potential for a downward spiral if no 
sufficient pathways to improve livelihoods can be offered (see also Barbier and 
Hochard 2018; Suich et al. 2015). 

Besides an increased vulnerability to poverty, land degradation can also dampen 
economic growth, especially in countries where agriculture and livestock farming is 
the engine for economic development. Many African economies are very dependent 
on climate sensitive sectors such as agriculture, forestry and fishery (Diao et al. 
2010). Without proper sustainable land management practices to reduce rangeland 
degradation, the effects on the cumulative loss in agricultural Gross Domestic 
Product (GDP) and on overall poverty at a national level can therefore be enormous. 
For example, in South Africa, the success of industrial development depends 
partially on the agricultural sector and its improvements (Poonyth et al. 2001), 
and about 10% of formal employment is related to agriculture (RSA 2017). Also
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in Namibia, agriculture is a key sector of the economy. It is not only the largest 
employer but also critical to livelihoods and food security (MET 2020). 

15.7 Strategies to Mitigate the Effects of Degradation 

One of the most effective ways to reduce pressure on degraded rangelands is to 
reduce livestock numbers by selling animals. However, destocking has not been 
a common strategy to cope with limited grazing resources on communal land, 
mainly due to social prestige and wealth attached to having a large herd of cattle. 
Traditionally, one of the main strategies to deal with drought and declining grazing 
resources in communal areas has been to move livestock (particularly cattle) from 
degraded to nondegraded areas during the dry season (Twyman et al. 2001). This 
practice is still being largely done especially in the north-eastern parts of Namibia 
and involves herders moving herds of cattle over long distances in search for fodder. 
Since the twentieth century, many parts of Namibia have seen restricted movement 
of cattle, mainly due to limited land and policies leading to overpopulation and 
restricted red meat transfer between regions (see Sect. 15.4.2). After independence, 
government subsidies have also enabled people to keep livestock without the 
necessity to move them. This encourages many livestock farmers to keep animals 
during periods of fodder scarcity, resulting in further degradation of rangelands. 

Yet, there have been some advances in successful mitigation of rangeland 
degradation: To detain bush encroachment and promote de-bushing, a growing 
industry of bush utilization can benefit farmers using it for economic gain; either 
as possible animal fodder in times with scarce resources or for charcoal production. 
The goal is mostly reducing rather than eliminating woody species completely (de 
Klerk 2004; Haussmann et al. 2016). With sustainable bush harvesting, the former 
threat of bush encroachment has become an important opportunity for economic 
income. In Namibia, more than 5000 jobs have been created in the biomass sector 
initiated by development projects (e.g., Bush Control and Biomass Utilization, 
BCBU) since 2015 (GIZ 11/10/2020). This has also led to an increase in wages 
and created a new opportunity for rural employment. With at least 2.6% of global 
charcoal export (USD 34.1 million in 2018), Namibia has reached the top rank in 
Africa and rank 12 word-wide (South Africa with 1.5%: 2nd in Africa, 18th world-
wide) (Shikangalah and Mapani 2020). It is also estimated that in Namibia, the 
plain utilization of firewood (e.g., from bushes) currently ranges between 0.5 and 
1 million tons per year and is projected to reach 1.2 million in 2025 (Stafford et 
al. 2017). The future use of these large-scale de-bushed areas, however, remains 
uncertain. An immediate return to livestock production is difficult and requires well 
planned restoration and aftercare measures, since viable grass seeds in the soil are 
lacking, the reintroduction of native savanna grasses is extremely difficult (van den 
Berg and Kellner 2005; Kinyua et al. 2010), and bushes often resprout (Bhattachan 
et al. 2014). Resaturation includes active and passive options such as furrowing, 
brush packing and revegetation (e.g., van den Berg and Kellner 2005; Harmse  
et al. 2016). Bush control techniques by prescribed fire, as well as manual and
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chemical methods (e.g., Trollope 2011; Joubert et al. 2012; Lohmann et al. 2014) 
are aftercare measurements to prevent resprouting and reestablishment of bushes. 
However, the potential impacts of these measures on biodiversity and ecosystem 
functioning remain topics of active debate and research. 

Wildlife-based management as a strategy to approach rangeland degradation 
is increasingly applied but not well understood. Increased browsing of wildlife 
on seedlings and saplings has the potential to mitigate bush encroachment and to 
contribute toward conservation (McGranahan 2008; Irob et al. 2022). Additionally, 
wildlife has shown more resilience to local environmental change compared to 
livestock, which might make it a better management strategy in the face of 
degradation. The wide forage selection of wild herbivores allows them to cope with 
scarcity in palatable grass species in degraded lands (Taylor and Walker 1978, cited 
in McGranahan 2008). Growing evidence suggests that wildlife-based land uses 
offer higher socioeconomic benefits compared to livestock in semiarid rangelands 
in both Namibia and South Africa (Lindsey et al. 2013). There is consensus on 
the potential economic benefits that wildlife can provide through consumptive and 
nonconsumptive utilization (Lindsey et al. 2013; NACSO  2019). 

As a response to changing environmental and socioeconomic conditions, a 
shift from cattle farming to wildlife farming has been observed in South African 
rangelands since the 1960 (Chaminuka et al. 2012) and more recently in Namibia. 
While this shift in land use can be profitable on commercial freehold farms, such 
a shift can be challenging in other communities and communal managed systems. 
Since wildlife is a common pool resource in communal areas, the allocation of direct 
benefits (e.g., income) is much harder to implement. In Namibia, the presence of 
Community Based Natural Resource Management (CBNRM) such as conservancies 
and community forests covering about 22% of the total land area (NACSO 2019) 
provides however an opportunity to develop wildlife management as a land use 
option to deal with rangeland degradation. Whereas Namibia has community-based 
conservation areas, where communities can manage and benefit from wildlife, 
more reforms in land tenure rights may be required in countries where such legal 
frameworks are still in progress. 

Evidence from ecological studies suggests that individuals and communities can 
successfully reduce land degradation (Herrick et al. 2013), and restoration might 
be possible. However, mitigation measures can be very expensive, elaborate and 
local people might often not have the capacity to implement them sufficiently 
without support (Bourne et al. 2017). This is either because financial support is 
lacking (Inman 2020) or because the knowledge about these measures or how to 
implement them correctly is missing. Additionally, evidence suggests that complete 
recovery will hardly be achieved (Parkhurst et al. 2021) especially in systems where 
overgrazing is a continuous threat. Proper, institutionalized aid might promote 
restoration and could potentially advance resilience (Bourne et al. 2017).
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15.8 Conclusions 

1. Rangeland degradation is an ongoing threat to many savannas in Southern Africa, 
which is not only expressed through loss of fodder and soil. Symptoms comprise 
bush encroachment, lowered groundwater tables, reduced water quality, soil 
fertility, invasive species and both loss of—and changes in—plant and animal 
diversity. Neither ecological nor socioeconomic knowledge alone is sufficient 
to understand complex socioecological relationships and effectively manage 
savanna rangeland systems. 

2. Concerns and actions related to the loss of forage production should be broadened 
to include biodiversity and its multiple functional relationships with the water and 
nutrient cycle, primary production and trophic interactions. 

3. It is important to strengthen alternative strategies for conserving and restoring 
ecosystems and improving human well-being, for example, by implementing 
local solutions through community-based grazing management (e.g., communal 
conservancies) and land use diversification. 

4. A shift from cattle farming to wildlife farming has the potential to con-
tribute toward biodiversity conservation, the control of species causing bush-
encroachment and increased economic benefits for local communities. We 
note, however, that more scientific evidence, reforms in land tenure rights and 
improved restoration practices are needed. 
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Abstract 

Savanna rangelands cover large areas of southern Africa. They provide ecosys-
tem functions and services that are essential for the livelihoods of people. 
However, intense land use and climate change, particularly drought, threaten 
biodiversity and ecosystem functions of savanna rangelands. Understanding how 
these factors interact is essential to inform policymakers and to develop sustain-
able land-use strategies. We applied three different approaches to understand the 
impacts of drought and grazing on rangeland vegetation: observations, experi-
mentation and modeling. Here, we summarize and compare the main results from 
these approaches. Specifically, we demonstrate that all approaches consistently 
show declines in biomass and productivity in response to drought periods, as 
well as changes in community composition toward annual grasses and forbs. 
Vegetation recovered after drought periods, indicating vegetation resilience. 
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However, model extrapolation until 2030 showed that vegetation attributes such 
as biomass and community composition did not recover to values simulated 
under no-drought conditions during a ten-year period following the drought. 
We provide policy-relevant recommendations for rangeland management derived 
from the three approaches. Most importantly, vegetation has a high potential to 
regenerate and recover during resting periods after disturbance. 

16.1 Introduction 

Semiarid savannas cover approximately 20% of the global land area (Sankaran 
et al. 2005) and occupy extensive areas in the global subtropics and tropics of 
Africa, South America, Asia and northern Australia. Savannas are characterized by a 
continuous layer of grasses and forbs, interspersed with woody vegetation consisting 
of trees and shrubs. Fire, mammalian herbivores and pronounced seasonality with 
distinct dry and wet seasons have shaped the vegetation structure in savannas 
throughout their evolution. The coexistence of various plant life forms (Linstädter 
et al. 2014; Siebert and Dreber 2019), their structural heterogeneity and the unique 
floristic and faunistic elements (Du Toit and Cumming 1999) convey high biodi-
versity to savannas. Although savanna vegetation has evolved resilience strategies 
to cope with disturbances such as drought and herbivory (Charles-Dominique et 
al. 2017; Wigley et al. 2018), intense disturbances, climate change and land-use 
change may lead to transitions into alternative vegetation states once tipping points 
are exceeded (Higgins and Scheiter 2012; Pausas and Bond 2020; Staver et al. 2011). 
Alternative vegetation states can be wood-dominated states (Staver et al. 2011) or  
degraded states with low vegetation cover and little forage availability for herbivores 
(Oomen et al. 2016). 

Savanna vegetation provides essential ecosystem services to people and supports 
their livelihood (Ferner et al. 2018; Matsika et al. 2013; Shackleton et al. 2005; 
Chap. 15). Direct benefits from communal rangelands (Fig. 16.1, “Ecosystem 
Services”) include products ranging from cattle grazing, fuelwood for cooking and 
heating, collection of edible plants, fruits and nuts, to harvesting of medicinal plants 
(Matsika et al. 2013). Tourism and recreation in national parks and game reserves 
may create additional revenue (Kalvelage et al. 2020). Yet, nonsustainable land-
use practices combined with climate change (Fig. 16.1, “Environmental drivers”) 
are considerable threats to biodiversity and ecosystem services in savannas (Fig. 
16.1, “Threats”). Increasing human population density (Fig. 16.1, “Socioeconomic 
drivers”) in most cases entails land-use intensification and rising pressure on 
natural resources that can reduce ecosystem resilience (Buisson et al. 2019). 
For instance, overstocking of rangelands with domestic livestock can lead to a 
decrease in rangeland productivity and cause shifts in vegetation composition 
toward nonpalatable species or woody encroachment (Stevens et al. 2017). Such 
land-use impacts may result in a degraded state not suitable for livestock (Fig. 16.1, 
“Adverse Effects”). Resting times as implemented in rotational grazing systems

http://doi.org/10.1007/978-3-031-10948-5_15
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Fig. 16.1 Savanna rangelands are influenced by complex interactions between environmental 
drivers, socioeconomic drivers and vegetation. They experience multiple threats through climate 
change and land-use change that can lead to a loss of important ecosystem functions and ecosystem 
services as well as to rangeland degradation
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(Savory and Butterfield 2016), or the presence of browsers (Venter et al. 2017, 
2018) can counteract such undesirable vegetation states. Whether degraded states 
are permanent, or vegetation is resilient and can recover (Fig. 16.1, “Landscape 
resilience”) determines if rangelands will remain available for livestock grazing. 

In addition to direct land-use impacts, anthropogenic climate change (Fig. 16.1, 
“Environmental drivers”) exhibits pressure on savanna vegetation (IPCC 2021; 
Chap. 7). Rising temperatures and lower annual precipitation combined with an 
increasing frequency of extensive drought events are projected to negatively affect 
plant growth and the capacity of rangelands to support herbivores (Ruppert et al. 
2015). Elevated atmospheric CO2, on the other hand, may enhance the growth of 
woody plants and thereby facilitate woody encroachment and transitions to wood-
dominated vegetation states (Midgley and Bond 2015). 

Given that savanna rangelands are highly dynamic social-ecological systems, 
it is challenging to predict how climate change, biodiversity loss and land-use 
pressure may influence future ecosystem functions and services. Interdisciplinary 
research approaches including scientists, policymakers and stakeholders are 
required to derive management recommendations and land-use strategies that 
ensure livelihoods of people in rural areas (Marchant 2010). Complementary 
research approaches can derive such understanding: (1) Observational approaches 
allow assessing vegetation dynamics under natural environmental conditions. 
(2) Experimental approaches allow manipulation of selected biotic and abiotic 
drivers. (3) Modeling approaches allow integration of system understanding and 
extrapolation of system behavior. Each approach has specific aims and strengths 
(Table 16.1). Combining them facilitates acquiring robust knowledge on ecosystem 
dynamics and deriving policy-relevant management recommendations. 

In the two consecutive projects “Limpopo Living Landscapes” (LLL) and 
“South African Limpopo Landscapes network” (SALLnet), we combined these 
three approaches to understand the impacts of drought and grazing on savanna 
vegetation in the Limpopo province, South Africa. Here, we compiled key findings 
and management recommendations for their sustainable use in the face of drought, 
while benefiting from the complementarity of observations, experimentation and 
modeling. Then, we parameterized a vegetation model using data from DroughtAct, 
a long-term drought and grazing experiment conducted during the two projects, and 
projected future rangeland vegetation dynamics until 2030. Our research questions 
are: 

1. How does the vegetation in Limpopo’s semiarid rangelands respond to drought 
and grazing? Do the responses of our three complementary approaches (observa-
tions, experimentation and modeling) agree? 

2. Is rangeland vegetation resilient to drought events of different lengths, and which 
role does resting play in this context? 

3. What are recommendations for policy and decision-making to improve the 
resilience of savanna rangelands in the face of drought?

http://doi.org/10.1007/978-3-031-10948-5_7
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16.2 Study Area 

The Limpopo province occupies the Northeast of South Africa (Fig. 16.2). It 
exhibits considerable variation in soils, topography and climatic conditions. Mean 
annual precipitation (MAP) ranges between less than 200 mm and more than 
1000 mm, and mean annual temperature ranges between 18◦C and 28◦C (New et  
al. 2002). The Limpopo province provides rich natural resources that allow the 
abundant production of agricultural goods such as livestock, vegetables, cereals, 
fruits and tea. While commercial farms produce these products on a large scale, the 
Limpopo province also hosts some of the most underprivileged rural areas of South 
Africa (Lehohla 2012). There, smallholder and subsistence farming rely heavily 
on available natural resources. Rural communities are particularly vulnerable to 
environmental change, disruptions such as drought and changes in the social-
economic conditions (Gbetibouo 2009; Twine et al. 2003). Overall, approximately 
90% of the area of the Limpopo province is utilized by rural and commercial 
farming, with around 10.5% of the area used for agriculture and 81% used for 
livestock and game (Maluleke et al. 2016). The Limpopo province also hosts 
conservation areas and national parks, including parts of the Kruger National Park 
and the Vhembe Biosphere Reserve (Pool-Stanvliet 2013), creating income through 
tourism. The current population in the Limpopo province is around 5.9 million 
people (Stats SA 2021) and growing. 

South Africa 

Limpopo 
Province 

Johannesburg 

500 km 

35°S 

30°S 

25°S 

20°S 

Polokwane 

K
ruger 

N
ationa

l Pa
rk 

Study sites: 
DroughtAct 
Mixed granite bushveld 
Mopaneveld 

100 km 

15° E 20°E 25°E 30° 5°E 26°E 28°E 30° 2°E 

26°S 

24°S 

22°S 

Fig. 16.2 Maps showing the Limpopo Province in South Africa, and the study sites of observa-
tional studies (mixed granite bushveld, mopaneveld, Sect. 16.3), and experimental and modeling 
studies (DroughtAct, Sects. 16.4 and 16.5). Note that the sites of observational studies represent 
clusters of several study sites
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16.3 Observational Approach 

16.3.1 Background: Observational Approaches to Study Combined 
Effects of Drought and Grazing 

The design of observational studies commonly relies on recording temporal and 
spatial variation in ecosystem characteristics along local to continent-wide environ-
mental gradients (Table 16.1). For example, study sites can be arranged along steep 
regional climate gradients to assess the impact of future climatic conditions via 
a space-for-time substitution (Blois et al. 2013). Moreover, long-term monitoring 
allows the detection of early warning signals for rapid ecosystem state changes 
(Arena et al. 2018; Buitenwerf et al. 2011). Observational studies are particularly 
suitable to understand drought effects on ecosystem function and services for 
landscapes with several land-use types. In multiple observational studies, species-
and trait-based methods have helped assess the extent of taxonomic and functional 
responses to drought (Ruppert et al. 2015; Wigley-Coetsee and Staver 2020). 
However, understanding of patterns and drivers of forb communities in African 
rangeland systems is still limited (Siebert and Dreber 2019). Therefore, our research 
aimed to assess how forbs, compared to grasses, respond to drought and land-
use change or rangeland intensification. We conducted observational studies across 
ecosystem types with varying annual precipitation. Sites were located in a semiarid 
mixed granite bushveld (MAP: ~630 mm, 2 sites, Fig. 16.2) and mopaneveld (MAP: 
~460 mm, 3 sites, Fig. 16.2) in the Lowveld region of South Africa. The majority of 
results presented in this section are from two rangeland systems in the semiarid 
mixed granite bushveld on similar soil, located in a protected area with a high 
diversity of indigenous mammals (stocking rates maintained at ~0.1 livestock units 
per hectare, LU/ha), and a communal grazing system (>1.0 LU/ha). Results from the 
semiarid site were compared to the drier mopaneveld site in the Limpopo Province. 

16.3.2 Data Collection 

In our observational approach, we took advantage of a severe, two-year natural 
drought occurring in southern Africa in the growing seasons 2014/15 and 2015/2016 
during which the rainfall for the study sites was ~330 mm below the long-term 
average (52% and 72% reduction relative to MAP for the two study regions). 
Complete floristic surveys (i.e., plant individual counts per species) were conducted 
in October 2016 (representing the “in-drought” survey) within permanent 1 m2 plots 
situated in a protected area and on communal rangeland, which was repeated in the 
peak growth season (i.e., January) of the postdrought year 2017. Herbaceous plants 
were divided into four plant functional types (PFTs): perennial grasses, annual 
grasses, perennial forbs, annual forbs. Directly adjacent to the permanent plots in 
both rangeland systems, standing plant biomass was clipped and hand-sorted into 
forbs and grasses. Biomass was oven-dried (70 ◦ C, > 48 h) and weighed (Siebert et 
al. 2020). We derived aboveground net primary production (ANPP) per rangeland
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type and year from the clipped aboveground standing biomass using the “peak 
standing biomass” method (Ruppert and Linstädter 2014). We assessed the relative 
contribution of forbs and grasses to ANPP. 

16.3.3 Data Analysis 

Herbaceous species composition across different rangeland types and rainfall was 
explored using Nonmetric Multidimensional Scaling (NMDS) analyses compiled 
in PRIMER 6 software. To assess the difference between drought and post-
drought herbaceous biomass per life form, a repeated measures analysis of variance 
(ANOVA) combined with the Bonferroni post-hoc significance test was performed. 
A two-way ANOVA type Hierarchical Linear Model (HLM) was used to test the 
effects of rainfall year and rangeland type on variation in grass and forb diversity 
indices. Significant differences in response to rangeland type and rainfall year were 
tested using effect sizes (Cohen’s d, Ellis and Steyn 2003). 

16.3.4 Key Results and Discussion 

The two-year natural drought had significant effects on ANPP and community 
composition, irrespective of study sites’ MAP. Although a previous meta-analysis 
has shown that protected areas with a high proportion of perennial grasses are 
usually more resistant to drought than those dominated by annual grasses (Ruppert 
et al. 2015), protected areas and sites with intense grazing pressure were equally 
affected by the drought. However, protected areas showed a more pronounced 
postdrought recovery (Fig. 16.3), especially in comparison to sites with a long 
disturbance history (Klem 2018; Minnaar 2020). 

Grass and forb biomass were equally low in both rangeland systems dur-
ing drought. However, postdrought recovery differed between the two rangeland 
systems and between the two life forms (Fig. 16.3). Forb biomass increased 
significantly after the drought at both sites, although the increase was much higher in 
the protected area. We recorded a five-fold increase in grass biomass postdrought in 
the protected area, opposed to a much weaker one in the communal rangeland. The 
proportion of grass to forb biomass was also significantly higher in the protected 
area (Siebert et al. 2020). 

Compared to the communal rangeland, grass species richness and diversity were 
lower in the protected area during the drought but increased significantly after the 
drought (Klem 2018). Forb richness and diversity were equally low at both sites and 
increased significantly postdrought, but in the protected area only. These results 
suggest that long-term exposure to intensive livestock grazing may deplete the 
herbaceous seedbank (O’Connor 1991). In the drier mopaneveld study, drought had 
a similar negative effect on both grass and forb species richness and diversity in a 
moderately grazed protected area (Minnaar 2020).
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Fig. 16.3 Responses of leaf biomass ratio and the proportion of different PFTs to a 2-year 
drought in observations, field experiment and modeling. Leaf biomass ratio represents ANPP in 
observations, ANPP in field experiments and leaf biomass in the modeling approach. Time slices 
considered are “Pre”: year predrought; “Dr1” and “Dr2”: first and second drought year; “Post1,” 
“Post2,” “Post3”: three years after drought allowing vegetation recovery. For the observations, 
drought and postdrought data is based on (Siebert et al. 2020). Predrought biomass ratio was 
extrapolated using post- and predrought ratios from Van Staden (2016) and Minnaar (2020), due 
to a lack of predrought data for the study sites 

During the drought, perennial PFTs dominated the herbaceous layer in both 
rangeland systems. In the communal rangeland, perennial grasses had a more pros-
trate, lawn-like growth form, which can be connected to an improved tolerance to 
combined effects of drought and intensive livestock grazing (Hempson et al. 2015b). 
Grass and forb PFTs that persisted during the drought were often characterized by 
clonal growth and bud position close to the soil surface. Both rangeland systems had 
few annual grasses during the drought. Annual forbs increased in abundance after 
the drought, but only in the protected area (Klem 2018). This higher postdrought 
recovery of annuals is in line with the results of a global meta-analysis (Ruppert et 
al. 2015). 

In conclusion, poor rangeland conditions resulting from long-term intensive 
livestock grazing in the communal rangeland could explain the observed weak 
positive effects of postdrought rainfall on species and functional composition of 
grasses (Fynn and O’Connor 2000). Both life forms displayed persistence of 
generalist tolerator species. Plants, such as Digitaria eriantha and various perennial 
forb species have a life-history strategy that tolerates defoliation through the ability 
to resprout from stored resources and a bud bank at or below ground level (Archibald
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et al. 2019), which can be ascribed to a long evolutionary history of grazing 
(O’Connor 1995). Although the drought in the growing seasons 2014/15 and 
2015/2016 was severe, both rangeland types displayed high ecosystem resilience. 
However, the duration of this drought event may have been short enough for 
vegetation recovery after a substantial rain. Possibly, a longer period of below-
average rainfall and high temperatures may have led to more pronounced effects 
on plant community composition (as confirmed by the experiments in Sect. 16.4). 

Forb cover and biomass increased in response to postdrought rainfall. Increases 
in forb cover are often regarded as indicators of land degradation (Camp and Hardy 
1999). In the current study, the dominance of perennial forbs in the communal 
rangeland system during and after drought illustrates their functional importance. 
Forbs are particularly important for securing forage when grass biomass is low. 

16.3.5 Recommendations Derived from the Results and Outlook 

Our results on rangeland vegetation responses to a 2-year natural drought event 
provided valuable insights into drought resistance of African semiarid savanna 
ecosystems. This ecosystem type experienced long evolutionary adaptation to 
grazing by large herbivores. Therefore, African grassland species have developed 
traits that convey tolerance to heavy browsing, grazing and defoliation by fire 
and allow rapid postdisturbance recovery. These patterns are similar to what we 
observed through their postdrought response, irrespective of the rangeland type. 
Furthermore, we found that the response of different herbaceous PFTs is not 
necessarily aligned. Changes in the species and functional composition of both 
PFTs are good indicators of long-term effects on the resilience of these rangeland 
ecosystems. 

Therefore, studying the patterns of vegetation change from predrought, during 
drought, to postdrought conditions in an uncontrolled experimental setting could 
contribute to an improved understanding of the prolonged effects of drought com-
bined with heavy grazing. Such observational approaches are even more informative 
when comparing results with those from experiments and model simulations. 

16.4 Experimental Approach 

16.4.1 Background: Experimental Approaches to Study Combined 
Effects of Drought and Grazing 

Field experiments offer valuable opportunities to study ecological processes and 
the impact of climatic or land-use factors under controlled conditions (Table 16.1). 
Many studies have either evaluated grazing (Díaz et al. 2007; Linstädter et al. 2014) 
or drought (Cherwin and Knapp 2012; Tielbörger et al. 2014) as drivers for func-
tional changes. However, field experiments focusing on combined and potentially 
interactive effects of rangeland management and centennial-scale drought on South
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Africa’s semiarid rangeland vegetation are lacking. Hence, “DroughtAct” has been 
specifically designed to address this research gap. The experiment also aimed at 
comparing the effects of drought events of different lengths (two versus six years), 
and to evaluate suitable rangeland management options during and after a drought. 
DroughtAct also contributes to the large, international and coordinated drought 
experiment DroughtNet (https://drought-net.colostate.edu/) which aims to assess 
ecosystem responses to centennial-scale drought. 

16.4.2 Experimental Setup 

The DroughtAct experiment started with a pretreatment year in the rainy season 
2013/14, followed by six treatment years. It was implemented on a grazing camp of 
the Syferkuil experimental farm (Fig. 16.2) belonging to the University of Limpopo 
and was maintained as a collaborative effort of researchers from South Africa and 
Germany (Munjonji et al. 2020). The experiment has a full-factorial design with 
four-block repetitions of eight treatment plots. At the core of the experiment are 
four treatment combinations that were maintained for the whole duration of the 
experiment (six years): Ambient rainfall and grazing (D−G+, control), ambient 
rainfall and resting (D−G−, Fig. 16.4), drought and grazing (D+G+, Fig. 16.4) and 
drought and resting (D+ G−). To directly compare the effects of a 6-year drought 
and a 2-year drought, we terminated the experimental drought on four plots per 
block after 2 years. We observed rangeland characteristics on plots with a drought 
history (H+) or without (H−), both under grazed and rested conditions. 

For the drought treatments, passive rainout-shelters were used (Yahdjian and Sala 
2002). The shelters had a size of 6 x 6 m and consisted of metal constructions 
with transparent polycarbonate roof sheets. Sheets covered two-thirds of the area 

Fig. 16.4 Two treatments of the “DroughtAct” experiment. The left picture shows a plot under 
ambient rainfall and resting (D−G−) fenced with strain wire to prevent cattle grazing and chicken 
wire to also restrict entry of smaller mammals. The right picture shows a drought treatment in 
combination with grazing (D+ G+). The plot is covered by a rainout shelter and contains three 
movable cages to temporarily exclude grazing. Pictures by K. Behn

https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
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and thus reduced ambient rainfall by ca. 66%. We chose this level of reduction to 
reflect the site-specific rainfall history by turning a year with average rainfall into 
a year of centennial-scale drought (Knapp et al. 2017), following the guidelines 
of DroughtNet (https://drought-net.colostate.edu/). The perimeters of drought plots 
were trenched with plastic foil down to 1 m depth to inhibit lateral water flow that 
would counteract rainfall reduction (Mudongo et al. 2020). The camp was subject 
to moderate rotational grazing with cattle. Rested plots were fenced with strain 
wire to prevent grazing of cattle and with chicken wire to restrict entry of smaller 
mammals. We extensively checked for experimental artifacts and found that rainout 
shelters did not significantly alter light interception and microclimate (Mudongo et 
al., unpublished). No evidence of changed grazing preferences resulting from the 
rainout shelters was observed. With a height of at least 2 m, cattle could easily walk 
and graze below the roofs. The transparency of the polycarbonate shields did not 
provide enough shade to make the shelters a preferred resting place. 

16.4.3 Data Collection 

We assessed treatment effects on vegetation structure and composition, and on 
vegetation-mediated ecosystem functions and services. Here, we only report data 
collection for aboveground net primary production (ANPP) and functional vegeta-
tion composition, i.e., proxies that were considered in the observational study (see 
Sect. 16.3). At the time of peak standing biomass, we estimated ANPP of each plot. 
The sampling procedure differed between grazed and fenced plots (see Munjonji 
et al. 2020 for details). In brief, we harvested biomass on three 1 m2 harvesting 
quadrats on grazed plots (G+), where grazing was excluded for a given vegetation 
period with the aid of moveable cages (Fig. 16.4). In adjacent grazed quadrats, we 
assessed residual biomass with a nondestructive approach. In nongrazed plots (G−), 
the nondestructive approach was used, and in some years, biomass was additionally 
harvested in three smaller squares with a size of 0.25 m2. On each square plot, 
we recorded all occurring species, visually assessed their cover and measured their 
average height. We assigned each species to a PFT with the same a-priori approach 
used in the observational study. We distinguished three PFTs: perennial grasses, 
annual grasses and forbs. Facultative perennials and biennials were classified as 
perennials, following Linstädter et al. (2014). 

16.4.4 Data Analysis 

For all squares that were sampled using the nondestructive approach, we used data 
on species’ cover and height to estimate their relative contribution to ANPP. To this 
end, we applied a biomass–biovolume calibration developed for the experiment. To 
assess the drought and postdrought impacts, we calculated response ratios (Mackie 
et al. 2019) by dividing the mean value of the leaf biomass in all sampling quadrats 
belonging to the (post)drought treatments by the respective values of the control

https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
https://drought-net.colostate.edu/
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treatment. We put response ratios in relation to the experimental reduction of 
precipitation (Behn et al. 2022). The significance of the (post)drought effect was 
tested using ANOVA and TukeyHSD post-hoc test. For the PFTs, we calculated 
their relative contribution to the overall ANPP for each treatment and year. 

16.4.5 Key Results 

Our analyses of ANPP in predrought years, within-drought years and postdrought 
years across grazed and rested plots, and across plots with different drought duration 
showed marked differences in drought resistance and resilience (Behn et al. 2022). 
Similar as for the natural drought captured in the observational study (Sect. 16.3), 
the two-year experimental drought had significant negative effects on ANPP (Fig. 
16.3). Compared to nondrought conditions, ANPP was on average reduced by 30% 
under grazed conditions in the second year of drought. Under rested conditions, the 
effect was even stronger with up to 50% reduction. 

We found a fast recovery after the 2-year drought particularly under grazed 
conditions (Fig. 16.3), where already the first postdrought year did not show 
a significant deviation from the control. Under rested conditions, postdrought 
ecosystem performance remained on average below control level, even though 
differences were not significant from the second postdrought year on. However, the 
6-year drought had devastating effects on ecosystem performance with an ANPP 
reduction of up to 80% and thus even exceeding the 66% reduction of precipitation. 
Grazing had an ambivalent role because its impacts were beneficial in the initial two 
years but became detrimental under ongoing drought. 

Regarding the relative abundance of PFTs, there were notable differences 
concerning the drought duration. Perennial grasses tended to increase their relative 
abundance during the first years of drought and in the recovery phase after short 
drought at the expense of annual grasses (Fig. 16.3). With prolonged drought 
however, perennial grasses showed a strong decrease in relative abundance while 
forbs increased. Thus, species such as Chamaecrista mimosoides (L.) Greene and 
Monsonia angustifolia E.Mey. ex A.Rich. could be identified as relative winners 
of prolonged droughts. In absolute numbers, however, there were no winners when 
looking at biomass production per area. 

16.4.6 Recommendations Derived from the Results and Outlook 

Our results give valuable indications on both research and rangeland management 
practices in the face of drought. They stress the importance of a detailed understand-
ing of the effects. Aridity and grazing management both altered ANPP and caused 
changes in vegetation structure and species composition. In combination, these 
effects impacted forage quantity, quality and palatability. Therefore, the changes 
caused by drought and grazing management can serve as warning signals for
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degradation. Management needs to be adapted and consider the ambivalent role that 
grazing and resting can have under different drought durations and intensities. 

The DroughtAct experiment in Limpopo, South Africa, was the blueprint for 
a similar experiment in the Waterberg region of Namibia (Namtip project, https:// 
www.namtip.uni-bonn.de/). The Tippex experiment of Namtip further improved the 
concept of DroughtAct and added a more detailed sampling approach, including the 
prominent role of the soil seed bank and different grazing intensities. With climate 
change, decreasing rainfall and changing rainfall patterns, drought experiments are 
crucial to understand the effects on vegetation to predict and mitigate degradation. 
Therefore, experiments like DroughtAct are essential due to their direct results, the 
data supply for vegetation modeling and to help scientists implement and improve 
drought experiments across the globe. 

16.5 Modeling Approach 

16.5.1 Background: Modeling Savanna Rangelands 

Models represent properties, processes and functions of real-world systems in 
quantitative ways to improve system understanding. Thereby, they represent the 
current system understanding, but do not account for the full complexity of 
an ecosystem. Models are usually developed for specific research questions and 
only represent mechanisms considered relevant for those questions. As system 
understanding advances, models evolve through the inclusion of new knowledge, 
data and processes. Their main advantage is the applicability for a wide range of 
scenarios, such as past or future climate change scenarios, management scenarios, 
or factor combinations not considered in experiments (Table 16.1). 

For savanna rangelands, several modeling approaches have been applied, includ-
ing heuristic differential equation models (Baudena et al. 2010; Scheiter and Higgins 
2007; van Langevelde et al. 2003), agent-based models (Fust and Schlecht 2018; 
Kuckertz et al. 2011) and process-based dynamic vegetation models (DVMs) 
(Pfeiffer et al. 2019; Scheiter and Higgins 2009). Within SALLnet, we improved 
and applied the individual-based dynamic vegetation models aDGVM (Scheiter and 
Higgins 2009) and aDGVM2 (Scheiter et al. 2013). Both models were originally 
developed to simulate grass-tree dynamics in savannas, but they differ in their 
representation of plant diversity. While aDGVM simulates dynamics of four PFTs 
(forest and savanna trees, C3 and C4 grasses), aDGVM2 simulates community 
assembly processes to create plant communities adapted to biotic and abiotic 
drivers. 

16.5.2 Improving aDGVM and aDGVM2 

We identified and resolved several limitations of aDGVM and aDGVM2. First, 
the herbaceous layer is commonly poorly represented in DVMs (Pfeiffer et al.

https://www.namtip.uni-bonn.de/
https://www.namtip.uni-bonn.de/
https://www.namtip.uni-bonn.de/
https://www.namtip.uni-bonn.de/
https://www.namtip.uni-bonn.de/
https://www.namtip.uni-bonn.de/
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2019). While DVMs typically represent several woody PFTs, they aggregate grasses 
and forbs in C3 herbaceous and C4 herbaceous PFTs. However, when studying 
grazing impacts on productivity, diversity and forage quality in savanna rangelands, 
a representation of different grass PFTs and forbs is essential. Therefore, we 
included annual and perennial grass types into aDGVM2 by adjusting reproduction, 
carbon allocation and mortality (Pfeiffer et al. 2019). Annual grasses in aDGVM2 
preferentially allocate carbon to rapid leaf growth and high seed production and die 
after one growing season. Perennial grasses preferentially invest carbon into root 
and storage compartments to enhance survival. Forbs have not yet been included in 
aDGVM2. 

Second, in previous model versions, land-use activities such as grazing and fuel-
wood harvesting were poorly represented. Therefore, we included a cattle grazing 
model into aDGVM2 (Pfeiffer et al. 2019). In this model, cattle owners prescribe the 
grazing regime. Animals graze selectively with a preference for grass patches with 
high quantities of living leaf biomass, low ratios of dead-to-live grass biomass and 
high palatability. Palatability is assumed to increase with specific leaf area (SLA) 
and leaf nitrogen content. Thereby, grazing directly impacts the abundance of annual 
and perennial grasses. We further coupled aDGVMwith routines to simulate grazing 
and fuelwood harvesting (Scheiter et al. 2019). Grazing nonselectively removes a 
prescribed amount of grass biomass, and fuelwood harvesting removes prescribed 
amounts of woody biomass. Harvesting was related to tree stem diameter, preferring 
trees with a stem diameter between 5 and 10 cm (Twine and Holdo 2016). 

Third, aDGVM and aDGVM2 did not consider shrubs. We included shrubs into 
aDGVM2 (Gaillard et al. 2018) and assumed that differences between trees and 
shrubs are related to trade-offs between water availability, light availability and 
height. Trees generally invest more into height growth, which is an advantage in 
dense and light-limited environments. Contrastingly, shrubs with a multistemmed 
architecture have a higher sapwood area and improved water transport capacity. 
Having multiple stems entails lower height growth and a competitive disadvantage 
in light-limited ecosystems (Gaillard et al. 2018). 

16.5.3 Key Results 

When considering natural vegetation dynamics without land use, aDGVM results 
showed increases in woody biomass and biome transitions to wood-dominated 
vegetation states until 2099 in response to the representative concentration pathway 
(RCP) scenarios RCP4.5 and RCP8.5 (Martens et al. 2021; Scheiter et al. 2018). 
RCP4.5 is a modest-high climate mitigation scenario where carbon emissions peak 
toward the middle of the century, whereas RCP8.5 is a low climate mitigation 
scenario with high carbon emissions and energy consumption (van Vuuren et al. 
2011). Biomass increases resulted from CO2 fertilization effects on tree growth. 
Grassland and savanna areas were most susceptible to biome transitions (Martens 
et al. 2021; Scheiter et al. 2018; Chap. 14). Simulations showed that vegetation 
dynamics lag behind environmental forcing and that observed vegetation states can

http://doi.org/10.1007/978-3-031-10948-5_14
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deviate from those expected under given environmental conditions (Pfeiffer et al. 
2020; Scheiter et al. 2020). Lagged responses result from the different velocities at 
which processes such as ecophysiology, population dynamics or succession operate. 

Increasing grazing pressure under varying annual rainfall regimes reduced grass 
productivity and grass biomass at study sites in South Africa and altered the compo-
sition of the grass layer (Pfeiffer et al. 2019). Specifically, community composition 
shifted toward a higher abundance of annuals with increasing grazing intensity. 
Annual grasses became dominant once the grazing demand exceeded a critical value 
between 1.5 and 3 LU/ha for a rainfall gradient between 253 and 926 mm MAP, 
assuming a daily dry matter demand of 12.5 kg/LU/day. Such changes occurred 
when grazing intensity exceeded the carrying capacity of perennial grasses, i.e., 
when regrowth of perennial grass biomass was insufficient to cover animal demand. 
Consequently, the grass type preferred by grazers switched from perennials to 
annuals. Resting periods without animals were necessary for biomass recovery and 
regeneration of perennial grasses (Pfeiffer et al. 2019). Recovery periods were site-
specific and up to 8 and 17 years at arid and humid sites respectively. Recovery was 
faster at more arid sites because these sites had a lower biomass without grazers that 
they had to reach, and because annual grasses that are more abundant at the arid 
sites recover faster than perennial grasses that are more abundant at the humid sites. 
Drought impacts have not been considered explicitly in these simulations, but see 
Sect. 16.6.1 for aDGVM2 simulations of the DroughtAct experiment. 

We used optimization techniques to identify grazing and fuelwood harvesting 
intensities that were well-sustained by vegetation at Bushbuckridge, South Africa, 
and maximized the economic value of the land-use system (Scheiter et al. 2019). 
The economic value included, for example, milk, meat, dung and the cultural status 
conveyed by owning cattle. Simulations indicated that the optimal animal number 
was only 0.076 LU/ha whereas observed animal numbers are, for example, up to 
0.75 LU/ha on the farm containing the DroughtAct experiment, 0.88 LU/ha in 
communal grazing lands north of Acornhoek (Parsons et al. 1997) and > 1 LU/h at 
a site used for the observations (Sect. 16.3). Similarly, optimal fuelwood harvesting 
intensities were lower than observed intensities. 

16.5.4 Recommendations Derived from the Results and Outlook 

Simulation results indicate that in the absence of land use and herbivory, grasslands 
and savannas are highly susceptible to woody encroachment and transition to woody 
vegetation states due to climate change and elevated CO2 (Martens et al. 2021; 
Scheiter et al. 2018). Land use (fuelwood harvesting and grazing) can alter the 
velocity of such transitions (Scheiter and Savadogo 2016). Vegetation changes are 
considerably slower than changes in environmental drivers. Therefore, vegetation 
will continue changing even if humanity reduces greenhouse gas emissions and 
manages to stabilize the climate system (Pfeiffer et al. 2020; Scheiter et al. 
2020). Such delayed responses of vegetation need consideration when developing 
management plans for savanna rangelands.
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Intense grazing strongly decreases grass biomass and productivity and shifts 
grass communities toward a higher abundance of annual grasses (Pfeiffer et al. 
2019). According to the simulation results, vegetation is resilient and recovery is 
possible during resting periods without grazing. To ensure full recovery of heavily 
grazed vegetation (more than ca. 2.5 LU/ha) to the productivity levels expected in 
the absence of grazing, resting times of 5–17 years were simulated, with shorter 
resting times (5–8 years) for more arid sites and longer resting times (14–17 years) 
for more humid sites. After low-intensity grazing (less than ca. 1.2 LU/ha), resting 
times of less than 6 years were sufficient. Yet, to ensure sustained forage for 
animals, full recovery might not be necessary and sorter resting times are sufficient. 
Downsizing of herds, provision of additional fodder, as well as rotational herding 
strategies that include rangeland and cropland are possible methods to achieve 
resting (Pfeiffer et al. 2019, 2022). 

16.6 Integrating Observations, Experiments and Modeling 

Observation, experimentation and modeling ideally complement each other, and 
data and information are shared between these approaches (Fig. 16.5). Field-based 
observations provide insights into system functionality, identify relevant system 
components and are necessary for a qualitative system conceptualization. The 
resulting conceptual system understanding is the basis for hypothesis formula-
tion that can be evaluated in specifically tailored experiments. The strength of 
observations and experiments (Sects. 16.3 and 16.4) is that they directly measure 
system dynamics and responses to natural environmental conditions or different 
experimental treatments (Table 16.1). Results from experiments provide insights 
allowing focus re-evaluation for further observations. They also yield system-
specific quantitative data for model parameterization, calibration and benchmarking, 
but are often resource-limited regarding treatment numbers, factor combinations, 
study sites, replicates and duration. Quantitative experimental data are the basis 
for the deduction of system dependencies that allow the development of quanti-
tative process models. The steps from observation to experimentation and model 
development signify an increasing degree of system generalization and abstraction, 
with a narrowing focus on processes and components deemed most relevant for the 
targeted questions. Process-based models (Sect. 16.5) enable scenario testing, spa-
tiotemporal extrapolation and testing of system sensitivities and allow exploration 
of possible trajectories for future climate change, management scenarios or regional 
upscaling. Knowledge gained from models can then inform both experimentation 
and observation to re-evaluate the focus of further research, help generate new 
hypotheses and improve system understanding.
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Fig. 16.5 Linking observations, experiments and modeling—how different research approaches 
inform each other 

16.6.1 Applying aDGVM2 to DroughtAct 

Observations and experiments showed clear responses of vegetation to drought. 
Therefore, we replicated the DroughtAct experiment in aDGVM2 simulations (1) 
to test if aDGVM2 can simulate observed vegetation responses to drought and (2) 
to test if vegetation can recover between the end of the 6-year experimental drought 
in 2020 and 2030. We simulated all factor combinations described in Sect. 16.4 
but used 40 instead of 4 replicates per treatment and continued simulations until 
2030. Meteorological data were not available for the DroughtAct site and for future 
conditions to allow postdrought simulations. Data for a neighboring meteorological 
station had data gaps (https://www.weathersa.co.za/) and were therefore unsuitable 
to conduct simulations. Hence, we selected climate forcing data from climate model 
simulations to find the model and RCP scenario that agreed best with precipitation 
from station data and the EWEMBI climate product for 2008 to 2017 (Lange 2019). 
We found the best fit for precipitation from the CMIP5 simulations conducted with

https://www.weathersa.co.za/
https://www.weathersa.co.za/
https://www.weathersa.co.za/
https://www.weathersa.co.za/
https://www.weathersa.co.za/
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the IPSL-CM5A-LR model for RCP8.5 (Dufresne et al. 2013) combined with a 
transformation. Specifically, we shifted the simulated climate data by one year to 
the future and multiplied daily precipitation with a factor of 0.73. For drought 
treatments, we reduced daily rainfall by 66% for a 2-year and 6-year period starting 
in the growing season 2014/2015 following DroughtAct. For grazing treatments, 
we assumed an average number of 30 LU on the 40 ha grazing camp that includes 
the DroughtAct experiment, with a per-capita daily demand of 12.5 kg dry matter. 
We simulated a rotational grazing system with animals present during four 30-day 
periods per year (i.e., 120 days per year) and resting times without animals between 
the grazing periods. Timing of presence and absence was equal in all years. Daily 
biomass removal per simulated hectare was determined by randomly assigning 
animals to each of the 40 ha. Simulations were repeated in the absence of grazing. 
However, differences between simulations with and without grazing were minor as 
drought impacts overrode grazing impacts. We therefore only present simulations 
with grazing in the following. 

The first two years of drought led to a steep decline in mean annual plot-level 
leaf biomass compared to the control scenario (Figs. 16.3, 16.6a). Biomass was 
reduced by ca. 40% after the second year of drought. In the 6-year drought, biomass 
stabilized at values of approximately 40% below the control during the 3rd to 6th 
years of drought. Postdrought recovery was rapid during the first two years after 
drought before slowing down (Fig. 16.6a). Five years after the end of the 2-year and 
the 6-year drought, plot-level leaf biomass was approximately 5% and 8% below 
the control, respectively. In 2030, plot-level biomass was still approximately 3% and 
6% below the control for the 2-year and 6-year drought, respectively. At grass patch-
level, biomass response to drought was similar to plot-level response (Fig. 16.6b). 
However, at patch-level leaf biomass fully recovered to values simulated in the 
control. This result indicates that surviving or newly established grass patches were 
resilient to drought, whereas slow recruitment and recolonization of bare ground 
inhibited recovery at the plot level. 

Plot-level biomass loss during drought was caused by increased mortality of 
perennial grasses and lower productivity of surviving grasses. While mortality was 
1–3 times higher than control during the first two drought years, it was almost 20 
times higher during the 3rd and 4th drought years. Remarkably, the higher mortality 
persisted for five years after drought treatments and then reached values simulated 
for the control. Mortality of perennial grasses during drought allowed annual grasses 
to colonize the study site and their fraction in the population was 1.5 times higher 
during the first two years and 2.5 times higher from the 3rd drought year onward 
(Fig. 16.6c). Their abundance decreased during the recovery period but was still 1.4 
and 1.8 times higher in the 2-year and 6-year drought scenarios at the end of the 
simulation period. 

Overall, simulations indicated resilience of all considered model variables. We 
found no tipping point behavior or transition into an alternative vegetation state that 
persisted after drought. However, the velocity of recovery differed between the 2-
year and the 6-year drought and between considered variables. For instance, while 
patch-level grass biomass recovered within 2 or 3 years after the drought treatment,
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Fig. 16.6 Impacts of a 2-year and a 6-year drought on simulated grass biomass and PFTs, and 
postdrought recovery relative to nondrought control scenario. Panels show (a) biomass at the site 
scale, (b) biomass at the grass patch scale and (c) fraction of annual grasses in the grass population. 
The yellow shading indicates the 2-year drought period, the yellow and red shading the 6-year 
drought period and the green shading the recovery period until 2030 after the termination of 
drought treatments. Letters above boxes indicate the significance of the difference in the mean 
based on the t-test between treatment and control (n: not significant; a: p < 0.05; b: p < 0.01; c: 
p < 0.001) 

attributes of community composition did not fully recover during the simulation 
period. This indicates that resting or at least reduced grazing intensity becomes 
increasingly important with increasing drought duration.
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16.6.2 What Did We Learn from Observations, Experiments 
and Modeling? 

The three approaches applied in LLL and SALLnet (observation, experimentation 
and modeling) revealed clear and consistent responses of savanna rangeland 
vegetation to drought and grazing. The results included decreases in biomass and 
productivity, changes in the relative abundances of different PFTs and recovery 
after drought (Fig. 16.3). However, we found disagreement in some aspects. While 
productivity in the experiments was relatively resistant during the first two years of 
drought and showed accelerating decreases in the 6-year drought, modeled biomass 
and productivity decreased only during the first two drought years and afterward 
stabilized at a lower level. We explain this model behavior by changes in resource 
availability, competition and community assembly. In the aDGVM2, soil water 
dynamics are only simulated at the 1-ha plot-level using a simple multilayer soil 
water bucket model instead of simulation at patch or plant level. Therefore, reduced 
vegetation cover due to drought mortality improves the water availability of all 
surviving individuals by lowering the water demand at plot level. In contrast, soil 
water status in the experiments and observations varies spatially due to microscale 
heterogeneity of soil conditions and topography. 

Moreover, the aDGVM2 simulated expansion of annual grasses under drought 
conditions, while field-based methods showed expansion of forbs (Sects. 16.3, 
16.4). Forbs are currently not represented in aDGVM2, and the modeled expansion 
of annual grasses during drought indicates that they fill the ecological niche of forbs 
in simulations. We argue that forbs need to be added to vegetation models to improve 
understanding of drought and grazing impacts on savanna rangelands (Siebert and 
Dreber 2019). 

Observations, experiments and modeling showed that vegetation attributes such 
as biomass or productivity can recover after short drought periods, indicating 
resilience (Fig. 16.3). Model results suggest that vegetation can also recover after 
the 6-year drought (Fig. 16.6), hinting at resilience after longer drought periods. 
However, the rate and duration of recovery differ between vegetation attributes. In 
particular, community-related attributes show considerable delays when recovering 
after grazing or drought, primarily due to delayed community assembly and recolo-
nization. How these model results agree with observed vegetation dynamics remains 
open because results related to recovery from the 6-year drought experiments are not 
yet available. Regular monitoring of the field sites during the following years would 
provide valuable information on vegetation recovery and the predictive power of the 
aDGVM2. 

Within LLL and SALLnet, observations, experiments and modeling indepen-
dently have provided valuable insights into ecosystem resistance and resilience 
to drought and grazing. However, added value emerged when all three activities 
were combined and informed each other. DroughtAct experiments allowed in-
depth investigation of specific aspects that have been identified in observations, 
for example, the role of forbs in mitigating drought effects. Experiments allowed
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direct control and manipulation of environmental drivers, for example, precipitation 
reduction via rainout shelters, soil moisture control via trenching of experimental 
plots, or regulation of soil nutrient levels via fertilizer application. In observational 
studies, such insights are only possible by space-for-time substitution (Blois et al. 
2013) or if all treatment combinations are observable. Observational studies usually 
lack predrought data, as drought events are not planned or easily predictable. Such 
predrought data are available in controlled experiments. 

Field-based methods informed model development. Comparing model results 
with observational data revealed key aspects not captured by aDGVM2 and led 
to stepwise model improvement. For example, such comparisons motivated the 
implementation of annual and perennial grasses as distinct PFTs (Pfeiffer et 
al. 2019), adjustments of perennial-grass mortality during drought, consideration 
of buffering effects due to storage reserves during the first drought year and 
adjustments of postdrought colonization of bare ground (this study, Behn et al. 
2022). We identified the representation of water sharing among plant individuals 
as a model limitation that may lead to overestimates in drought resistance once the 
number of plant individuals has declined due to drought mortality. A refined soil 
water scheme that explicitly simulates plant water availability at grass patch level 
may be required to reproduce the progressive decline of biomass and productivity 
during the 6-year drought observed in the experiment. We also found lacking forbs 
as functional types in the model likely influences modeled community response 
to drought. Using knowledge on the function and ecology of forbs gained in 
observations and experiments is therefore essential for future model development. 

In return, the model allowed prognostic extrapolation of postdrought vegetation 
recovery during the 2020s. Such model-based extrapolations contribute toward 
synergies between observations, experiments and models, and they can provide 
added value to the conclusions drawn from experimental results (Behn et al. 2022). 
Model results can generate new hypotheses for future experimental studies. For 
example, we used the aDGVM2 to simulate all factorial treatment combinations 
realized in the DroughtAct experiment. We could conduct further simulations for 
factorial combinations not considered in the experiment, test additional management 
options, rotational grazing systems and climate change scenarios, or investigate how 
repeated drought affects rangelands with drought history. 

16.6.3 Recommendations for Decision-Makers 

Based on evidence from three different approaches, we derived the following 
conclusions and recommendations: 

1. Grasslands and savanna rangelands are susceptible to climate change, par-
ticularly to drought, and overgrazing. Impacts include woody encroachment 
and transitions to woody vegetation states, or, if heavily utilized, to declining 
forage quality and availability, increased erosion, and transitions to degraded
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states. Contrastingly, dead biomass accumulation resulting from underutilization 
reduces rangeland productivity. 

2. Recovery of productivity, biomass and community composition is possible after 
drought and grazing, but related to drought duration, grazing intensity and 
precipitation. We found rangeland resilience to short drought or low grazing, 
and quick recovery after such disturbances. In contrast, long drought or intense 
grazing requires recovery periods of at least two years, particularly if plant 
community composition has changed. 

3. Resting times without grazing or very low grazing intensity are necessary to allow 
the recovery of perennial grasses. Resting times of 1–2 years with sufficient 
precipitation are a “window of opportunity of regeneration” (Linstädter et al. 
2014), and ensure long-term forage quality for grazers. Resting times of more 
than two years may be required in grazing systems affected by longer droughts. 
Rotational grazing systems or forage supply during and after drought can be 
applied to manage resting times. The holistic management approach (Savory and 
Butterfield 2016) could provide a template for grazing and resting schemes. 

4. Forbs have high value to secure essential ecosystem functions and services within 
rangeland systems and need consideration in management. 

5. Capacity building is crucial to make results available to relevant stakeholders. 
It should include training courses on field methods or modeling, stakeholder 
workshops and contributions to regional or global initiatives such as the South 
African Risk and Vulnerability Atlas, IPBES or IPCC. 

16.7 Outlook 

By replicating the DroughtAct experiments with aDGVM2 and comparing model 
results to the experiment, we identified several opportunities for improving the 
aDGVM2 for rangelands. As highlighted in Sect. 16.6, improvements should focus 
on the soil water model. A fine-scale representation of the soil water status allows 
more precise simulations of plant water availability and drought response. Addition-
ally, aDGVM2 should be improved to capture the diversity of vegetation. Future 
model development could include more detailed PFTs in the herbaceous layer, 
such as increasers or decreasers, grass types propagating by stolons or rhizomes, 
geophytes, xerophytes, succulents or perennial forbs. Adaptations to disturbances 
such as a bud bank, water- and carbon-storage organs or chemical defenses could 
be included (Archibald et al. 2019; Pausas et al. 2018). The representation of the 
woody layer could be improved by including protection against herbivory such as 
thorns, spines or a cage architecture (Charles-Dominique et al. 2017; Wigley et al. 
2018). 

In addition, modeling animal behavior and plant-animal interactions in more 
detail is desirable. This includes, for example, utilization of observed timing 
and duration of animal presence and absence at a study site instead of using a 
probabilistic approach. Model development could improve the representation of 
herbivore selection of particular plants, the feeding duration and amount of biomass
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removed per plant, and the average number of plants affected per day based on 
observations. Rangelands are often not exclusively utilized by domesticated animals 
but also by wild animals. Therefore, aDGVM2 could include different herbivore 
functional types (Hempson et al. 2015a) with distinctive forage preferences. Finally, 
aDGVM2 currently does not simulate population dynamics and movement of 
animals. These processes are particularly relevant when modeling wild animals. 
Reproduction or mortality of animals could be included and related to their 
nutritional status using previous work (Pachzelt et al. 2013). DVMs could be 
coupled with agent-based models to simulate animal movement (Clemen et al. 
2021; Fust and Schlecht 2018; Tang and Bennett 2010) and to simulate behavior 
and decision-making of pastoralists. For instance, the DECUMA household model 
has previously been coupled to the SAVANNA ecosystem model to study drought 
impacts on socioeconomic systems in Kenya (Boone et al. 2011; Boone and Galvin 
2014). 

Modeling drought impacts requires consideration of vegetation resistance to 
drought, recovery and drought-induced mortality. Modeling plant mortality is still 
challenging and a significant source of uncertainty in vegetation models (Hartmann 
et al. 2018). Ecophysiological processes, plant traits, or plant trait syndromes 
affect drought resistance and mortality (Sankaran 2019), and detailed knowledge of 
these aspects is required. A cascade of processes describes the establishment niche 
after disturbance (Holt 2009), including recovery of individual plants, colonization 
of bare ground, establishment and succession, and drives postdrought recovery. 
Different simulated recovery rates of grass biomass at plot- and patch-level and 
changes in the fractions of annual and perennial grasses after drought indicate that 
such processes are, to a certain degree, represented by aDGVM2. However, DVMs 
typically operate at large spatial scales and thus ignore small-scale processes such 
as seed dispersal, dynamics of the seed bank and colonization. Drought conditions 
can influence seed dynamics and decouple species represented in the seed bank 
from species in the aboveground community (Basto et al. 2018), and seed mortality 
increased under drought in a watering experiment (Harrison and LaForgia 2019). 
While those studies were not conducted in savanna rangeland systems, observations 
and experiments such as DroughtAct can provide information on recovery and the 
establishment niche. This information is valuable for parameterizing recovery and 
successional effects in models. In addition to increased drought risk, vegetation 
will experience higher atmospheric CO2 under future conditions. Elevated CO2 
may fertilize plants, particularly growth of woody vegetation, and thereby modify 
competitive interactions between grasses, forbs and woody vegetation in savanna 
rangelands (Midgley and Bond 2015). Elevated CO2 might mitigate drought impacts 
via increased water use efficiency and enhance recovery after drought. 

Our analyses focused on grazing and drought effects at a single study site. 
We argue that more holistic study approaches at the landscape or regional level 
are required to account for the multifunctionality of southern African landscapes 
(Rötter et al. 2021). Rural areas in southern Africa are typically used for cattle 
grazing, fuelwood collection and crop production. Cattle connect rangeland and 
cropland when feeding on crop residues or in rotational grazing systems (Pfeiffer
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et al. 2022). On larger scales, landscapes can be mosaics of rural areas, commercial 
farms, plantations, conservation areas and game reserves. Management policies 
need to consider these diverse land-use forms and the socioeconomic interests of 
stakeholders utilizing the natural resources. Combining rangeland models, crop 
models, economic models and agent-based models that simulate animal behavior 
and the decision-making of stakeholders can provide a valuable tool for decision 
support and the development of regional-level management policies. 

The high environmental variability in savanna rangelands and the increasing 
likelihood of droughts make it challenging to derive management policies that 
ensure the sustained availability of invaluable ecosystem functions and services. 
Droughts can amplify the effects of grazing on vegetation and increase the risk that 
vegetation shifts into degraded states with low forage quantity and quality. More 
model simulations are required to better assess the impacts of repeated drought 
and different grazing strategies. Such simulations can provide insights on minimum 
or optimal resting times between grazing treatments or optimal resting times after 
drought periods of different length and therefore account for the fact that resting 
times of several years as assumed in our simulations might not be applicable in 
reality. Combining observations, experiments and models can help develop early 
warning signals that indicate the risk of degradation. Such indicators can then inform 
the developers of management intervention strategies to keep the socioecological 
system in a safe operating space. A model well parameterized and tested with 
observational and experimental data can systematically simulate a large ensemble 
of different management and drought scenarios. These model results can then help 
estimate the risk of undesirable vegetation change and degradation under different 
scenarios. 

16.8 Conclusions 

In the LLL and SALLnet projects, we combined observations, experiments and 
models to understand the response of rangeland vegetation to drought and grazing. 
The approaches consistently showed that drought causes substantial losses in 
biomass and productivity of grasses and shifts in community composition from the 
dominance of perennials to annuals or forbs. However, we did not find tipping point 
behavior and irreversible transitions to alternative vegetation states that persisted 
after drought. Rangelands were able to recover from drought and grazing impacts, 
in model results even after a 6-year drought period. However, in the model results, 
some vegetation attributes did not fully recover to the vegetation state simulated 
under no-drought conditions until 2030. We highlight the following conclusions: 

1. Resting times are necessary to allow vegetation recovery after grazing and 
drought and to ensure continued provision of essential ecosystem services to 
people. Recovery rates and resting times depend on the length and intensity of 
grazing and drought. 

2. Combining observations, experiments and models is essential to understand 
rangeland ecology and to forecast impacts of future climate change and land-
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use on rangeland vegetation. Using such an integrated approach, we were 
able to derive policy-relevant recommendations based on evidence from three 
approaches (see Sect. 16.6). 

3. Further research is required, in particular, to understand drought impacts on 
the complex interactions between woody vegetation, grasses and forbs, and to 
understand how plant traits influence resilience to grazing and drought. 

4. Based on our methods, we can develop early warning signals that indicate poten-
tial undesired vegetation shifts and the necessity of management intervention. 
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17A Fine Line Between Carbon Source 
and Sink: Potential CO2 Sequestration 
through Sustainable Grazing Management 
in the Nama-Karoo 

Oksana Rybchak, Justin duToit, Amukelani Maluleke, Mari Bieri, 
Guy F. Midgley , Gregor Feig, and Christian Brümmer 

Abstract 

Semiarid South African ecosystems are managed for livestock production with 
different practices and intensities. Many studies have found grazing to be an 
important driver of vegetation change; however, its impacts on carbon fluxes 
remain poorly studied. Unsustainable management over the past 200 years has 
led to an increase of degraded areas and a reduction in species diversity, but 
destocking trends in the past three decades may be facilitating a recovery of net 
primary productivity and vegetation cover in some areas. This chapter provides 
a brief historical overview on livestock management practices and their likely 
impact on carbon exchange in the Nama-Karoo Biome. We present a case study 
based on five years of eddy covariance measurements, in which effects of past 
and current livestock grazing on CO2 exchange were studied. Two sites with 
different livestock management but similar climatic conditions formed the basis 
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for this preliminary effort to improve the understanding of carbon exchange 
and its drivers under contrasting management regimes. The case study revealed 
that net CO2 exchange is near-neutral over an annual scale, with precipitation 
distribution emerging as the main controlling factor of subannual variance. 
Although CO2 release at the lenient grazing site was slightly higher than at the 
experimental grazing site, longer time series are likely needed in such variable 
ecosystems to make a pronouncement regarding long-term net fluxes. Given their 
vast extent, livestock rangelands may have an important effect on regional carbon 
balance. 

17.1 Livestock Grazing Systems in the Nama-Karoo 

The Nama-Karoo is the third largest biome in South Africa, characterized by vast, 
flat plains in the lower Karoo (∼ 800 m.a.s.l.) and rugged reliefs in the upper Karoo 
(∼ 1300 m.a.s.l.) with shallow, weakly developed lime-rich soils (Dean and Milton 
1999; Mucina et al. 2006). It is dominated by shrubs, grasses, herbs and geophytes. 
The major disturbance to vegetation in the Nama-Karoo has been extensive livestock 
grazing (mainly sheep) restrained within paddock boundaries since the last decades 
of the nineteenth century (Skead 1982; Archer 2000). Approximately 60% of 
the Nama-Karoo Biome is characterized by moderately to severely degraded 
soil and vegetation cover (change in species assemblage) (Mucina et al. 2006). 
Many research efforts have been focused on understanding the causes of land 
and vegetation degradation in the Nama-Karoo Biome, and inappropriate grazing 
management is considered one of the major drivers (Hoffman and Ashwell 2001). 
Regardless of extensive theoretical background, a fully predictive understanding 
of the effects of livestock grazing on biodiversity and ecosystem processes in 
semiarid Nama-Karoo ecosystems remains elusive (Bekele 2001; Tilman et al. 2012; 
Rutherford and Powrie 2013). 

17.1.1 Historical Overview 

Springbok (Antidorcas marsupialis) was the most numerous native grazer in the 
Nama-Karoo prior to large-scale human livestock management (Dean and Milton 
1999). Namaqua Afrikaner sheep grazing (transhumance 1 or nomadic 2 ranching) 
has been present in the Karoo for approximately 1800 years among the Khoekhoen 
people (Truter et al. 2015). In the eighteenth century, the abundance of ungulates 
in the Karoo was largely determined by surface water availability (Milton 1993;

1 Transhumance livestock ranching is a mobile method of land management based on regular 
(generally predictable) seasonal movements of livestock along the same paths and rangelands. 
2 Nomadic ranging is characterised by a continuous, irregular and unpredictable movement pattern 
to find new rangelands in which to graze. 
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Fig. 17.1 Historical overview of livestock grazing in the Karoo (adapted from Milton 1993; 
Archer 2000; Truter et al. 2015; Du Toit and O’Connor 2020, Shaw  1873; Acocks 1966, 1979; 
Roux and Vorster 1983; McLeod 1997; Hoffman et al. 1999) 

Owen-Smith and Danckwerts 1997; Archer 2000; Du Toit and O’Connor 2020). In 
the 1800s, with the advent of European settlers, the number of livestock increased 
to much higher stocking rates, which negatively affected the vegetation cover in the 
Nama-Karoo (Fig. 17.1) (Shaw 1873; Archer 2000). 

In the 1880s, the concept of rangelands carrying capacity, which determines 
the number of livestock that can be sustainably kept per unit area, was being 
implemented as grazing systems in South Africa (Sayre 2008). Farmers used the 
carrying capacity concept to determine the sustainable stocking rates. The carrying 
capacity concept was seen as an imposition of foreign land management practices 
over essentially incompatible indigenous ecosystems (McLeod 1997). By the end 
of the nineteenth century, large herbivorous historical herds of Springbok had been 
substantially reduced due to the direct displacement by domestic livestock and 
reduced grass production (Fig. 17.1) (Hoffman et al. 1999, 2018). By the mid-
nineteenth century, the number of sheep had reached about 5 million, and by the 
1930s, it had reached 45 million (Van den Berg et al. 2019). By 1904, the density 
of livestock had increased to the highest recorded level (more than 5 large stock 
unit (LSU 3 ) per 100 ha) and remained high until the late 1960s (Hoffman et al. 
1999; Van den Berg et al. 2019). In the early 1920s, most of Nama-Karoo had been 
transformed into fenced rangelands for livestock grazing (mainly sheep and mohair 
goats, which favor higher-quality plant species) (Hoffman et al. 1999). 

The historical trends in land use and alteration of the grazing regime have been 
responsible for changes in vegetation cover and species composition (Rutherford 
and Powrie 2013; Du Toit and O’Connor 2020), which are likely to translate 
into effects on ecosystem functioning (Susiluoto et al. 2008; Pérez-Hernández and 
Gavilán 2021). Many farms in the Nama-Karoo Biome have undergone a variety of 
historical land management practices, regimes and stocking at unsustainable rates

3 Large Stock Unit is a reference unit that facilitates the aggregation of livestock of different species 
and ages (1 LSU is equivalent to 450 kg beef steer). 
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(Teague and Dowhower 2003; O’Farrell et al. 2008). Grazing is thought to be a 
major factor responsible for the perceived vegetation degradation (change in species 
assemblages to species with lower grazing quality/palatability) in the area (Acocks 
1966; Owen-Smith and Danckwerts 1997). Even when animals are stocked at low 
densities, continuous selective grazing benefits unpalatable species by depleting root 
stocks and decreasing the seed abundance, size and reproductive success of palatable 
plant species (Acocks 1979; Milton 1993). 

Continued livestock grazing has also led to a reduction of palatable plant species 
and a transition to unpalatable plant species (Kraaij and Milton 2006; Anderson and 
Hoffman 2007), making Nama-Karoo less productive than before in terms of its 
grazing capacity (Tidmarsh 1951; Roux and Theron 1987), with effects amplified 
during times of below long-term average precipitation (du Toit and O’Connor 2014). 

Following a drought period (1900–1915) with mean annual precipitation of 
288 mm (significantly (20%) lower than the long-term average of 373 mm), a 
commission of inquiry disseminated recommendations for the management of 
livestock grazing, separating it into paddocks (du Toit et al. 1923; du Toit and 
O’Connor 2014). These recommendations helped to optimize livestock distribution 
on rangelands with rest periods for paddocks as needed. The final report of the 
Drought Investigation Commission indicated how livestock grazing could degrade 
Karoo ecosystems (du Toit et al. 1923). One of the main recommendations was 
to stop stockading animals at night in the same place and limit livestock to 
paddocks, where livestock remains for a period of a few weeks to months before 
moving to the next paddock. Equilibrium-based models of vegetation response 
to livestock grazing and precipitation provided guidance to landowners for best 
veld management practices (Roux and Vorster 1983; Moll and Gubb 1989). These 
models are based on recommendations on the control of livestock grazing regimes 
(paddocks division) (du Toit et al. 1923) and grazing trials near Middelburg in the 
eastern Karoo (Tidmarsh 1951). Discussions on the benefits of lenient, heavy, or 
intermediate grazing resulted in the development of rotational grazing systems. 

17.1.2 Current Grazing Practices in the Nama-Karoo 

Of the total land area of South Africa, 84% is currently used for extensive grazing, 
and the majority of the Nama-Karoo (∼ 95%) is commercial rangeland under 
freehold tenure, mainly used for extensive livestock production (sheep and goats) 
(Roux et al. 1981; Hoffman et al. 1999). As discussed under the previous section, 
heavy historical grazing has led to widespread degradation of vegetation in the 
Nama-Karoo, often to the extent beyond which vegetation composition cannot be 
naturally restored despite livestock removal (Curtin 2002; Snyman  2003; Anderson 
and Hoffman 2007). However, this trend of heavy grazing has reversed in many 
regions in the last few decades (Timm Hoffman et al. 2018). It has recently been 
concluded that since the significant reduction in the numbers of domestic livestock, 
more than 95% of the greater Karoo region can be viewed as “natural.”
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Fig. 17.2 Main characteristics of commercial rangelands system in South Africa (adapted from 
Hoffman et al. 1999; Todd and Hoffman 1999) 

There are two main land tenure systems in operation in South Africa, which 
differ in land management practices, namely: communal and commercial (more 
than 80% of land in South Africa) (Hoffman et al. 1999; Todd and Hoffman 1999); 
in the Nama-Karoo Biome almost the entire area is under commercial livestock 
production. Commercial rangelands have clear boundaries and exclusive property 
rights (Fig. 17.2) (Palmer and Ainslie 2005). Management systems can be divided 
into the following categories: continuous grazing, rotational grazing, short-duration 
grazing and nonselective grazing system (McCabe 1987). In the continuous grazing 
system, livestock are constantly kept on one rangeland which is not divided into 
paddocks, so the stock density should be low, but with selective livestock grazing 
(for example, small ruminants may be pickier and spend more time looking for high 
quality palatable plants, while unpalatable species are often discarded) (McCabe 
1987; O’Connor et al. 2010). The rotational grazing system (multiple paddocks) was 
developed and recommended by the Commission of Inquiry to improve rangeland 
conditions and enhance wildlife habitat through appropriate resting periods (du Toit 
et al. 1923). The short duration grazing system was advocated based on the untested 
hypotheses of Acocks (1966) to improve sustained forage and livestock productivity 
and prevent land degradation (Acocks 1966; Savory 1978; Holechek et al. 2000). 
The main characteristic of this system is that livestock is rotated through many 
(≥8) paddocks for a relatively short period of time. Theoretically, it would reduce 
the competitive advantage of unpalatable species. While discussions regarding the 
benefits of the different grazing management practices are ongoing (Roberts 1969; 
Parsons et al. 1983; Westoby et al. 1989), most commercial farms in the Karoo 
practice some form of rotational grazing with rest periods from several months to 
more than a year (Hoffman 1988). Outside commercial farms, in, e.g., National 
Parks, where animals cannot be fenced and rotated, continuous grazing is practiced.
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17.2 Components of the Carbon Cycle and Their Quantification 

17.2.1 Carbon Cycling in the Semiarid Rangelands of South Africa 

Box 17.1 Carbon in Terrestrial Ecosystems 
Terrestrial ecosystems contain carbon in the form of plants, animals, soils 
and microorganisms (bacteria and fungi) (Schimel 1995). Of total carbon, 
plants and soils account for the largest share. Most of the carbon in terrestrial 
ecosystems is in organic forms (compounds formed by living organisms such 
as leaves, roots, dead plant and the organic residues from the decomposition of 
previous living tissues). The terrestrial carbon cycle includes photosynthesis 
(carbon sequestration), ecosystem respiration (carbon release) and storage 
(biomass and soil storage). 

This section summarizes the current understanding of the terrestrial carbon cycle 
(Box 17.1) (with a focus on the factors (such as climatic variables, biodiversity 
change and livestock grazing) that affect the uptake or release of CO2 in semiarid 
rangelands. 

The carbon cycle is governed by net ecosystem exchange (NEE), which is 
the balance of gross primary production (GPP) (photosynthesis) and ecosystem 
respiration (Reco = Ra 

4 + Rh 
5 ) (Box  17.2) (Ciais et al.  2011). Carbon exchange 

between the plants and the atmosphere occurs through photosynthesis and respi-
ration (Fig. 17.3). During photosynthesis, plants use solar energy to absorb CO2 
from the atmosphere (by diffusion through the stomata) and water from the soil 
to produce carbohydrates. Most of the absorbed CO2 is reemitted. The amount 
of CO2 converted to carbohydrates during photosynthesis is called gross primary 
production (GPP). Plants also release CO2 into the atmosphere through respiration 
(corresponding to the exhalation of plants); plant cells use carbohydrates produced 
during photosynthesis as energy. An ecosystem usually absorbs and releases carbon 
due to these processes taking place simultaneously. 

Box 17.2 Ecosystem Respiration (Reco) 
Ecosystem respiration is the sum of all respiration processes of living 
organisms in an ecosystem. Ecosystem respiration can be divided into 
autotrophic respiration (Ra), which comes from organisms with the sun as 
their main source of energy (i.e., plants), and heterotrophic respiration (Rh) 
from heterotrophic organisms (e.g., microbial decomposition of residues and 
soil organic matter), whose main source of energy are other organisms.

4 Autotrophic respiration. 
5 Heterotrophic respiration. 
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Fig. 17.3 The schematic diagram describes the ecosystem–atmospheric carbon exchange in the 
semiarid grazing ecosystems (adapted from Schimel 1995; Asner and Archer 2010) 

Some of the aboveground biomass is consumed by livestock, and carbon 
compounds are transferred through the food chain (Spangler et al. 2021). Most of the 
carbon they consume is exhaled in the form of CO2 produced by aerobic respiration. 
Eventually, some of the carbon returns to the soil as manure, which can also increase 
rangeland yields, thereby improving soil carbon storage (Gross and Glaser 2021), 
or into the atmosphere through intestinal fermentation (Lee et al. 2017). 

Most of the carbon is ultimately re-emitted to the atmospheric carbon pool via 
heterotrophic and autotrophic respiration. Most of the carbon in the soils comes 
in the form of dead plants, which is decayed by microorganisms (consumed by 
bacteria and fungi) during the decomposition process (Gougoulias et al. 2014). 
Over time, the metabolic processes of microorganisms decompose most of the 
organic matter into CO2. The decomposition process releases carbon into the 
atmosphere at a rate that depends on the chemical composition of the dead tissues 
and environmental conditions (dry conditions, flooding and low temperatures slow 
down decomposition) (Bardgett et al. 2008; Paz-Ferreiro et al. 2012). Plant material 
can take years to decades (large trees) to decompose, and carbon is temporarily 
stored in soil organic matter. 

The effectiveness of the terrestrial absorption of CO2 depends on the transition 
of carbon to long-lived forms (i.e., trees and woody shrubs). Management practices 
could increase the carbon sink potential due to the inertia of these “slow” carbon 
pools. The difference between Reco and GPP determines how much carbon is 
released or absorbed by the ecosystem without interferences that removes carbon 
from the ecosystem, such as harvest or fire (Prentice et al. 2001). This carbon 
balance can be estimated from changes in carbon stocks or by measuring CO2 
fluxes between the ecosystem and the atmosphere (Sect. 17.2.2). In the absence 
of disturbance, Reco should balance GPP, and NEE would be zero. Anthropogenic
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activities, natural disturbances and climate variability change GPP and Reco causing 
temporary changes in the terrestrial carbon pool and, consequently, nonzero NEE 
(Williams et al. 2014; Hamidi et al.  2021). A steady increase in GPP is expected to 
result in a sustained larger net carbon uptake so that increased terrestrial carbon is 
not processed through the respiring carbon pools. 

The African continent is playing an increasingly important role in the global 
carbon cycle (due to global warming and land cover change) and has a potentially 
significant impact on climate change (Epple et al. 2016; Simpkin et al. 2020). In 
general, it is estimated that the African continent is a small carbon sink (Valentini 
et al. 2014), but due to the lack of long-term CO2 measurements in many critical 
ecosystems on the continent, the uncertainty of these estimates is high. South Africa 
is particularly vulnerable to the impacts of climate change (DEA and SANBI 2016). 
Large parts of the country are affected by droughts (Archibald et al. 2009; du Toit  
2017), which can cause changes in the magnitude and pattern of the carbon cycle. 
The duration, frequency and strength of droughts have increased substantially in 
recent decades, particularly in semiarid ecosystems. Droughts could interact with 
other biotic and abiotic changes (global warming, grazing intensities) and thus 
could fundamentally alter the function, structure and vegetation composition of 
ecosystems (Abdulai et al. 2020; Malik et al. 2020). Moreover, droughts are the 
main cause of interannual variability in the carbon balance of semiarid ecosystems 
and are closely linked to terrestrial carbon cycling at various scales (Archibald 
et al. 2009; Merbold et al. 2009). The distribution of sequestered carbon in the 
semiarid ecosystems of South Africa, as well as their potential capacity to store 
and sequester carbon in soils, is still uncertain (Brent et al. 2011; Von Maltitz et 
al. 2020). Compared to other ecosystems, semiarid shrub/grassland ecosystems are 
more susceptible to subtle environmental and land management changes in terms of 
function and structure (Milton and Dean 2021). Semiarid grassland ecosystems with 
high root productivity store most of their carbon in soils, the turnover of which is 
relatively slow (Leifeld et al. 2015; Mureva et al. 2018). Viewed together, these traits 
of semiarid shrub/grasslands would emphasize their importance for sustainable land 
management. 

17.2.2 Methods for Quantifying Carbon Uptake and Release 

The scarce observation networks in and around the African continent mean that 
Africa is one of the weakest links in our understanding of the global carbon cycle. 
CO2 can be measured over a range of scales, from a small landscape to a global 
extent (Fig. 17.4). There are several sites that monitor terrestrial CO2 in South Africa 
(Feig et al. 2017 and the references therein): 

• Stations equipped with high-precision spectroscopic analyzers for atmospheric 
concentration: the Cape Point Global Atmosphere Watch station; the Eskom 
Ambient Air Quality Monitoring network of stations mainly Elandsfontein and
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Fig. 17.4 The schematic representation of the methods for quantifying carbon uptake and release 
integrated across time and space scales (adapted from Ciais et al. 2010) 

Medupi located stations in the vicinity of major coal power stations in the 
country. 

• The network of eddy covariance (EC) flux towers: Skukuza, Malopeni, Agin-
court, Vuwani; Middelburg Karoo (study sites in this chapter), Cathedral Peak, 
Welgegund. 

Eddy covariance (EC) has been proven to be the most effective method of 
measuring carbon exchange between the ecosystem and atmosphere on a landscape 
scale (Swinbank 1951; Verma  1990; Moncrieff et al. 1996; Twine et al. 2000; 
Burba 2013). In the last two decades, the technology has become reliable enough 
(due to the continuous development of computer acquisition, sensors such as high-
performance CO2 analyzers, ultrasonic anemometers and data processing capacity) 
to continuously measure fluxes over several years, allowing the study of seasonal 
and annual variability of CO2. EC has the advantages of a strong theoretical basis, 
few theoretical assumptions and wide application range, but also imposes high 
hardware requirements, such as fast response sensors and rapid data acquisition. It is 
widely used to study the ecosystem–atmosphere carbon exchange over crops, forests 
and grassland sites, but is difficult to apply over sloping areas and heterogeneous 
canopies. To understand the responses of NEE to climatic and anthropogenic 
changes, it is important to separate and analyze GPP and Reco flux components, 
which can be derived using two common partitioning methods: (1) the night-time-
based flux partitioning method is based on the modeling of the night ecosystem
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respiration (GPP = 0) extrapolated to daytime as a temperature function (Reichstein 
et al. 2005); (2) the day-time-based flux partitioning method is based on light-
response curves that are fitted to the measurements of daytime NEE (Lasslop et 
al. 2010). 

Chamber measurements were the dominant technique for monitoring field-scale 
soil CO2 flux for almost a century (Lundegårdh 1927; Acosta et al. 2013) until the 
EC technique became the standard method (Aubinet et al. 2012). There are several 
methods available to implement an automated technique for the measurement of 
CO2: an open dynamic chamber (CO2 exchange is measured using the increase in 
concentration inside the chamber) (Livingston and Hutchinson 1995; Liang et al. 
2003) and a closed dynamic chamber (air is directed from the chamber headspace 
to a portable CO2 analyzer and returned to the chamber) methods (Rochette et 
al. 1997). Chamber measurements are relatively easy to use and adaptable to a 
variety of studies, especially important in situations where the EC method cannot 
be implemented such as on smaller plots under different treatment. 

Leaf gas exchange occupies a central position in the analysis of photosynthetic 
processes. This has resulted in rapid development of techniques used for commercial 
and research purposes to directly measure the net rate of photosynthetic carbon 
assimilation of individual leaves or plant canopies, combining infrared gas analysis 
and chlorophyll fluorescence capabilities (Farquhar et al. 1980; Von Caemmerer 
and von Farquhar 1981; Field and Mooney 1990). Systems use a closed transparent 
chamber that measures the change in the concentration of CO2 of the air flowing 
across the chamber. 

Measurements of greenhouse gas concentrations, typically from tall towers (at 
elevations high enough to be representative of greenhouse gas concentrations in the 
planetary boundary layer), are used to refine preliminary estimates of greenhouse 
gas release and uptake (Tans 1993; Haszpra et al. 2015). Measurements of atmo-
spheric CO2 concentrations and transport model simulations are used to constrain 
surface fluxes using inverse modeling (the atmospheric transport model is linearized 
and the transport operator is inverted to relate emissions to a measured concentration 
at low and medium resolutions) (Enting and Mansbridge 1989; Masarie et al. 2011). 

Stable isotopes have been shown to be a conversion tool for distinguishing 
between two different sources of an element (e.g., soil vs. plant C) (Peterson 
and Fry 1987; Whitman and Lehmann 2015). This is an important method for 
high-precision, small-volume, automated and relatively rapid measurements for 
multiscale geochemical cycle studies using the traditional dual inlet Isotope Ratio 
Mass Spectrometry (IRMS) with cryogenic extraction (large air samples) or Gas 
Chromatography-Isotope Ratio Mass Spectrometry (GC-IRMS) (smaller air sam-
ples, less accurate) (Reinnicke et al. 2012). 

Traditional field measurements of CO2 using the above-mentioned methods 
are the most accurate approach for obtaining reliable data, but they are difficult 
to carry out over large areas. Remote sensing methods can measure the spectral 
reflectance of vegetation and analyze carbon-stock dynamics using spectral band 
imaging (Situmorang et al. 2016). Satellite data can be easily collected and used to 
estimate the aboveground carbon stocks by generating regression models that focus
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on the relationship between observations and satellite image vegetation indices. 
Remote sensing, however, is sensitive to the vegetation structure, texture, shadow 
and does not provide a direct estimate of the above-ground biomass (Gerber 2000; 
Ramankutty et al. 2007). 

Physical models of Soil-Vegetation-Atmosphere Transfer (SVAT) are funda-
mental mathematical representation of the ecosystem–atmosphere interactions and 
prediction of the surface fluxes (energy fluxes, carbon flux, evapotranspiration) 
(Breil et al. 2017; Bigeard et al. 2019). In general, SVAT models are considered 
overly parameterized due to the limited data availability for calibration, which 
affects the robustness of the parameters. Local SVAT models are based on accurate 
descriptions of the energy balance of the ecosystem canopy, while larger-scale 
models use simplified assumptions that are based on typical deposition rates instead 
of site-specific parameters. 

Earth system models (ESMs) differ in their representation of many key processes 
(e.g., vegetation dynamics, carbon–nitrogen interactions, physiological effects of 
CO2 increase, climate sensitivity, etc.) (Friedlingstein et al. 1999; Kolby Smith et 
al. 2016). The modern fully coupled carbon-climate ESMs have been triggered by 
studies on the feedback between climate change and the carbon cycle, which can be 
classified into three categories depending on their complexity (Hajima et al. 2014): 
conceptual models, intermediate complexity ESMs (EMICs) and ESMs based on 
general circulation models (GCMs). 

17.3 Multiyear CO2 Budgets Under Different Grazing 
Intensities: A Case Study from the Nama-Karoo 

17.3.1 Site Description and Measurement Setup 

In October 2015, two (EC) towers were installed 1.5 km apart at Middelburg, 
Eastern Cape, to measure the ecosystem–atmosphere exchange of carbon, water 
and heat flux (Fig. 17.5). To be able to study the impacts of grazing, the towers 
were placed at lenient grazing (LG) and experimental grazing (EG) sites. A three-
dimensional sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, 
USA), mounted 3 m above the ground, was used to measure three orthogonal 
wind components in conjunction with an enclosed path fast-response Infra-Red 
Gas Analyzer (IRGA) Li-7200 (IRGA, Li-Cor, Lincoln, NE, USA) for CO2 and 
H2O measurements and the extended weather station (temperature/humidity probe 
to record relative humidity and air temperature, tipping bucket rain gauge for 
precipitation, net radiometer for radiation components, two heat flux plates, soil 
moisture and soil temperature probes). 

The studied ecosystems are located in the Nama-Karoo Biome at an altitude of 
1310 m.a.s.l. (Mucina et al. 2006) (Fig. 17.5). The vegetation is codominated by 
dwarf shrubs (perennial, both succulent and nonsucculent) and grasses (short-lived 
and perennial), including shrubs, sedges, geophytes and herbs (O’Connor and Roux 
1995; du Toit et al.  2018). The warm season benefits the growth of grasses, while
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Fig. 17.5 South African biomes with location of the study sites marked as a red circle and location 
of paddocks on the top right side, and pictures in the dry and growing seasons for the lenient 
grazing (LG) (bottom left) and the experimental grazing (EG) sites (bottom right) (South African 
Environmental GIS Data 2013) (Base map: Satellite, Map data ©2015 Google) 

the growth of dwarf shrubs is promoted in the cool season (du Toit and O’Connor 
2014). The soils are loamy at both research sites (Roux, 1993). Four main seasons 
can be identified: cold and dry winter (June–August), warm and relatively dry spring 
(September–November), hot and wet summer (December–February) and warm and 
relatively wet autumn (March–May). In summer, it is usually hot during the day (30– 
40◦C) and moderately warm at night (10–16◦C), while in winter, days are moderate 
to warm (14–25◦C) and nights are cold (−4–4◦C). The long-term mean annual 
temperature is 15◦C. Precipitation and droughts are unpredictable (Booysen and 
Rowswell 1983). Annual precipitation in the years 1889–2013 ranged from 163 mm 
to 749 mm, with a mean annual precipitation of 374 mm (du Toit and O’Connor 
2014). Precipitation mainly occurs in the summer and autumn, with March being 
the rainiest month. Seasonality and amount of precipitation, including long-term 
droughts and wet periods, are important drivers of ecosystem processes in the 
area, especially for the vegetation dynamics, composition, structure and functioning 
(Anderson and Hoffman 2007; Du Toit and O’Connor 2020). Droughts are common 
in the Nama-Karoo region with severe droughts occurring approximately every 
20 years (du Toit 2017). 

The LG site (31◦25'20.97” S, 25◦1'46.38'' E) has been grazed by sheep and 
cattle (Fig. 17.5) using a rotational grazing system (about 2 weeks of grazing 
followed by 24–26 weeks of rest) at recommended stocking rates of 1/16 animal
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units per hectare (AU ha−1) since the 1970s. In terms of botanical composition, the 
site is considered an excellent “reference” site, with high species diversity and co-
dominance of grasses (Digitaria eriantha (palatable perennial grass), Sporobolus 
fimbriatus (palatable perennial grass) and dwarf shrubs (Pentzia globosa (palatable 
nonsucculent dwarf-shrub) and Eriocephalus ericoides (palatable shrub)) (Fig. 17.5) 
(du Toit and Nengwenani 2019). The EG site (31◦25'48.69'' S, 25◦0'57.70'' E) was 
grazed by Dorper sheep using a two-paddock rotational system (120 days grazing 
followed by 120 days rest) at stocking rates approximately double the recommended 
rate (2/16 AU ha−1) as part of an experimental trial from 1988 to 2007 (Fig. 17.5). 
The Dorper breed is described as a hardy sheep that prefers shrubs to grasses 
(Brand 2000). This intensive grazing treatment has eradicated almost all palatable 
species and nearly all dwarf shrubs. Therefore, the site is dominated by Aristida 
diffusa (unpalatable perennial grass), Aristida congesta (short-lived unpalatable 
grass) and Tragus koelerioides (creeping unproductive grass) (van Lingen 2018). 
As a result, the EG site is degraded from an agricultural perspective, having 
transformed from a diverse grassy shrubland to unpalatable semiarid grassland. 
The site was ungrazed from 2008 to 2017, but did not recover in terms of species 
composition, where the bulk of fodder available to animals comprised grasses of 
relatively low palatability. In July 2017, Dorpers were reintroduced at a slightly 
higher stocking rate (1/5 AU ha−1) (Fig. 17.5), and the paddock was continuously 
grazed unless food capacity was too low (for short periods). Vegetation biomass 
has never been completely removed by grazers (Du Toit and O’Connor 2020). In 
addition, nongrowing plants retain their quality well (almost like standing hay) and 
remain palatable to animals. Compared with the 10 plant species at the EG site, the 
LG site shows a clearly higher species richness, with 32 species. Climatic conditions 
of the two sites are similar. 

We analyzed and defined the following periods as hydrological years: Year I (Nov 
2015–Oct 2016), Year II (Nov 2016–Oct 2017), Year III (Nov 2017–Oct 2018), Year 
IV (Nov 2018–Oct 2019) and Year V (Nov 2019–Oct 2020). 

17.3.2 Ecosystem–Atmosphere CO2 Exchange 

17.3.2.1 Diurnal Variations of Carbon Fluxes 
The mean diurnal variations of carbon fluxes were compared between the EG and 
LG sites and past (years I–II) and current (years III–V) livestock grazing due to the 
reintroduced livestock grazing at the EG site in the end of the year II (Fig. 17.6). 
The patterns of carbon fluxes were grouped by dry (June–December) and growing 
(January–May) seasons. In our study, positive numbers indicate net CO2 release 
to the atmosphere and negative numbers net CO2 sequestration by the ecosystem 
through higher photosynthetic uptake by plants than respiratory losses. The positive 
nighttime values of CO2 indicate that CO2 is released into the atmosphere by 
ecosystem respiration processes (Sect. 17.2.1). During the daytime (between 6:00 
and 18:00 LT), however, CO2 uptake by photosynthesis is higher than CO2 release 
by ecosystem respiratory processes, and thus, the CO2 values are negative. As shown
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Fig. 17.6 Mean diurnal carbon fluxes in the dry (June–December) (a, c) and growing (January– 
May) (b, d) seasons for years I–II (top) and III–V (bottom) in the (blue) lenient grazing (LG) 
and (red) experimental grazing (EG) sites. Shaded area indicates ±1 standard deviation. Positive 
numbers refer to net CO2 release to the atmosphere, while negative numbers indicate net CO2 
sequestration by the ecosystem 

in Fig. 17.6, diurnal CO 2 fluctuations at the study sites show stable positive CO2 
release during the night and negative CO2 fluxes during daytime, peaking around 
noon. 

Averaging all dry seasons, the mean daily CO2 fluxes were 14 mg C m−2 h−1 

and 13 mg C m−2 h−1 for the LG and EG sites, respectively. These values are quite 
low, implying that net carbon uptake was limited due to the lack of water availability 
and the inactivity of vegetation. 

During the growing seasons, diurnal cycles of carbon fluxes for both sites showed 
predominance of carbon uptake during the day and only respiration at night (Fig. 
17.6b, d). However, there were small differences between the CO2 fluxes of the 
study ecosystems. Peak of the mean diurnal CO2 uptake (higher negative NEE) 
was higher in years I–II at the EG site with unpalatable grass species as dominant 
vegetation cover (124 mg C m−2 h−1) than  at  the LG site  (94 mg C m−2 h−1) 
(Fig. 17.6a, c). However, the situation changed when heavy livestock grazing was 
reintroduced at the EG site (July 2017) and the sites showed similar peak of the 
mean diurnal CO2 uptake in years III–V (160 mg C m−2 h−1 for both sites). 

In general, during the measurement period, the highest hourly carbon uptake rates 
were observed in year V with the highest amount of precipitation during the growing 
season. This was also the year when the highest carbon release was measured after 
the longest dry period in the previous year.
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17.3.2.2 Seasonal NEE, GPP and Reco Variations 
The daily sums of NEE, Reco and GPP showed clear seasonal variability (Fig. 17.7) 
that followed the patterns of precipitation. The length of the wet season (NEE < 0 on 
a daily basis) varied from year to year depending on the distribution of precipitation 
throughout the year (from 60 (year I) to 150 wet days (year III)) (Fig. 17.8). 

At the study sites, the magnitude of daily NEE ranged from −4.2 g C m−2 d−1 to 
5.4 g C m−2 d−1 during the measurement period. At both sites, carbon sequestration 
was always highest during the growing season and decreased during the dry season, 
with the lowest values observed in June–October (Fig. 17.8). The occurrence of 
the maximum daily NEE uptake during the growing seasons over the five years 
measurement period demonstrated the important role that precipitation and soil 
moisture play in the CO2 uptake and release rates in the semiarid water-limited 
ecosystems (Fig. 17.7). 

The dry periods were mainly characterized by low precipitation (<10 mm 
month−1), low soil water content (<15%), and almost inactive (low NEE, GPP and 
Reco) carbon cycling between the ecosystem and the atmosphere (Fig. 17.7). Mean 
daily CO2 rates during the dry seasons of the measurement period were similar 
(∼130 mg C m−2 d−1) with maximum Reco and GPP of 2.1 g C m−2 d−1 and 1.9 g 
C m−2 d−1 for both sites. 

Fig. 17.7 Daily cumulative measured net ecosystem exchange (NEE) and partitioned component 
fluxes (i.e., gross primary production (GPP), ecosystem respiration (Reco)) across different grazing 
intensities for (a) lenient grazing (LG) and (b) experimental grazing (EG) sites, (c) daily means 
of soil water content (SWC, left) and cumulative precipitation (P, right). The blue and red patterns 
represent livestock periods in the LG and EG sites, respectively
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Fig. 17.8 Temporal dynamics of the hourly carbon fluxes for the entire measurement period in 
the (a) lenient grazing (LG) and (b) experimental grazing (EG) sites 

During the November–December transition period from the dry to the growing 
season, there was an increased release of CO2 (Fig. 17.8). Reco responded imme-
diately to the first major precipitation events turning the ecosystem into a carbon 
source, while GPP showed a delayed response (∼1–4 weeks, during which carbon 
uptake begins to rise as assimilation by grasses and herbs increases). 

The growing season was characterized by high precipitation (>65% of annual 
precipitation) and high soil water content (15%–35%) compared to the dry season, 
which resulted in a higher water content available for plants and enhanced CO2 
uptake (Fig. 17.7). The mean daily values of NEE during the growing seasons 
(January–May) of the measurement period (−74 mg C m−2 d−1 for the LG site 
and − 152 mg C m−2 d−1 for the EG site) showed high CO2 uptake compared to 
the dry seasons with maximum values of GPP and Reco of 7.6 g C m−2 d−1 and 
7.7 g C m−2 d−1, respectively, in the peak of the growing season (February–March) 
for both sites. 

17.3.2.3 Seasonal and Annual Carbon Balances 
Seasonal and annual carbon balances were estimated to illustrate the carbon 
source/sink potential of the studied ecosystems (Fig. 17.9). The seasonal and annual 
ecosystem–atmosphere CO2 fluxes show how climatic (water availability and its 
distribution) and land management (grazing intensity) factors affect carbon budgets.
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Fig. 17.9 Annual cumulative net ecosystem exchange (NEE) (a–e), annual cumulative precipita-
tion (P) (f–j) for the years I–V, (k) cumulative delta NEE (EG NEE–LG NEE) with shaded areas 
that represent livestock grazing periods at the LG (green) and EG (gray) sites and (l) Standardized 
Precipitation Evapotranspiration Index (SPEI) (Beguería et al. 2014) monthly basis 

Similar mean seasonal carbon releases were observed (50 g with a seasonal 
mean uncertainty 6 of 24 g C m−2 for the LG site and 45 g with a seasonal mean 
uncertainty of 24 g C m−2 for the EG site) during the dry seasons (June–December), 
with the highest carbon release in the dry season of year V (Fig. 17.8). Although 
the studied ecosystems temporarily acted as carbon sinks during high precipitation 
events (e.g., July–August 2016), this was not reflected in seasonal budgets. 

While only minor differences in NEE occurred during the dry seasons at the study 
sites between years I–V, significant variations were observed during the growing 
seasons (January–May). The length of the wet season and strength of carbon uptake 
varied significantly from 2 to 6 months during the measurement period. Net carbon 
release was observed on a seasonal basis during the growing seasons of years I and 
IV, while those of years II, III and V showed enhanced carbon sequestration. Mean 
seasonal carbon uptake during the growing seasons of the measurement periods was

6 Uncertainty was estimated as random uncertainty after (Finkelstein and Sims 2001) plus  
uncertainty that originates from gap filling after (Lucas-Moffat et al. 2018). 
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−24 ± 15 g C m−2 for the LG site and − 49 ± 19 g C m−2 for the EG site with the 
highest carbon uptake in the year III for both sites (∼ − 120 ± 26 g C m−2) (Fig. 
17.7). 

Over the five-year measurement period, the studied ecosystems varied from 
carbon sink to source with a mean annual NEE of 26 ± 39 g m−2 for the LG 
site compared to −5 ± 42 g m−2 for the EG site (Fig. 17.9). Compared to the 
EG site, which acted as a carbon sink during years II–III, the LG site acted as 
a net carbon sink (-NEE) only in year III (Fig. 17.9b, c). Carbon releases were 
observed annually at both sites in years I, IV and V, with higher carbon release at 
the LG site (Fig. 17.9a, d, e). In the year II, a net carbon release was observed at 
the LG site (24 ± 36 g m−2), while the EG site acted as a carbon sink ecosystem 
(−31 ± 38 g m−2) (Fig. 17.9b). Similar NEE was found in year III (92 ± 49 g m−2) 
(Fig. 17.9c). Meanwhile, a lack of water contributed to the highest carbon release 
rates during the year IV (84 ± 35 g C m−2 for the LG site and 60 ± 38 g C m−2 for 
the EG site) (Fig. 17.9d). 

The difference in NEE between sites was statistically significant in years I-II 
and showed negative delta NEE trends during the growing season (Fig. 17.9k). 
Following the reintroduction of continuous livestock grazing to the EG site, the 
differences decreased, showing positive delta NEE trends at the beginning of the 
growing season in years III–V (temporarily higher uptake at LG) (Fig. 17.9k). As 
a result of the five years of measurement period, the cumulative NEE indicates that 
the LG site acted as a carbon source ecosystem and released 131 ± 39 g C m−2 

of carbon, while the EG site was a small carbon sink with a sequestration rate of 
−22 ± 42 g C m−2. 

17.3.3 Carbon Flux Drivers 

17.3.3.1 Historical and Current Grazing 
Understanding the effects of livestock grazing on carbon exchange is indispensable 
for predicting and assessing the feedbacks between global change and carbon cycles 
(Okach et al. 2019; Ondier et al. 2021). Many studies suggest that livestock grazing 
reduces productivity and CO2 exchange by decreasing photosynthetic biomass and 
altering soil water capacity, increasing soil compaction, often resulting in losses of 
soil organic matter necessary for biomass development. A wide range of factors 
contribute to the recovery of the grazing area, such as the intensity and duration 
of grazing and the availability of soil moisture and nutrients (Leriche et al. 2003; 
Seymour et al. 2010). 

In the Karoo study, a comparison of the carbon exchange during years I and 
II allowed us to compare a site showing the impacts of past overgrazing (EG) to 
a leniently grazed site with near-natural species composition (LG). After grazing 
was reintroduced to the EG site, we further observed the impacts of current heavy 
grazing at the EG site, compared to parallel lenient grazing at the LG site (years 
III–V).
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Based on the results of the first two years of measurements, we found the LG 
site to act as a net carbon source (84 g C m−2 with an annual mean uncertainty of 
42 g C m−2), while the EG site was carbon neutral (−4 g C m−2 with an annual 
mean uncertainty of 41 g C m−2) with temporarily higher carbon sequestration 
rates (Fig. 17.7). This indicates that the change in species composition (due to 
past overgrazing) and the recovery period (2007–2017) from long-term disturbance 
(regrowth of biomass) resulted in an increase of the carbon sink strength at the 
EG site. Differences in grasses and shrubs and their response to pulse rain and 
drought events in the studied ecosystems, in turn, may explain the differences in 
carbon sink strength between the sites. For example, Aristida diffusa is a drought-
tolerant dominant grass at the EG site (Du Toit and O’Connor 2020).  In a study  
conducted by Zhou et al. (2012), the fine root biomass of perennial grasses was 
more abundant in the top layer of the soil than those of shrubs. This implies that the 
grass cover in the EG ecosystem can respond more quickly to precipitation events 
by using discontinuous and erratic water sources in the upper soil layers, unlike 
shrubs (with deep-root systems) that use water in deeper soil layers (Canadell et al. 
1996; Hipondoka et al. 2003; Zhou et al. 2012). Furthermore, the higher soil organic 
carbon inputs of perennial grasses and their slower decomposition allow them to 
store more soil organic carbon than shrubs. After continuous heavy grazing was 
reintroduced at the EG site in July 2017, the difference in NEE between sites was 
reduced in years III–V (Fig. 17.9). Despite this, differences in grazing intensity were 
not reflected as differences in carbon fluxes, and the EG site still indicated slightly 
higher carbon sink strength than the LG site. Furthermore, our results support the 
assumption that in highly seasonal systems, grazing pressure may be enhanced when 
coupled with drought stress. After a long drought in year IV (with just 5 mm of 
precipitation in June–November), the highest respiration peak was observed at the 
beginning of the growing season in year V. Despite the fact that continuous heavy 
grazing (with stocking rate and duration many times higher than recommended) was 
reintroduced at the EG site, we found great NEE resilience of the EG site that was 
dominated by grasses and which had a low species richness. Similar annual NEE 
ranging from −98 g C m−2 yr−1 to  21 g C m−2 yr−1 have been observed in the 
semiarid Kendall grassland, USA with precipitation of 345 mm (63% in summer) 
(Scott et al. 2010). During 2011–2013, Räsänen et al. (2017) reported annual carbon 
budgets of −85 C m−2 yr−1, 67 C m−2 yr−1 and 139 C m−2 yr−1 in the Welgegund 
atmospheric measurement station grassland ecosystem, South Africa (540 mm). 
On a broader perspective, Valentini et al. (2014) reported a small carbon sink of 
0.61 ± 0.58 Pg C yr−1 (−20 g C m−2 yr−1) for the entire African continent. In our 
study, we found an annual mean of 20 g C m−2 yr−1 for the LG site and − 9 g C  
m−2 yr−1 for the EG site, illustrating the fine line between net carbon releases and 
sequestration due to differing land use and management. 

17.3.3.2 Water Availability 
Semiarid ecosystems, which are also referred to as water-limited ecosystems, 
usually receive between 200 and 700 mm precipitation annually (Gallart et al. 
2002). For periods within this range, the mean annual precipitation was 319 mm
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in 1899–1937, 401 mm in 1938–1952, 353 mm in 1953–1984, 426 mm in 1985– 
2010, 481 mm in 2011–2015 and 384 mm in 2016–2020 (du Toit and O’Connor 
2014). In these environments, it is typically warm enough for physiological activity, 
and thus, temperature is not considered a limiting factor to ecosystem production 
(Archibald et al. 2009). The pulsed input of water in semiarid ecosystems is 
understood to drive ecosystem responses such as ecosystem water use, productivity 
and respiration (Archibald et al. 2009; Williams et al. 2009) with water availability 
in these environments characterized by a strong seasonality component (Merbold 
et al. 2009). In the Karoo ecosystems, as the growing seasons progressed, negative 
carbon fluxes (correlated with daytime light intensity) occurred during the daytime, 
whereas positive fluxes (carbon release) were observed at night. Plant germination 
and small increase in GPP was observed at the onset of summer precipitation events 
(beginning of the growing season), while Reco responded rapidly to precipitation, 
so ecosystems acted as a small source of carbon. In contrast, the ecosystems turned 
into a carbon sink when GPP exceeded Reco at the peak of the growing season. 
Limited water availability slowed ecosystem activity during dry seasons, mainly 
indicating an inactive (carbon-neutral) ecosystem. This seasonality is described 
by the widely applied pulse-reserve paradigm to explain ecosystem functional 
responses to inputs of rain or soil water (Kutsch et al. 2008; Yepez and Williams 
2009). This paradigm brings to attention the thresholds and lags in ecosystem 
responses to water availability. The timing, degree and duration to which these 
responses are controlled and sustained however remains poorly understood. 

While the pulse-paradigm attempts to describe ecosystem responses to water 
inputs, it has rarely been tested with high frequency medium term observation 
approaches. In addition, the nonlinearity of ecosystem responses to water inputs 
highlights the observed rapid responses (respiration pulses) to even small wetting 
events in these ecosystems (i.e., Reco began to increase rapidly with precipitation 
of 9 mm during the transition months from the dry to the growing season in the 
water-limited Karoo ecosystems). To further complicate matters, these responses 
are seemingly not only dependent on water inputs and availability but also on the 
physiological recovery of the ecosystem from preceding dry periods which may 
modify the sensitivity of responses. In the Karoo ecosystems, for example, high 
carbon releases were observed after a long drought period (June–November 2019) 
with only 5 mm of precipitation at the beginning of the growing season in year V. 
Therefore, it appears that the status of antecedent vegetation state, soil condition and 
the timing of rainfall significantly influence ecosystem responses. 

17.4 Potential Adjustments and Recommendations for C 
Sequestration 

Considering the wide coverage of rangelands in southern Africa and their likely 
ongoing recovery from previously unsustainable stocking rates, they may play an 
important role in carbon sequestration (Dean et al. 2015; Wigley et al. 2020). 
In semiarid ecosystems, the rate of carbon sequestration may be relatively slow,
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but appears to be substantial when scaled up under optimal management regimes. 
Sustainable livestock farming should take into account the needs and aims of both 
public (carbon sequestration and food security) and private stakeholders (income 
and sustainability of production) (Eisler et al. 2014; Hasselerharm et al. 2021). 
While climate-smart management practices appear to offer multiple benefits, it will 
be critical to support their development based on good evidence to better inform 
policies that could enhance such multiple benefits. 

As shown by O’Reagain and Turner (1992), key decisions determining long-term 
influence in vegetation dynamics in southern African rangelands systems include 
stocking rate, management system and livestock type. The majority of Nama-
Karoo is commercial rangeland, and the adoption of climate-smart management 
practices in these systems could therefore have a large potential impact on climate 
mitigation. A wide range of management proposals has been made, from destocking 
to intensive “nonselective grazing” as extreme ends of a management continuum. 
Some practitioners have made remarkable claims of large sequestration potential 
from intensive grazing that is applied with some temporal precision (Frith 2020). 
The results that we present here suggest that a site that is subjected to intensive 
grazing and then rested has a higher carbon sequestration potential than a leniently 
grazed site, based on results for 2016 and 2017, and that this sequestration appears 
somehow resilient to the reintroduction of grazing even at higher than recommended 
rates. Whether this resilience would persist over time is unknown, as is the influence 
of other factors such as drought. It is anticipated that species diversity would remain 
low as the continued presence of grazers would prevent ingress of palatable shrubs 
and grasses. In the case of a drought, it would be predicted that grasses may die 
out (Du Toit and O’Connor 2020), and the agricultural potential would collapse 
in the absence of drought-tolerant dwarf shrubs. There is also a strong interaction 
with rainfall amount, showing a greater sequestration capacity in leniently grazed 
vegetation when water availability is higher and well distributed throughout the 
growing season. Taken together, this suggests that the ecosystem composition 
change may have facilitated a greater resilience of carbon sequestration to grazing 
and drought, perhaps due to greater dominance of unpalatable species that continue 
to sequester carbon irrespective of grazing intensity or drought stress. Such a 
result requires confirmation in a wider range of sites, as this would be important 
in designing optimal management strategies based on composition and rainfall 
variability. In highly seasonal systems with large interannual variability, such as 
the Nama-Karoo, long time series are particularly important in understanding 
the patterns of land-atmosphere carbon exchange and ecosystem carbon balance. 
Furthermore, an important axis of future investigation would be to explore different 
rates of grazing in “good quality” vegetation. Scientifically based evidence derived 
from techniques such as described here could be pivotal in supporting policy 
application and cost-benefit analysis (Snyman 1998; Schurch et al. 2021).
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17.5 Conclusions 

Large uncertainties remain in the understanding of carbon dynamics of southern 
African semiarid rangelands. In this chapter, we presented a case study on the 
impacts of livestock grazing on carbon exchange in the Nama-Karoo biome in 
South Africa. Historically, the Nama-Karoo biome was over-stocked with livestock; 
however, a recent reduction in stocking rates has facilitated recovery of primary 
productivity and vegetation cover in many areas. We found that a leniently grazed 
study site was a slight net source of carbon during the five-year measurement 
period (wet year III and extremely dry year IV compared to the long-term mean 
annual precipitation (373 mm), while a previously overgrazed, recovering site, 
characterized by unpalatable species, had higher carbon sequestration potential and 
was nearly carbon neutral. Furthermore, the previously overgrazed site seemed to 
show better resilience to drought. Taking the vast areal importance of livestock 
rangelands in South Africa, we recommend exploring the impact of different 
intensities of livestock grazing on carbon balance on natural ecosystems. 
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of Savanna Resources: The Namibian Case 

Morgan Hauptfleisch, Niels Blaum, Stefan Liehr, Robert Hering, 
Ronja Kraus, Manyana Tausendfruend, Alicia Cimenti, 
Deike Lüdtke, Markus Rauchecker, and Kenneth Uiseb 

Abstract 

Use of wildlife as an alternative or complimentary rural livelihood option to 
traditional farming has become popular throughout southern Africa. In Namibia, 
it is considered a climate change adaptation measure since livestock productivity 
has declined across much of the country in the past few decades. In contrast with 
neighboring South Africa, Namibian landowners and custodian often avail large 
open areas to this purpose, such as in the communal conservancies where fences 
are prohibited. The SPACES II ORYCS project considered wildlife management 
in a multiple land-use and tenure study area in Namibia’s arid Kunene region. 
The aim was to investigate positive and negative impacts of the inclusion of 
wildlife on livelihoods and ecosystem services. Movement is recognized as an 
important survival strategy for wildlife in arid landscapes such as Namibia’s 
north-west, and this study found that movement barriers within and between 
the land uses could present a challenge to wildlife survival and productivity. 
Notwithstanding, wildlife persisted in crossing many of these barriers, including 
the national veterinary cordon fence to satisfy their requirements. This often led 
to human–wildlife conflict, especially with elephants and predators. Interviews 
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found that despite this conflict, an understanding of the need for wildlife 
and general biodiversity provided complimentary livelihood opportunities and 
improved land productivity. 

18.1 Wildlife as a Complementary or Alternative Livelihood 
Strategy in Arid Environments 

Free-range beef production has been the cornerstone of Namibia’s rural livelihood 
strategy since colonial times (Lange et al. 1998). For freehold farmers south of the 
veterinary cordon fence (see Fig. 18.1) cattle farming is a commercial venture on 
individually owned freehold units, while north of the fence it was, and remains, 
mostly for cultural, ploughing and homestead use (Groves and Tjiseua 2020; 
Mendelsohn 2006). Crop farming is limited to the far north and north-east of the 
country where rainfall is above 600 mm per annum. Most of Namibia however is 
considered marginal for livestock farming as a result of its aridity (Mendelsohn 
2010). Cattle numbers peaked in the 1950s with around two and a half million head 
and has since gradually declined. Reasons for the decline include land degradation 
as a result of overgrazing and deteriorating grazing production caused by bush 
thickening and encroachment (De Klerk 2004). 

Another factor affecting rangeland productivity for cattle, linked to abovemen-
tioned land degradation and bush encroachment, is purported to be climate change 
(Midgley et al. 2005; Reid et al.  2008). Much of Namibia is expected to receive 

Conventional farming – exotic species 
production, e.g. domestic stock & crops 

In
co

m
e 

&
 o

th
er

 b
en

ef
its

 Markets work against the 
conservation of wildlife & 
natural ecosystems 

Wildlife management – indigenous 
species production 

Markets work for the 
conservation of wildlife 
& natural ecosystems 

0 
10

0 
20

0 
30

0 
40

0 
50

0 
60

0 
70

0 
80

0 
90

0 

10
00

 

11
00

 

12
00

 

13
00

 

14
00

 

15
00

 

16
00

 

17
00

 

18
00

 

19
00

 

20
00

 

Rainfall (mm) - a good proxy for land productivity 

Fig. 18.1 Revenue and benefits from wildlife and commercial farming in relation to annual 
rainfall (Brown 1996)
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Fig. 18.2 Wildlife land use in Namibia, highlighting the ORYCS project study area (ORYCS 
2018) 

lower and more erratic rainfall (Barnes et al. 2012; Midgley et al. 2005) leading 
to increased pressure on rangelands and farm revenue. Wildlife and tourism-related 
revenue streams are considered effective strategies to either replace or compliment 
livestock production on communal and commercial farmland (Crawford and Terton 
2016). Brown (1996) postulated that livestock and other agricultural enterprises are 
marginal at best considering Namibia’s poor and erratic rainfall. As illustrated in 
Fig. 18.1, wildlife revenues and benefits seem to outperform conventional farming 
in arid environments while commercial agriculture is more viable at higher rainfall. 
Since the SPACES II ORYCS study site (blue box in Fig. 18.2) receives annual 
rainfall of between 250 and 400 mm per year, this area is ideal to investigate in 
terms of the value wildlife provides, and the attitudes of persisting livestock farmers 
toward wildlife. More detail of the project is provided later in this subchapter. 

Since the promulgation of the Nature Conservation Ordinance in the 1970s, 
commercial farmers on freehold land were given right of use and ownership of 
wildlife on their properties, driven by the economic benefit that adding this income 
stream on their farms could bring (GRN 1975; Lindsey et al. 2013; Schalkwyk et 
al. 2010). These rights were only afforded to communal residents after Namibia’s 
independence with the gazetting of the Nature Conservation Amendment Act of
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1996 (GRN 1996). This led to the establishment of communal conservancies, able 
to utilize wildlife through meat production, trophy hunting and eco-tourism (Ashley 
and Barnes 2020; Murphy and Roe 2004; Schalkwyk et al. 2010). Consequently, 
wildlife protection and management is now being practiced across 45.6% of the 
country’s land surface. (GRN 2018) (Fig. 18.2). This has brought with it an increase 
in large indigenous mammal numbers from under 500,000 in the 1960s to over 
3.5 million (Brown 1996), mostly through wildlife breeding, translocations and 
protection as economic resource. Within communal conservancies alone, it resulted 
in a contribution of almost N$ 9.8 billion to net national income and 5200 jobs in 
addition to traditional farming benefits (GRN 2018). 

Namibia’s wildlife protection and management systems vary similarly across its 
different land-tenure systems. These can be categorized as follows: 

(i) National Parks (green in Fig. 18.2): Gazetted national conservation areas as 
part of Namibia’s commitment to biodiversity conservation as signatory to the 
Convention on Biological Diversity (CBD); 

(ii) Communal conservancies: Registered under the Nature Conservation Amend-
ment Act of 1996 (GRN 1996) not separated from human settlements or 
livestock by fencing; 

(iii) Freehold Conservancies: A loose association of privately owned game farms, 
mostly individually fenced but agreeing to common wildlife conservation 
objectives; and 

(iv) Tourism concessions relying on eco-tourism benefiting national conservation 
and sustainable use objectives. 

A unique element to the Namibian wildlife management sector is the large 
variation in spatial scale of wildlife management units. Three of Namibia’s national 
parks are in excess of 2 million hectares, and since communal conservancies 
are unfenced, there are clusters of conservancies which allow for free movement 
of wildlife across vast areas. As example, the north-western conservancy cluster 
stretching from the veterinary cordon fence in the south to the Kunene river in the 
north spans over 4.2 million hectares (Bollig and Menestrey Schwieger 2014). By 
contrast a private game farm can legally be as small as 1000 hectares and is fenced 
(Nature Conservation Ordinance 4 of 1975). The social-ecological feedbacks, 
diversity and productivity of wildlife versus livestock land use have been studied on 
individually fenced neighboring commercial farms during the study, but ecological 
differences caused by spatial size variations in wildlife management units have 
not been assessed. Against the background of climate change, the research project 
aimed to close the knowledge gap in the design of adapted land use management 
options for semiarid regions. This includes differing perspectives of stakeholders 
on the interactions between wildlife management and ecosystem services in fenced 
areas compared to areas where wildlife movements are unrestricted, and to consider 
them in shaping adequate solutions (Hauptfleisch 2018).
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18.2 Wildlife Management in the Etosha South-West Landscape 
Case Study (The SPACES II ORYCS Project supported 
by the Biodiversity Economy in Landscapes Project) 

The SPACES II project ORYCS (Options for sustainable land use adaptations 
in savanna systems: Chances and risks of emerging wildlife-based management 
strategies under regional and global change) investigated ecological and social 
factors associated with wildlife-based land-use strategies at vastly varying spatial 
scale in the western part of Etosha National Park and surrounding commercial and 
communal areas (blue box in Fig. 18.2). This multiple land use and management 
landscape covering more than 30,000 km2 provides an opportunity to compare 
the ecological and social linkages within and between each management type 
containing wildlife. This includes Ehirovipuka and #Khoadi−//Hôas Communal 
Conservancies, Etosha National Park (over 2.2 million hectares), Etosha Heights 
Private Reserve (a larger fenced area of 50,000 hectares) and individually fenced 
cattle and wildlife farms with an average size of +/−5000 hectares each. Table 18.1 
illustrates the different wildlife-based land uses, and specific benefits they derive 
from wildlife consumptive and nonconsumptive use. 

18.2.1 The Importance of Long-Distance Mobility for Wild 
Herbivore Survival in the Arid Savanna 

It is well known in ecological science that the main survival strategy of large mam-
mals in arid landscapes is movement (Bailey 2004; Wato et al.  2018). Herbivores 
disperse to find growing vegetation, followed by carnivores seeking the migrating 
protein. Impressive “treks” of large springbok herds were regularly documented 
in the nineteenth and twentieth centuries (Scully 1913), and John Skinner was 
convinced that fences would not have stopped the movement of these large herds 
(Skinner 1993). Rinderpest and breach-load firearms largely laid waste to the herds 
and their migration. Humans have used a similar strategy of regular movement 
in arid areas, and even today the Ovahimba pastoralists outwit the unpredictable 
droughts of northern Namibia and southern Angola through following scattered 
rain-fed grasslands (Gibson 1977). In contrast, fencing is seen to be a key drought 
buffer strategy of the modern western-trained pastoralist (Barnes and Denny 1991). 
Controlling the movement of livestock through camping, it allows for micro-level 
rotational grazing and the protection of grazing camps for drought conditions 
(Tainton 1999). Ironically, fencing allowed arid-savanna farmers to apply Savory’s 
high intensity/long rest method to pastures which mimic the large herd migrations 
by trampling and heavily grazing a rangeland before moving to the next. (Savory 
1983; Savory and Parsons 1980) This has led to most livestock range, no-matter 
how marginal to be checkerboarded by fencing.
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18.2.2 Private Wildlife Farming and Fencing 

Many Namibian farmers have over the past 30 years gradually added wildlife to 
their production activities, and indigenous wild herbivores have been reintroduced 
to the micro-fenced land as personally owned assets. Namibian legislation currently 
requires game-proof fencing as a condition of private wildlife ownership on farms 
(GRN 1975). Fences are known to be effective in limiting and containing some 
animal diseases. Namibia’s commercial beef production is protected from Foot-and-
Mouth (FMD) disease by a through the veterinary cordon fence which traverses the 
country for 1300 km. The double-fence intends to prevent possibly FMD infected 
cloven-hoofed mammals (wild and domestic) from carrying the disease to the 
commercial farmland south of the fence. 

There has been scant research on the effect of fencing on wildlife movement in 
Namibia, although alarming mortalities of wildlife along fences have been recorded, 
mostly in neighboring Botswana (Mbaiwa and Mbaiwa 2006; Williamson 1981). 
Anecdotally, farmers immediately south of the Namibian veterinary cordon fence 
(VCF) have become increasingly aware of regular breaches of the fence, and wildlife 
moving into their farmland, especially those bordering Etosha National Park (“Close 
to N$500 million needed to fix damaged Etosha fence” n.d.). This is discussed in 
more detail below. 

18.2.3 Wildlife Movement and the Veterinary Cordon Fence (VCF) 

The complexity of the situation increases when not only local interests are consid-
ered, but also international stakeholders who influence local fence construction. A 
VCF stretches from west to east through the country (red line in Fig. 18.3) and 
runs along the southern boundary of Etosha National Park. It was constructed in the 
1960s after the occurrence of FMD outbreaks in the northern part of the country 
(Schneider 2012). According to the Animal Health Act Regulations (GRN 2018), 
today’s area south of the cordon fence is declared free from the contagious bovine 
pleuropneumonia (CBPP) and FMD, the latter being a highly infectious disease that 
may be transmitted from wildlife to livestock (Gadd 2012). Only beef originating 
from this area south of the fence is allowed to be imported to the European Union 
(Kreike 2009; Gadd 2012). 

Veterinary fences and strict controls enable commercial farmers to participate 
in international markets (McGahey 2011). In 2019, beef with the value of around 
44.8 million euros was imported from Namibia to the EU (European Commission’s 
Agricultural and Rural Development Department 2021). However, the benefits and 
the long-term maintenance of this fence is increasingly under scrutiny among 
different interest groups: On the one hand, negative effects on wildlife ecology 
are increasingly observed (Martin 2005); On the other hand, the trade regulations 
set by the World Organization for Animal Health (OIE) implore government to 
maintain the fence which is frequently damaged by elephants and other wildlife
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Fig. 18.3 Land tenure and the location of the Veterinary Cordon fence in Namibia 

(Grant et al. 2008; Smit  2018). Interviews with local farmers in 2019 revealed 
their concern regarding dependency on the EU, as their business heavily relies 
on the fence’s integrity. Considering the costs of the VCF, Scoones et al. (2010) 
suggest detachment from the fence-dependent strategy and instead to apply other 
mechanism like commodity-based trade: setting the focus on an acceptable risk 
coming with the product to be traded. This may require seeking other international 
markets or lobbying the EU to amend mechanisms of disease control. In this regard, 
certification was suggested to adapt to additional markets and allow more farmers 
to benefit. This strategy might be interesting for Namibia whose vision is to also 
develop the livestock sector north of the VCF in order to integrate farmers into 
international markets (Meat Board of Namibia 2015). 

The presence of the VCF across the Etosha South-West Landscape is a conun-
drum for livelihoods in the area. This is detailed in the next section which
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Fig. 18.4 Land use in the Etosha South-West Landscape 

documented livestock farmers’ attitudes toward wildlife within the landscape. The 
barrier to improve cattle commercial value in the southern portion of the landscape 
clearly reduces the ability of wildlife to move and impedes peripheral benefits to 
communities surrounding the Park. When scrutinizing land use along the southern 
boundary of Etosha (Fig. 18.4), three wildlife sanctuaries have been established 
on rewilded commercial livestock land. Ongava Private Wildlife Reserve, Etosha 
Heights Private Reserve and the Karros hunting farms derive their revenues entirely 
from consumptive and nonconsumptive wildlife utilization. These areas are com-
prised of combined rewilded livestock farms and benefit from resident wildlife and, 
in some cases from wildlife movement across the VCF. Despite regular maintenance 
of the fence the need for wildlife to move in relation to resource availability and 
territorial expansion causes regular breaching of the fence by large wildlife. 

This study used camera trap monitoring of three regularly breached sites (e.g., 
Plate 18.1) along the fence over a four week period in October 2019. Over a 
combined 81 trap days, 10,362 wildlife-fence interactions of 20 different species 
were recorded at the VCF with only 1058 individuals turning back at the fence-line 
the rest moving through the fence-line. This preference to traverse the fence with 
little hesitation indicates that the cross-fence movement is regular and habitual. 
The highest recorded fence-crossing species was springbok (Antidorcas marsupi-
alis) with 8454 separate interactions with the fence followed by gemsbok (Oryx 
gazella) with 1058 and common eland (Taurotragus oryx) with 486 observations. 
During the study period 38.54% of the movements were from the National Park
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Plate 18.1 Camera trap image of a fence breach used by wildlife to cross the veterinary cordon 
fence. The elephant in the center of the photo is between the farm fence (left) and the national park 
fence (right). The breaches are mostly created by elephants 

into the southern commercial sanctuaries and 61.46% into Etosha National Park. 
Movements are detailed in Table 18.2. 

Two key determinants likely drove the extensive movement of wildlife across 
the VCF in the study area. (i) surface water resources—the study area is almost 
exclusively supplied with surface water by pumping groundwater into artificial 
reservoirs. As in most arid savannas the distribution of these reservoirs is a key 
determinant of the distribution patterns of wildlife throughout the landscape (Cros-
mary et al. 2012). Matson et al. (2006) found that black-faced impala (Aepyceros 
melampus petersi) seldom moved further than 1 km from water in Etosha, while 
elephant movements were also found to be highly influenced by available surface 
water (De Beer et al. 2006; Wato et al. 2018) but would move up to 70 km from 
water in search of sufficient forage (Leggett 2006). Water is scarce in the Etosha 
National Park portion of the landscape and mostly limited to waterholes along the 
190 latitude (Fig. 18.5). This was partly to reduce the movement of wildlife, and 
hence human–wildlife conflict, in farms south of the Park. Evidence in Table 18.2 
disproves the effectiveness of this strategy. The high density of artificial surface 
water in the commercial farmland south of the Park is likely a significant attractant 
for wildlife.
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Fig. 18.5 Water-point distribution in the west of Etosha National Park and surrounding land use 

Telemetric monitoring of giraffes in the Etosha South-West Landscape provided 
an apt example of this (Fig. 18.6). Giraffe female 3620 was fitted with a satellite 
tag in Etosha National Park (19.01470S, 14.8196◦E) 18.77 km due north of the 
southern boundary of the Park on 25 July 2020. In the late dry season of 2021, Fig. 
18.6 clearly illustrates the reliance of this animal and assumed associated herd on a 
waterhole outside the Park while continuing foraging within the Park. 

Seasonal foraging preferences were also determined to affect movements. The 
Namibia University of Science and Technology’s Biodiversity Research Centre 
(NUST-BRC) and Potsdam University satellite collared a total of 57 springbok, 
eland, kudu and giraffe to investigate their movements in the Etosha South-West 
Landscape. Over 1.8 million GPS-localizations at a high temporal resolution (every 
5–15 min) were recorded considering vegetation, management structures such as 
water points and fences, and land use type. The species that did not challenge fences 
to a great degree were sedentary browsing kudu which occupied very restricted 
areas of a few dozens of square kilometers and spend most of their time in woody 
vegetation with only slight seasonal variation (Fig. 18.7 left). Nomadic, mixed 
feeding elands used vast areas of hundreds of square kilometers, constantly moved 
around and shifted vegetation use from shrublands during dry season (May to 
October) to more grasslands during the rainy season (November to April) and 
crossed the VCF multiple times (Fig. 18.7 center). Mixed feeding springboks 
formed temporal home ranges, which shifted in the course of the year and used a
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Fig. 18.6 Tracks of four-hourly movements of giraffe 3260 between September 1 and October 15, 
2021. Light green shading represents Etosha National Park, light yellow area an adjacent private 
nature reserve and the double red line the VCF (Earthranger 2021) 

few hundreds of square kilometers in total. Springboks mostly used open grasslands 
but shifted to more shrubby vegetation in late dry and early rain season (Fig. 18.7 
right), mostly crossing the VCF to do so. The longest distances travelled away from 
the mostly visited waterholes was 44.8 km (mean: 5.4 ± 10.2 SD) for kudu, 73.4 km 
(mean: 10.2 ± 10.2 SD) for eland and 86.9 km (mean: 8.4 ± 12.2 SD) for springbok. 

Thousands of animal–fence interactions occurred all year long and reached 
highest numbers right before the rain season started. Despite porosity of the VCF in 
some areas, fences limited movements on a large scale (Fig. 18.8). For instance, 
eland home-ranges differed vastly between areas without fences, compared to 
fenced areas (Etosha National Park: 22895 km2, Etosha Heights Private Reserve: 
480 km2, private farm with livestock and wildlife: 99 km2). 

18.3 North-West Namibian Farmers’ Perception on Coexistence 
with Wildlife 

The results of Sect. 18.2 suggest that rural communities in the study area live in close 
proximity with wildlife, some without choosing so. This is not unique with wildlife 
and human coexistence being prevalent in many African countries and is expected 
to increase globally (Lamarque et al. 2009; Carter and Linnell 2016). Interaction 
with wildlife can generate ecological and societal challenges and various conflicts
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Fig. 18.7 Examples of antelope movements and used vegetation type in the Etosha South-West 
Landscape. Shown are one year movement tracks (first row) of three antelope species (left—kudu, 
center—eland, right—springbok) and proportion of weekly used vegetation (second row) with 
general vegetation types (see legend) and amount of weekly rainfall (blue line). Note that the 
scales of the maps differ
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Fig. 18.8 Tracks of three eland females from August 2020 to August 2021 collared at three places 
of different land use. Fence lines of different types are indicated. Water sources are shown as blue 
points (note: points north of the red line not necessarily represent actual water points). Note: data 
of eland with green points contains data recording gaps due to transmission schedule, one day 
sections of consecutive points are connected by gray lines, gaps last three days each 

(Martin et al. 2020). This introduces a range of risks for both (Carter et al. 2020). 
On the one hand, humans can degrade and fragment habitats of wildlife or even 
directly kill certain wildlife species. On the other hand, wildlife can be a reason 
for damages and threats to human well-being (Ceaus,u et al.  2018). The intention 
of successful coexistence is often to maximize human benefits; nevertheless, the 
interaction can also result in nonbeneficial outcomes and can induce effects that 
are harmful to human interests (Dorresteijn et al. 2017; Campagne et al. 2018). 
Yet, wildlife populations are essential for a functional ecosystem and provide both 
benefits and costs for human society (Ceaus,u et al.  2018). 

In recent years there has been more scientific interest on topics exploring human– 
wildlife conflict and coexistence (e.g., Jordan et al. 2020; Lamarque et al. 2009; 
Marker and Boast 2015; Matinca 2018; Seoraj-Pillai and Pillay 2017). In Africa, for 
example, Namibia is one of the countries that includes conservation and sustainable 
use of natural resources in its constitution, resulting in a noticeable conservation 
success and increased wildlife numbers (MET and NACSO 2018; Jones and Barnes 
2006). However, according to the Namibian Ministry of Environment, Forestry and 
Tourism (MEFT) (2020), human–wildlife conflicts remain an ongoing challenge. 

To learn more about the driving forces of human–wildlife conflicts and farmer 
attitudes toward certain wildlife species, structured interviews (surveys) were 
conducted within the Etosha South-West Landscape study area. Interviews were 
conducted with 20 commercial and ten communal farmers. Specific activities on 
the commercial freehold farms include commercial livestock (cattle, sheep, goat), 
wildlife (conservation hunting, photo tourism, meat hunting/sales), a mixture of
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both or other activities (e.g., charcoal production). Communal farmers, on the 
other hand, live and manage state land that is allocated to a traditional authority; 
they do not have private ownership. They mostly earn their livelihood with small-
stock farming but can also benefit indirectly from utilization of wildlife through 
the conservancy (MEFT 2020). This can be either through tourist activities or, 
within the allocated limits of a government controlled wildlife utilization quota, 
meat and trophy hunting. The interviews with commercial farmers were conducted 
in English or German and the interviews with communal farmers were held in 
their indigenous language with the help of a local translator. The survey included 
questions about general attitudes toward specific wildlife species. The survey also 
included questions about cost and benefits of wildlife as well as opinions about 
wildlife heritage value. In addition, the same survey was also used to investigate 
the perception of biodiversity (see below) and incorporated another set of questions 
about the farmers’ knowledge background and policies about biodiversity. 

A key aspect of human–wildlife coexistence is attitudes toward species. All 
respondents felt happy, excited, or  fine about sharing land with giraffes, oryxes 
and springboks (Fig. 18.9). In contrast, leopards, hyenas, and elephants evoked 
contrasting feelings among the farmers. The majority of respondents expressed 
negative feelings toward hyenas and elephants: 64% had negative feelings (afraid, 
angry, disgusted) toward hyenas and 56% toward elephants. Overall, leopards were 
perceived slightly more positively, with 56% of the respondents feeling happy, 
excited or fine about them. However, the attitudes toward these animals strongly 

Fig. 18.9 Livestock vs. wildlife-based farmers’ general feelings toward wildlife species; red 
colors represent negative feelings, green colors represent positive feelings; each left bar per 
category indicates the feelings of the livestock farmers, the right of the wildlife-based farmers; 
Answers from structured interviews: N = 30, with Nlivestock = 24, Nwildlife-based = 6



18 Trends and Barriers to Wildlife-Based Options for Sustainable. . . 515

depended on the farm income-generating activity (livestock vs. wildlife-based 1 ; 
Fig. 18.9). 

Wildlife-based farmers felt exclusively positive (happy, excited) toward ele-
phants and leopards, while livestock farmers have a variety of feeling toward these 
species. For leopards, in each case 25% of the livestock farmers responded they felt 
afraid, or  angry, and 4% of them were even disgusted by them. Notwithstanding, 
46% of the livestock farmers felt positive toward them (happy: 21%; excited: 21%; 
fine: 4%). Elephants evoked slightly more negative feelings among the livestock 
farmers (afraid: 17%; angry: 33%; disgusted: 13%). However, the species most 
negatively regarded by livestock farmers was spotted hyena. In each case, only 4% 
felt happy or fine, whereas 13% felt afraid, 29% felt angry and 33% disgusted. 

The study highlights that nondestructive species, such as antelope species or 
giraffes are viewed exclusively as positive (Fig. 18.9). One reason might be that 
this group has a benefit-cost ratio that is strongly shifted toward benefits. Without 
generating high maintenance or costs, these animals can contribute to livelihoods 
as an additional source of income through live and meat sales or conservation 
hunting practices and tourism (MEFT 2020). In addition, farmers who do not 
directly benefit from them, also do not have problems, instead, they refer to these 
animals as “beautiful to look at” (Interviewee no. 18, commercial livestock farmer) 
or as a “nice experience for the children” (Interviewee no. 25, communal livestock 
farmer). In contrast, especially predators such as leopards and hyenas as well as 
elephants evoke negative feelings among many livestock farmers. These species 
are predominantly associated with costs as they depredate livestock or damage 
crops/infrastructure and can be a threat to human well-being. However, the feelings 
toward these animals were highly dependent on the main farm income-generating 
activity (i.e., management type) (Fig. 18.9). For example, a farmer with wildlife-
based activities (e.g., conservation hunting, photo tourism) might perceive hyenas, 
leopards, and elephants as financial assets. In this case, the benefits outweigh 
the possible conflicts, and therefore, wildlife roaming around locally is viewed 
positively. In contrast, for many livestock farmers, predators and elephants create 
conflicts by killing livestock or damaging infrastructure without generating a direct 
benefit. 

In conclusion, the attitudes of communities sharing a landscape with nondestruc-
tive species were mostly positive across all land-use types, while perceptions toward 
predators and elephants were highly dependent on the farm management type.

1 Within the study, livestock refers to farms with only livestock (18) and the ones with a mixture 
of livestock and wildlife (6). Wildlife-based refers to only wildlife-based (i.e. farms that offer 
conservation hunting and/or photo tourism; 5) or other activities (e.g. charcoal production; 1). 
Communal farmers (10) were only included in the “livestock only” group, as they only indirectly 
benefit from wildlife through the Conservancy. Commercial farmers (20) however practice a 
greater variety of main farm income-generating activities. 
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18.4 Namibian Farmers’ Perceptions of Biodiversity 

Attitudes toward wildlife, and tolerance thereof, often depend on a person’s 
understanding of being part of ecosystems biodiversity, which has been found 
to differ significantly between communal and commercial farmers. Hence, it is 
important to examine why people tolerate or do not tolerate co-occurring with 
wildlife, as well as to enhance, and develop strategies to improve coexistence (Carter 
et al. 2020; Slagle and Bruskotter 2019). 

Biodiversity has been defined by the Convention on Biological Diversity (CBD 
1992) as “diversity within species, between species, genes and of ecosystems” (CBD 
1992: Art. 2) and has received extensive global research. However, how the different 
local population groups in the study area, including both communal and commercial 
farmers, relates to biodiversity concepts is unclear (Bischofberger et al. 2016). 
Farmers have a daily experience of the natural environment, which brings them to 
have a more functional view on biodiversity that might differ from the scientists’ 
view (Kelemen et al. 2013). 

In addition to perceptions of wildlife, farmers’ perceptions of their natural envi-
ronment were examined, which could influence their land management decisions 
(Warren 1996). Farmers were asked for their definition of biodiversity. Furthermore, 
the farmers’ evaluation of the temporal change (i.e., now vs. 10 years ago) of 
the number of different species of large mammals (heavier than 1 kg), small 
mammals, reptiles, insects and plants gave us an insight of the farmers’ perception 
of biodiversity in practice. To connect the farmers’ perception of biodiversity to 
their farming activities, we asked if specific animal groups (i.e., carnivores, grazing 
herbivores, browsing herbivores, big herbivores, small mammals, reptiles and in-
sects) have a positive or negative impact on the land productivity. Here, land 
productivity refers to broad indicators of land health such as soil health, biomass 
productivity and livestock and wildlife well-being. 

Figure 18.10 summarizes that 37% of all farmers did not know or did not have 
a direct translation for the term “biodiversity” (Fig. 18.10). Consequently, a short 
explanation was given; in a few cases it was still unclear and the question has been 
reformulated as “what is nature for you?”. Most farmers’ own description of bio-
diversity referred to natural elements such as plants, animals and soil (Fig. 18.10), 
of which animals are mentioned most often. Similar numbers of commercial and 
communal farmers included concepts of interrelationships (e.g., diversity, balance) 
and beneficial elements (e.g., resources, food and farming) in their understanding 
of biodiversity. Apart from that, some distinct differences between commercial and 
communal farmers appeared in the descriptions of biodiversity. Commercial farmers 
used terms closer to scientific concepts (e.g., ecosystems, species) more frequently. 
Furthermore, only commercial farmers linked sustainability and religious aspects to 
it. In contrast, for communal farmers “biodiversity is humans, wildlife and trees” 
(Interviewee no. 26, communal livestock farmer). In other words, they included 
humans significantly more often as part of biodiversity. In addition, time-related 
aspects of biodiversity, like future and past, held more importance for them. This
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Fig. 18.10 Comparison between commercial and communal farmers’ keywords to define biodi-
versity 

seems to indicate a much more inclusive view of biodiversity and nature regarding 
humans being a part of it in addition to animals and plants, an understanding 
common to indigenous communities on different continents (Descola 2012). In 
comparison, commercial farmers understood humans outside of biodiversity and 
rather saw the linkages between humans and nature, with mutual influence, but 
also with clear separation: “we have to manage nature in order to preserve it” 
(Interviewee no. 9, commercial wildlife-based farmer). 

Regarding the temporal change in numbers of different species, the majority 
of communal farmers observed a stable state, while the majority of commercial 
farmers noted changes (increase or decrease) in species composition except for 
small mammals and reptiles. Moreover, most communal farmers only saw a positive 
effect of big browsing and grazing herbivores especially for bush control but did not 
mention grazing competition with their livestock. They also did not see an effect on 
land productivity of the other animal groups (carnivores, small mammals, reptiles).
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In contrast, the majority of commercial farmers expressed a positive perception of 
the effects of the different animal groups on land productivity (see also Sect. 18.3). 

These differences in the answers might have various reasons. All interviewed 
farmers shared family sentiment on farming, and here, some ethnic and cultural 
differences could explain the discrepancies in the views of biodiversity (Olbrich 
et al. 2009). This might be explained by the closer relation between humans and 
nature in the worldviews of indigenous communities, opposing the clear human– 
nature division in modern societies (Descola 2012). The communal farmers’ all-
encompassing understanding of nature might lead to a perception of a static state 
in the ecosystem, while the commercial farmers’ use and resource view of nature 
might induce a perception of change. Only half of the communal farmers went to 
school compared to 95% of commercial farmers, which at least attended primary 
school. This may also lead to different views of biodiversity (Kelemen et al. 2013). 

Despite some differences, the majority of farmers acknowledged the importance 
of most groups of animals and the place value that these groups have in the system 
to keep the balance. They also mentioned that the number of animals plays a role, if 
one group is too large the system would be unbalanced. Despite the general feeling 
of communal farmers that number of different species is stable, many farmers, both 
communal and commercial, are aware of ecosystem complexity and its cycles. They 
mentioned seasonal changes and fluctuations between years of aridity and good 
rainfall influencing animal and plant populations to shrink or thrive accordingly. 
However, the term “biodiversity” remains an abstract concept for everyone but its 
understanding interestingly encompasses a richness of aspects from the different 
dimensions, such as the scientific, but also the economic, social and ethical (Gayford 
2000; Wals and Weelie 1997). 

18.4.1 Case Study on Human–Elephant Conflict in the Etosha 
South-West Landscape 

African elephants (Loxodonta africana) are a keystone and charismatic species, 
however, reports on conflicts between elephants and humans have increased 
throughout southern Africa (Cumming and Jones 2005; Twine and Magome 
2007). Specifically in Namibia elephant populations increased as elephants result 
of conservation efforts and its economic value to the tourism and hunting sectors 
(MET 2007b; CITES 2016; Matinca 2018). While from the nature conservation 
perspective this trend is seen as a success, land users are increasingly challenged 
by elephants dispersing to communal and commercial farmland, reoccupying areas 
from which they have been absent for many years (MET 2018). 

To complement the investigation of wildlife movements and perceptions on 
different land uses, farmer–elephant interactions were explored within the Etosha 
South-West Landscape. Many farmers live adjacent or in close proximity to 
Etosha National Park and, despite the previously described benefits derived from 
wildlife (Fig. 18.2), are prone to experience conflicts with wildlife (MET 2007a; 
Mackenzie and Ahabyona 2012). As part of this case study, a semistructured
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qualitative survey was conducted with 11 communal and commercial farmers and 
nine wildlife experts familiar with or experiencing human–elephant conflicts in the 
study area. Furthermore, observations of group discussions at a local meeting on 
human–elephant conflicts (governmental representatives, commercial and resettle-
ment farmers) revealed insights into the local interactions and challenges associated 
with elephants. 

The interviews and observations uncovered a rather conflicting interrelationship 
between farmers and elephants. In agreement with a study by Shaffer et al. (2019), 
the characteristics of these human–elephant conflicts were influenced by elephant 
and human variables and framed by press and pulse disturbances in the landscape. 
Land users perceived an increase in the local elephant population, as well as an 
influx from other areas, leading to destruction and over-use of vegetation resources, 
and a high demand on surface water. Elephants were further found to destroy fences 
which farmers use for livestock and wildlife management. Most of the survey 
respondents had a negative attitude toward elephants influencing their livelihoods, 
triggering fence construction as a barrier for elephant movement. These new fences 
likely affect wildlife movement and migration and could result in a displacement of 
conflict to different areas, and not a reduction. 

Coexistence of humans and elephants is improved by the reduction of associated 
costs and the increase of benefits from the elephants (Thouless 1994). This is crucial 
when choosing well-adapted conflict mitigation and prevention measures in the 
face of future challenges such as climate and land use change that are expected to 
exacerbate competition over shrinking resources (Otiang’a-Owiti et al. 2011; cited 
by Shaffer et al. 2019). 

There seemed to be a considerable influence of sentiments of the international 
community on this very localized conflict in the study area. Stakeholders proposed 
that consumptive use of elephants within the area is critical to be included in 
options for conflict mitigation. Trophy hunting, or as recently termed conservation 
hunting, was found to be an attractive option for affected stakeholders. In addition 
to reducing the local elephant population, it can provide considerable income which 
will increase tolerance from farmers, and also provide a means to repair damage 
to water infrastructure and fences. In 2020 elephants were offered as trophies 
for on average US$ 43,000 in neighboring Botswana (Sguazzin n.d.). In contrast, 
international animal welfare organizations reject any use and especially trophy 
hunting of elephants without having an understanding of local contexts (“South 
Africa and Namibia hit out hunting trophy ban” n.d.). As a response to the conflict 
in the study area, 22 elephants were sold and translocated from the study site 
immediately following this case study. A future study on the effect of this action on 
tolerances of the farming community toward elephants compared to results found 
during the study has been initiated.
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18.5 Chapter Conclusion 

Namibia has a unique blend of multiple land use and tenure activities which have 
seen benefits from wildlife. Within the arid study area of north-west Namibia it 
was found that almost all of these include livelihood benefits from wildlife to 
some extent through consumptive (hunting and meat) and/or nonconsumptive (eco-
tourism) means. Depending on the strategies of wildlife use, there are however 
negative impacts, particularly from human–carnivore and human–elephant conflict. 

Interviews with stakeholders in the study area clearly indicated that there has 
been an increasing trend of land-use practices toward extensive inclusion of wildlife 
into livelihood strategies for commercial as well and communal land users around 
Etosha National Park. This has resulted in an overall increase of wildlife distribution 
across the study area, as well as and an increase in overall abundance. A critical 
distinction from neighboring South Africa’s increase in wildlife numbers on private 
land is that wildlife in Namibia had the ability to naturally occupy communal 
farmland in the extensive and unfenced communal conservancies. Uniquely this 
has also been evident in commercial farmland south of Etosha National Park 
where some landowners benefit through tourism and sustainable hunting from the 
movement of wildlife across boundaries and even across and through fences to reach 
grazing and water resources in the greater area. The arid landscape undoubtedly 
drives wildlife movements for survival, even across substantial barriers such as the 
Veterinary Cordon Fence. 

Complexity in individual rural livelihood choices has an interesting impact on 
the commercial value of wildlife resources. Using the case study of elephants while 
within Etosha National Park, it is argued to be an exclusively beneficial and valuable 
asset. It not only attracts tourism, but also plays a role in improved ecological 
function in the Park since it reduces bush encroachment and makes browsing 
resources available to other herbivores through its wasteful browsing methods 
(Bothma and Du Toit 2016). As soon as that same animal leaves the Park onto 
commercial livestock farmland, its value immediately disintegrates, and it becomes 
a significant cost to the farmers since it damages fences and water infrastructure and 
competes for grazing and browse resources with livestock. The interplay between 
economics, ecology, conservation, social cohesion and sentiment is complex, but 
teasing out the dynamics will be an important guiding tool for decision-making and 
livelihood strategies in this dynamic environment. 

There was significant governmental and nongovernmental assistance for commu-
nal farmers to develop communal conservancies and include wildlife use since the 
promulgation of the Nature Conservation Amendment Act 5 of 1996. This, together 
with the incentive of benefiting from wildlife while still being able to practice 
livestock farming has led to more acceptance of wildlife. For commercial farmers 
the inclusion of wildlife was based solely on their socio-economic needs. 

Wildlife survival in this arid area with erratic rainfall patterns is dependent on 
their ability to move in order to find water and forage. The study investigated a large 
sample set of herbivore movements across the landscape, and with fencing being
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the major impediment to movement, its effects on disrupting movements and loss in 
required energy for the ungulates are clear indications of the negative effect fencing 
may have on extensive wildlife productivity. 
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Abstract 

Rural livestock farmers in the semiarid and arid areas of Southern Africa face 
large uncertainties due to a high intraseasonal and year-to-year variability in 
rainfall patterns which affect forage resources. Creating resilient communal live-
stock farming systems will require the understanding of feed gaps as perceived 
by livestock farmers as well as an assessment of available feed resources. In this 
chapter, we estimated the annual feed balance (i.e., forage supply minus forage 
demand) based on statistical data and described the perception of feed gaps 
across 122 livestock farmers in Limpopo province, South Africa. In addition, 
we analyzed available feed and soil resources during the dry season across land 
use types. We found a negative feed balance, an indication of feed gaps for 
livestock farms, mainly during the winter and spring seasons. Farmers perceived 
a combination of factors such as drought, infrastructure, capital, and access to 
land as the major causes of feed gaps. Furthermore, our analyses of feed and soil 
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resources point to low crude protein (e.g., ~5% in rangeland biomass) and poor 
soil nutrient contents (e.g., %N < 0.1). To support rural policies and improve the 
performance of communal livestock systems, there is a need to combine the most 
appropriate site-specific options in optimizing the feed supply. 

19.1 Introduction 

... And also the effects of global warming, we are feeling it here. This drought, it might 
take long, it can be here for a very long time. We experience it almost every year and every 
year it’s a little bit harsher than in the previous year. (farmer from Maruleng Municipality, 
Limpopo Province) 

In many parts of southern Africa, livestock plays a very important role in the 
livelihood of rural dwellers (Nyamushamba et al. 2017). According to a report 
by Köhler-Rollefson (2004), livestock contributes, in cash only, up to 38% to the 
agricultural Gross Domestic Product in the region, and about 90% of the livestock 
keepers can be classified as smallholders. A smallholder is often characterized 
as a resource-constrained farmer that operates livestock primarily for subsistence 
purposes but also as a major risk-alleviating activity (Köhler-Rollefson 2004). 
Keeping livestock has been reported to improve household income through sales of 
animals, milk, and dairy products (Maleko et al. 2018). Smallholders also depend 
on cattle production for household consumption and, in a mixed-crop livestock 
system, the integration of cattle also provides benefits such as dung for manure, and 
draught power for tillage cropping and transport (Thornton and Herrero 2015). In 
the Limpopo province of South Africa, keeping livestock in the smallholder context 
remains a cultural-based strategy important for financial security (Marandure et al. 
2020). With respect to the smallholder livestock farming sector in the province, 
Stroebel et al. (2011) reported small herd size (for instance, less than 10 head of 
cattle) with low or no-input management and poor breeding objectives. Hence, 
the sector is generally characterized by low productivity (Mapiye et al. 2019). 
Despite the already challenged livestock production systems, climate change and 
variability pose an additional threat, representing a major concern (Nardone et 
al. 2010). Throughout the southern African region, there is evidence of negative 
effects of lower rainfall, increased temperature, and prolonged droughts (Archer 
et al. 2019; Makuvaro et al. 2018; Simelton et al. 2013; Ziervogel et al. 2014) 
with adverse effects on livestock and the livelihoods of smallholder farmers in the 
arid and semiarid areas (Batisani et al. 2021; Descheemaeker et al. 2016). In South 
Africa, Ziervogel et al. (2014) and Archer et al. (2019) have explicitly demonstrated 
climate anomalies such as exacerbated weather events (e.g., prolonged drought, 
extended heat waves, change in the distribution and frequency of rainfall, drying 
up of water bodies). Such changes have significant negative impacts, particularly 
for smallholder livestock and mixed-crop livestock systems that are associated with 
natural grazing on communal rangelands and rain-fed agriculture (Thornton and 
Herrero 2015). Prolonged drought, as a result of annual or seasonal variation in the
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rainfall patterns, is reported to be the most challenging or damaging by its effect 
on rangelands (Godde et al. 2020; Vetter et al. 2020) and on rain-fed agricultural 
systems (Meza et al. 2021). It is now widely accepted that alterations in forage 
provision will increase with climatic variability (Godde et al. 2021) leading to feed 
gaps. 

For livestock, a feed or a forage gap generally addresses a period during which 
the animal’s feed/forage demand is higher than the feed/forage supply. As explained 
by Moore et al. (2009), a feed gap is a consequence of the combination of bio-
economic factors such as seasonal forage growth, livestock feed intake, farmers’ 
objectives, and financial capacities. In the communal smallholder livestock context, 
a feed gap is also dependent on additional factors such as herd size, structure, and 
management, or natural resource governance (Vetter et al. 2020). A feed balance 
may undergo considerable seasonal variation within one year or vary considerably 
from one year to another due to environmental factors (e.g., high interannual rainfall 
variability) that govern rangelands’ biomass productivity. Therefore, two types of 
feed gaps occur which can be referred to as a “regular” feed gap and an “irregular” 
feed gap. A regular feed gap occurs every year on account of the seasonal changes in 
forage growth (e.g., autumn to winter, winter to spring, or summer to autumn), while 
an irregular feed gap typically occurs once every few years due to a year-to-year 
variability (e.g., years of severe drought in 2015–2016 and recently 2018–2020). 
In livestock production systems, feed gaps are important phenomena setting the 
potential for farm productivity. As argued by Bell (2009) and Moore et al. (2009), 
the capacity of a livestock-keeping enterprise to maintain or sustain animals during 
periods of feed gaps is regarded as the safe carrying capacity of the enterprise that 
could improve profitability. This is because feed gaps, whether regular or irregular, 
may affect the livestock directly or indirectly, consequently affecting productivity. 

A direct effect of a feed gap according to Moore et al. (2009) reduces the forage 
intake by livestock, forcing the animals to lose weight. According to Schlecht et 
al. (1999), the variation of the forage availability from the rainy to dry seasons not 
only leads to a decline in feed quantity but also in its nutritive quality. For instance, 
during a feed gap, the energy provided to cattle from the dry and fibrous (i.e., less 
nutritious) pasture is not sufficient leading to a catabolism of their body tissue. 
Therefore, a feed gap, when it occurs, does not only contribute to the decline in 
the maintenance of the cattle energy status but also has economic implications for 
the farmer (return on sales). 

Moore et al. (2009) further argued that feed gaps may affect livestock indirectly 
through decreased and poor sperm production, and ovulation rates all of which 
have significant effects on breeding performance. For instance, beef bull calves 
that are fed below their maintenance requirements (in terms of energy and protein) 
may encounter sexual immaturity with decreased sperm production (Thundathil et 
al. 2016). Therefore, nutrition deficiency caused by feed scarcity during the dry 
season would first affect the livestock’s residual feed intake. This would cause a 
decline in feed efficiency in relation to cattle growth rate, consequently affecting 
morphological development. Additionally, nutrition deficiency is also known to
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impact lactation and embryo survival affecting the reproductive capacity of the 
livestock systems (Thundathil et al. 2016). 

A very recent integrated drought risk assessment by Meza et al. (2021) revealed 
that the Limpopo province of South Africa is one of the most exposed provinces 
to extreme drought, resulting in decreased rangeland productivity and crop yields. 
Thus, the frequent and major drought periods facing cattle keepers could be 
considered extended feed gap periods. A sound assessment of the seasonal livestock 
feed gaps through the perceptions of vulnerable livestock farmers, and data on 
available feed resources during the dry period (quality and utilization) may be 
crucial for the development of adequate recommendations. Providing adequate 
supplementary nutrients to nutritionally-challenged livestock in periods of feed 
gaps will be crucial in improving livestock production and increasing profitability 
(Bell et al.  2017). For this, we assessed the contribution of crop residues to the 
feeding regime of cattle, to clearly identify periods where feed is unavailable to 
meet animal’s demand. 

One of the urgent priorities is to find a proper way to deal with the seasonal feed 
gaps for rural livestock farmers to facilitate resilience towards improved livestock 
systems. The principal goal of this chapter is to inform the general public and policy 
makers on climate-induced feed gaps that represent a threat during periods of feed 
scarcity, particularly to communal livestock production. 

19.2 Materials and Methods 

19.2.1 Study Area 

The study was conducted in Limpopo, the northernmost province of South Africa 
which is characterized by semiarid climatic conditions with low and variable 
precipitation (Mpandeli et al. 2015). The province receives about 600 mm of 
rainfall per annum, most of which occurs between October and April. The summer 
season (December–February) is hot and wet with an average maximum temperature 
of about 27◦C while the winter (June–August) is cool and dry with an average 
minimum temperature of 15◦C. Soils in the study area are predominantly reddish-
brown loamy sand soils of low nutrient content (Munjonji et al. 2020). The typical 
natural vegetation is an open bush savanna woodland and natural grasslands, i.e., 
rangelands, dominated by C4 grass species. Based on a recent survey, the population 
increased from 5.4 million to nearly 6 million by 2016 with 38.2% of all households 
involved in agricultural activities and 36% in livestock production (Stats SA 2018). 
However, livestock keeping is mostly integrated with cropping activities where 
maize (Zea mays L.), cowpea (Vigna unguiculata), groundnut (Arachis hypogaea), 
butternut (Cucurbita moschata), spinach (Spinacia oleracea), and water melon 
(Citrullus lanatus) were the most frequently and simultaneously cultivated crops. 
The vast majority of cattle farmers (95%) are users of communal lands with variable 
herd sizes (5–80) due to resource endowment. Moreover, the several government-
owned natural reserves (e.g., rangelands) in the province remained a constraint as
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it reduces the availability of agricultural and grazing areas for livestock farming 
(Rootman et al. 2015). The most widespread breed is a cross-breed between Nguni 
and Brahman cattle and the respective pure breeds. Other popular breeds include 
Bonsmara and Afrikaner. 

19.2.2 Data Collection and Analysis 

Data used for this chapter were collected from two sets of surveys and a focus group 
discussion conducted at different stages of a research project. Firstly, the preliminary 
survey was conducted from September to November 2018 across 32 cattle farms in 
the arid and semiarid areas of the Limpopo province on the basis of communal 
livestock keeping (Klinck et al. 2022). A follow-up survey was carried out from 
June to September 2019 across 90 cattle farms (see more details in Lamega et al. 
2021) (Fig. 19.1). The surveys were conducted using a semistructured questionnaire 
instrument (KoBoToolbox) (Deniau et al. 2017) which was delivered on a basis of 
a personal interview with the farmers. The questionnaire mainly assessed farmers’ 
perception of (i) months of feed unavailability; (ii) feeding regimes and strategies; 
(iii) weight losses during feed gaps and (iv) adaptation responses/constraints 
to adaptation. Additionally, open-ended interviews with selected farmers were 
conducted to further explore the perceived feed gap challenges. The responses were 
recorded, transcribed, and reported based on Miles et al. (2014). In 2020, a one-day 
online feedback workshop was conducted with a few key farmers to discuss research 
results and identify management options. Selected results are averaged and reported 
in this chapter. 

Secondly, aside from the perceptions of farmers on the seasonality of feed 
gaps and their effects on livestock production, the likelihood of winter feed gaps 
was further evaluated through the assessment of grazed rangeland biomass, crop 
residues, feed supplements, and selected soil nutrient levels. For instance, on 
communal rangelands and cropping lands, rangeland biomass and crop residues 
were sampled respectively by cutting from inside a 50 cm by 50 cm quadrat along a 
longitudinal transect (5 m apart). At the farm-level, we collected whenever possible 
(i.e., if the farmer had access), supplemental feed residues that may be used to 
feed cattle during that period. Collected feed samples were oven-dried at 60◦C, 
ground, and then analyzed for the relative abundance of stable isotopes of nitrogen 
using an elemental analyzer (NA 1110; Carlo Erba, Milan) interfaced (ConFlo 
III; Finnigan MAT, Bremen) to an isotope ratio mass spectrometer (Delta Plus; 
Finnigan MAT). The nitrogen content in the feed samples is given as mass ratio 
in dry matter (%N) which was then multiplied by 6.25 to obtain crude protein 
concentration in the respective feed sample. In addition, soil samples (0–10 cm, 
diameter 2 cm) were taken after the removal of biomass on rangelands or cropping 
lands. Per quadrat, three samples were taken, which consist of 15 subsamples from 
one transect at a particular site. The soil was homogenized, cleared of any foreign 
materials, dried at 105◦C, sieved (2 mm), and analyzed using the Calcium Acetate 
Lactate (CAL) extractable method (Schüller 1969). Soil pH was determined in water
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Fig. 19.1 Locations of sampled farms across semiarid and arid zones in Limpopo. In total, 
N = 122 livestock farms including 11 semicommercially oriented livestock farms (dotted light 
blue). Classification data for agroecological zones obtained from (HarvestChoice and IFPRI 2015) 

while the concentrations of P and K were determined in continuous flow analysis 
coupled to a UV/VIS spectrophotometer (San System, Skalar, the Netherlands). 
The remaining nutrient concentrations were determined using atomic absorption 
spectrometry (AAnalyst 400, Perkin Elmer Inc., Waltham, USA). 

Finally, we calculated feed balances based on statistical data. However, an 
uncertain number of young and old livestock is kept in the smallholder sector of 
Limpopo. According to (DAFF 2021), a total of 860,000 heads of cattle were kept 
in the Limpopo province in 2020. We assumed an average live weight of 450 kg 
cattle to obtain an estimate of tropical livestock units (TLU = 250 kg live weight) 
with every TLU consuming 10 kg dry matter daily. These values consequently 
represent the cattle livestock forage demand. We further derived an estimate of 
crop residue yields from maize production as based on Kutu (2012) who reports 
a stover proportion of 0.41 for maize production in Limpopo. The so-calculated 
maize residue amount was added to an estimate of rangeland biomass, as extracted 
from Martens et al. (2020) and Avenant (2019), to obtain an estimate of the forage 
supply. The survey data was analyzed in R using descriptive statistics to report on
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the perception of feed gaps across farmers and characterize the quality of feed and 
soil resources across sites. 

19.3 Results 

19.3.1 Estimation of Feed Balance in the Limpopo Province 

The severity of feed deficit in the cattle livestock sector of Limpopo was derived 
by calculating feed balances. According to our calculation, about 1,484,753 TLU 
are kept in Limpopo per year. With a daily forage demand of 10 kg DM per day 
and TLU, an estimated annual forage demand of about 5.7 million tons for cattle is 
expected (see Table 19.1). 

In many parts of southern Africa, major forage resources for cattle livestock may 
constitute rangeland biomass and maize residues from cropping lands (Homann-
Kee Tui et al. 2015; Masikati et al. 2015). On the supply side we, consequently, 
used maize production and rangeland biomass production to estimate forage supply. 
According to Avenant (2019), approximately 7.4 million ha of rangeland is available 
for grazing in the Limpopo province. Maize is the most commonly grown crop, 
especially on smallholder farms. Statista (2021) estimated a total volume of 
231.000 t maize in 2020 (Table 19.1). According to Kutu (2012), who has analyzed 
maize production systems in two locations in the Limpopo province, a stover 
proportion of 0.41 of total aboveground maize biomass can be assumed. Using 
this proportion, we estimated a total of 160,525 t of maize stover biomass that is 
potentially available to be used as forage when maize is harvested which usually 
takes place in March (autumn) at the end of the wet season. A reliable calculation 
for the productivity of rangeland is far more complex. We used the results of 

Table 19.1 Annual forage balance for the Limpopo region as derived from official maize 
production amounts, an estimate for the stover production, and an estimate for the whole rangeland 
dry matter accumulation on an annual basis (tons) and compared to the forage demand of all cattle 
livestock as expressed in tropical livestock units (TLU). DM dry matter 

Year What Value Reference 

2020 Maize grain yield (t) 231,000 (Statista 2021) 
Stover % (total aboveground maize) 0.41 (Kutu 2012) 
Total maize biomass total (t) 391,525 Calculated 
Stover biomass total (t) 160,525 Calculated 

Mean 2011–2019 Rangeland biomass supply (t DM/ha) 0.54 (Martens et al. 2020) 
Rangeland available for grazing (ha) 7,400,000 (Avenant 2019) 
Rangeland biomass supply (t) 4,015,968 Calculated 
Annual feed demand cattle (t) 470,850 Calculated 
Feed supply total (t) 4,176,494 Calculated 
Feed demand total (t) 5,650,200 Calculated 
Balance: supply – demand (t) −1,473,706 Calculated
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modeled rangeland productivity for the province and for our study sites (Martens 
et al. 2020) to calculate the seasonal rangeland productivity across the arid and 
semiarid zones which gave an annual estimate of 0.228 t C/ha per year. Assuming 
that dry matter (DM) biomass contains 42% C giving an annual value of 0.54 t 
DM/ha of rangeland which was applied to a rangeland area of 7.4 million ha (76% 
of the total rangeland area Table 19.1). Not all of the rangeland area in Limpopo 
is considered suitable for grazing, because of shrub and tree cover, area protection, 
or urbanization. Consequently, we found an annual feed supply of 4,176,494 t that 
is unable to sustain the demand of cattle (5,650,200 t), resulting in a negative feed 
balance (Table 19.1). 

Avenant (2019) used a different approach to calculate the carrying capacity of 
rangeland in the study area. Using the estimated values for rangeland production in 
that study, 0.488 t DM/ha is very close to the value used in our approach (0.54 t 
DM/ha). According to our estimation, we found a shortage in feed supply on an 
annual basis, taking into account that there are two major constraints underlying 
our calculations. Firstly, we only used predominantly statistical data, and we did 
not consider livestock species other than cattle although small ruminants are also 
important forage consumers in the region. In addition, we did not account for 
forage quality which is likely limiting the utilization capacity of maize residues and 
rangeland biomass during a large part of the year. According to Descheemaeker et 
al. (2018), the requirements of metabolizable energy (ME) range from 45 to 65 MJ 
ME/day per animal. As known from other studies, maize residues never reach values 
>6 MJ ME/kg DM when harvested at physiological maturity (Terler et al. 2019). In 
addition, grass ME concentration ranges usually between 6.5 and 10.3 MJ/kg DM 
in the dry and the wet season respectively, which points to a shortage of forage with 
sufficient quality in the dry season. But not only quality is likely limiting in the dry 
season. When using the annual forage balance data for monthly calculations, we 
found strong support for a serious shortage in feed supply during winter and spring 
(Table 19.2). Forage quantity and likely quality are, consequently, critical issues for 
the livestock sector. 

Moreover, to check the assumptions made for the calculation of the feed balance, 
a sensitivity analysis was carried out where, under a constant average live weight 
of 450 kg, the daily forage DM intake was varied from 10 to 5 kg (Fig. 19.2a) 
or, under a constant average forage intake of 10 kg per day, the live weight 
varied from 450 to 300 kg (Fig. 19.2b). These calculations have an effect on 
the annual feed requirement. The result show that already at about 7 kg DM 
intake per day a negative balance is no longer to be expected (Fig. 19.2a). On 
the other hand, a positive balance can only be expected at an average herd weight 
of 300 kg DM which is unusually low. The assumption made about live weight, 
consequently, underestimates the problem of the feed gap evaluation. For the exact 
forage requirement, however, it would be good to generate accurate information on 
the variation of forage intake of the cattle in Limpopo which is the prerequisite to 
understanding the contribution of other potential forage sources.
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Table 19.2 Derived seasonal feed balance as monthly feed supply from rangeland and maize 
stover (t) against the seasonal feed demand by cattle livestock (t). TLU Tropical livestock units, 
DM dry matter 

Season Month DM demand cattle TLU (t) Maize stover (t) Rangelands (t) Feed balance 

Summer Jan 470,850 0 1,866,444 1,395,594 
Summer Feb 470,850 0 1,866,444 1,395,594 
Autumn Mar 470,850 160,525 1,571,619 1,261,294 
Autumn Apr 470,850 53,508 1,571,619 1,154,277 
Autumn May 470,850 17,836 1,571,619 1,118,605 
Winter Jun 470,850 0 108,063 −362,787 
Winter Jul 470,850 0 108,063 −362,787 
Winter Aug 470,850 0 108,063 −362,787 
Spring Sep 470,850 0 469,254 −1596 
Spring Oct 470,850 0 469,254 −1596 
Spring Nov 470,850 0 469,254 −1596 
Summer Dec 470,850 0 1,866,444 1,395,594 

19.3.2 Feed Gap as Perceived by Livestock Farmers 

Across the arid and semiarid zones, winter and spring are the seasons of feed deficit 
according to the farmers. While feed shortages are perceived to be most severe 
during September and October (spring), the duration of experienced shortages was 
generally one month longer for some farmers (3.4 vs. 2.4 months) (see Lamega et al. 
(2021)). The heterogeneity between farms plays an important role in the perceptions 
of the seasonal patterns of feed gaps. For instance, farmers’ perceptions of feed gaps 
did not differ significantly during winter as both mixed-crop livestock and specialist 
livestock-only farmers were equally affected. However, the perceptions of feed gaps 
in autumn and spring differed between both farming systems irrespective of their 
locations. 

Cattle livestock farmers did not follow a controlled mating schedule for selective 
breeding but allowed for natural breeding instead. Animals from farmers that are 
little endowed (> 50 cattle head) were reported to be weaned at around 7 months, 
whereas typical smallholder farmers (< 20 cattle head) reported a weaning age 
of about 11 months. Calves commonly wean later when they receive milk of 
poorer nutritive value from their dams. During drought, pregnant and lactating cows 
suffer from nutrient deficiency which is likely mirrored in the lower reproductive 
performance of the offspring. Furthermore, limited flexibility in securing water 
availability is a limiting factor in the feed-drought nexus. Access to water sources is 
tightly linked to access to land and thus taps, boreholes, dams, or streams. 

Smallholder farmers in our study area perceived the phenomenon of “drought” 
particularly manifesting in its biophysical dimension, that is, the perception in the 
decline in water availability and rangeland productivity. Thus, livestock husbandry 
under (semi)arid conditions requires a form of adaptive capacity that allows farmers 
and herders to respond flexibly. For example, by producing their own feed or seeking
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Fig. 19.2 Sensitivity analysis of forage balance calculation as affected by a) the variation in daily 
dry matter intake (DMI) (4–10 kg) per 1 livestock unit (450 kg) and b) the variation in cattle live 
weight (300–450 kg) consuming a daily dry matter of 10 kg 

out extensive grazing lands, they could face the harsh climatic condition. Access to 
and utilization of extensive rangelands is crucial when animals (and herders) are 
required to cover greater distances to water sources, during prolonged droughts 
when dams and communal watering holes dry up. Farmers would then move their 
animals to alternative water sources further away or fetch water with motorized
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vehicles. If feed in the dry period is already critically limited, the additional caloric 
costs, i.e., animals covering extra distances for pasture and water, may translate into 
poor livestock health (Ouédraogo et al. 2021). 

A rough on-farm assessment of the body condition score (BCS) demonstrated 
that animals relying solely on communal rangelands are indeed on average closer 
to drought-induced starvation (BCS of ~2.01 with 0 = emaciated and 5 = over-
fat). In many cases, in communal livestock systems, livestock farmers or managers 
do not look into maximizing operating profit, instead maximizing or maintaining 
herd size, remains the priority (Stroebel et al. 2011; Tavirimirwa et al. 2019). 
Therefore, the risk of feed gaps may not only be associated with the unproductivity 
of rangeland during the dry season but it may also be related to the high costs of 
producing/purchasing feed, concentrates, and or conservation of forage. It is likely 
that farmers that have access to capital are more flexible in their modes of feed 
provision (Chikowo et al. 2014). Such farmers may draw from a variety of on-
farm produced crops, forage, silage, and commercial supplements. To some extent, 
these livestock farmers that are more endowed may dispose of private boreholes 
and wells to alleviate the impacts of feed gaps. Moreover, in areas with sufficient 
annual rainfall, ground water may be important in maintaining the productivity of 
rangeland biomass, hence reducing feed gap risks significantly. In the arid zones of 
Western Limpopo, some farms even employed water-intensive fodder crops like 
sugar cane (Saccharum officinarum) or Blue Buffalo Grass (Cenchrus ciliaris). 
Also, in the arid zones of Eastern Limpopo, livestock may graze on Mopane tree 
leaves (Colosphospermum mopane), which are available on the rangelands but 
become scarce with the extended dry period. 

Furthermore, farmers perceived feed shortages not directly as a result of bio-
physical drought, but rather linked to low overall farm profitability and low returns 
in investments (Fig. 19.3). Aside from the obvious climate-induced drought, farmers 
mentioned a variety of limitations including insufficient technical extension support, 
poor local beef demand, poor access to external markets, and contract farming. 
These limitations were all perceived as impediments to profitability and business 
growth. 

One farmer related the exclusive nature of contracts in the retail sector to favoring 
commercially-oriented farmers only: 

We [small – semi farmers] don’t get access to Spar [supermarket] . . .  direct straight. We are 
under someone else, it’s a middleman. We can’t grow. From 1914 to today, no successful 
farming in here, we just do farming for pleasure or whatever, to make a living. 

Commercially-oriented cattle production, on the other hand, requires high-
caloric and nutritious feed throughout the year for regular off-take to auctions and 
abattoirs. Supplements thus play a crucial role, whether produced on-farm or bought 
off-farm and it requires a certain financial margin for investments in feedstuffs (Fig. 
19.3). In contrast, in the communal setup, a feed gap is essentially linked to the 
availability of grazing areas that accommodate community-level stocking density. 
Additional feed is rather linked to farm types (if the farmer engages in cropping) or 
capital (if the farmer can purchase feed). Since smallholders are mostly financially
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Fig. 19.3 Concept map 
summarizing perceived root 
causes (gray) and feed gap 
mitigation strategies (white) 
for livestock farmers during 
feed gaps. Relational arrows 
indicate enhancing (+) or  
reducing (−) effects on feed 
supply 

constrained, they tend to be low adopters of feed gap strategies. The most common 
strategy is the use of readily available crop residues during autumn (Table 19.2), 
which serves as an additional feed input for livestock farms at no cost. Under severe 
drought conditions, where crop residues alone are not enough, farmers may reduce 
their livestock number to balance feed requirements. These strategies are associated 
with the socioeconomic challenges of the smallholder livestock sector that render it 
vulnerable to feed gaps (Lamega et al. 2021; Mapiye et al. 2009; Marandure et al. 
2020). 

19.3.3 Results of Available Feed and Soil Resources 

19.3.3.1 Feeding Resources 
Cattle rely heavily on the productivity of rangelands. In the study area in particular, 
rainfall patterns have created a vegetation gradient that may differ from the arid to 
the semiarid zones. According to Mpofu et al. (2017), the veld type (an indigenous 
grazing and or browsing vegetation composed of any sort of plant species capable to 
reproduce itself undecidedly under existing environmental conditions) varies from 
sweet and mixed in arid areas to sourveld in semiarid areas with prevailing grass 
species such as Panicum maximum, Aristida transvaalenesis, Eragrostis curvula, 
and Themeda triandra. A sweet veld according to Trollope et al. (1990) is a veld  
that retains acceptable nutritive values of its forage plants after maturity, utilizable 
throughout the year by livestock while a sourveld shows sharp declines in forage 
quality with ongoing maturation. A mixed veld is an intermediate veld between the 
sour and sweetveld with an acceptable quality supply of forage to the livestock. 

Our analysis in terms of crude protein (CP) concentration of the dry rangeland 
biomass in winter showed low herbage quality across the studied sites in the 
Limpopo province with a maximum of 5.3% (Table 19.3). Hence, the quality of 
the fibrous and dead herbage is poor. Even lower values of 2.7% CP were reported 
in a previous study by Moyo et al. (2012) in the winter period due to low growth
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Table 19.3 Cattle feeding resources and their crude protein concentration (%) during the winter 
dry season: Site regroups about two to three villages where rangeland biomass is collected on 
communal rangelands, crop residues, and supplements are collected from selected farms 

Feed resource Site Number of samples Crude protein (%) 

Rangeland biomass Site 1 10 5.3 ± 1.7 
Rangeland biomass Site 2 10 4.6 ± 1.8 
Rangeland biomass Site 3 26 4.2 ± 1.4 
Crop residues Site 1 5 9.7 ± 1.3 
Crop residues Site 2 10 4.5 ± 0.9 
Crop residues Site 3 – – 
Feed supplements Site 1 7 11.3 ± 3.3 
Feed supplements Site 2a 1 10.7 
Feed supplements Site 3 12 12.2 ± 9.4 
Tree leaves Site 1 10 9.1 ± 1.5 

aOnly one farmer at Site 2 had access to feed supplements 

and senescence. Nevertheless, in situations where there is hardly any herbage to 
consume, mineral nutrients may help livestock to cover some of its elemental 
demand irrespective of low protein or energy concentrations. The mineral nutrient 
concentration is likely insufficient to meet the livestock’s nutritional demand 
(Lamega et al. 2021). In response to the dry and fibrous pasture during the dry 
season with low CP concentration, cattle may increase the selective retention time 
for feed particles in the rumen, hence improving fiber digestion. However, this 
response to the feed gap is hardly adequate to avoid the loss in body tissue which 
is associated with reduced nutrient supply and metabolic processes (Moore et al. 
2009; Schlecht et al. 1999). The scarcity of grazing resources in terms of quality 
(Table 19.3) and quantity (Tables 19.1 and 19.2, Fig.  19.2) along with increasing 
bush encroachments on the grazing rangelands (Mogashoa et al. 2021) is, therefore, 
a call for supplementary feeding. 

Crop residues are the first source of additional feed across the study sites. In 
mixed-crop livestock systems in particular, crop residues represent supplementary 
feed for livestock in the dry season (Masikati et al. 2015). Therefore, the manage-
ment of these residues may differ significantly in relation to the utilization as feed 
(Rusinamhodzi et al. 2016). Generally, the availability of crop residues coincides 
temporally with times when rangeland productivity declines (in terms of quantity 
and quality, see Fig. 19.4), making them a valuable feed resource. Crops such as 
maize, pumpkin, groundnut, and cabbage are found in the fields and the straw and 
stover left at harvest are used for livestock feed. In line with this, Mapiye et al. 
(2009), explored the cattle keeping system among 218 smallholder farmers in the 
study province and showed that about 70% of the total farmers used crop residues to 
cope with the feed shortages during the dry season. The importance of crop residues 
is further demonstrated in Fig. 19.5 as a farmer collects and stores for use in periods 
of feed gaps.



540 S. A. Lamega et al.

Fig. 19.4 The communal grazing resource during the dry seasons in the arid and semiarid areas 
of Limpopo. Left picture shows cattle browsing on shrubs, and right picture shows the scarcity of 
rangeland biomass in the dry period during winter 

Fig. 19.5 A farmer’s supplemental feed made up of dry crop residues and tree leaves. An option 
for feed gap mitigation 

The crop residues in the present study showed higher CP concentration than the 
rangeland biomass sampled (Table 19.3) or the CP concentration of 4% obtained for 
maize residues in a study by Mudzengi et al. (2020). It is likely that crop residues 
are a mixture containing at least parts of C3 plants such as legumes with higher 
CP concentration (~ 10%). Low protein concentration during a feed gap may be 
associated with low digestibility and, hence, poor livestock performance (Mudzengi 
et al. 2020). Despite disagreements presented by the utilization of crop residues 
on smallholder farms, i.e., “mulching or no mulching” (Valbuena et al. 2012), a 
mixture of crop residues may serve as a good source of additional feed. However, 
the quality and quantity of the residues should be more in balance with animals’ 
demand especially in periods of pasture scarcity (winter, spring), to significantly 
contribute to feed gap mitigation. 

Supplementary feed plays a crucial part in livestock production as it can 
greatly improve the productivity of the livestock (Bell 2009; Bell et al.  2017). In 
South Africa, different conventional supplements and agroindustrial by-products 
are available for purchase (Marandure et al. 2020). However, such feed purchase
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depends on the socioeconomic status of a farm, but also on the intensity of the 
livestock production. For smallholder livestock farming that is often financially 
constrained, first-choice supplementary feeds constitute crop residues and agri-
cultural or household waste. However, our results of CP concentration show that 
feed supplements are more valuable than anticipated particularly when compared to 
rangeland biomass, which should be beneficial for the livestock enterprise during 
feed gaps overall. 

However, since the quantity of supplementary feed may depend on herd size, 
resource-constrained farmers may fail to purchase enough to sustain production. In 
this case, a farmer will strategically feed animals that are too weak to search for 
herbage intake on rangelands. On the other hand, focus could be given to high-
performing livestock such as lactating cows. Additionally, browse trees can also 
provide supplementary feed during the dry season (Mudzengi et al. 2020). Here, 
we found that indigenous species such as Colophospermum mopane (common on 
rangelands) are rich in crude protein (Table 19.3) and likely other nutrients. 

19.3.3.2 Soil Resources 
In relation to soil fertility, evidence from the literature demonstrated that the 
majority of smallholder farmers in the southern African region face land degradation 
(Rufino et al. 2011; Zingore et al. 2007), and this phenomenon is particularly true 
among smallholder farmers in South Africa (Kolawole 2013). We collected soil 
samples across land use (rangelands and cropping lands) to get an insight into the 
fertility status (Table 19.4). We are aware that site-specific nutrient allocation in 
soils, for instance, around home gardens, or fields close to homesteads have caused 
soil fertility gradients, problematic in terms of sustainable land use (Mtambanengwe 
and Mapfumo 2005; Rowe et al.  2006; Zingore et al. 2007). 

Basing on Kotzé et al. (2013) who evaluated basic soil properties across different 
land use types and management situations, all the soil nutrients may be limiting 
plant production. Under communal set up, Kotzé et al. (2013) discussed low nutrient 
content (e.g., <2% C, < 0.2% N, < 10 mg/kg P). We found similar results for 
our study (Table 19.4) which demonstrates poor land use conditions. The C/N 
ratio of c. 10 points to organic matter quality which potentially readily supplies 
nitrogen to crops. However, both the N and C contents are very low demonstrating 
issues with soil quality. Soil degradation is also a reflection of grazing effects on 
rangelands as previously discussed by Descheemaeker et al. (2010) and Linstädter 

Table 19.4 Selected soil chemical properties across different land use types in the studied 
Limpopo region. n = 18 ± 5.3 soil samples (0–10 cm) per site 

Site Land use pH N total (%) C total (%) P (mg kg−1) K (mg kg−1) Mg (mg kg−1) 

Site1 Cropland 6.5 ± 0.8 0.06 ± 0.01 0.66 ± 0.09 <1.00 17.45 ± 3.97 17.53 ± 2.25 
Site1 Rangeland 6.3 ± 0.6 0.07 ± 0.03 0.80 ± 0.35 2.40 ± 1.6 20.88 ± 6.02 20.56 ± 9.16 
Site 2 Cropland 5.4 ± 0.7 0.10 ± 0.02 1.18 ± 0.16 <1.00 6.56 ± 6.20 24.82 ± 3.42 
Site 2 Rangeland 5.3 ± 0.5 0.12 ± 0.04 1.55 ± 0.83 <1.00 5.53 ± 3.77 31.43 ± 12.8 
Site 3 Rangeland 5.0 ± 0.7 0.06 ± 0.03 0.62 ± 0.31 <1.00 9.98 ± 8.60 8.58 ± 13.26
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et al. (2014), thus an issue of stocking intensity (Kotzé et al. 2013). Additionally, in 
an aerial cover study conducted under similar conditions in South Africa, Dlamini 
et al. (2014) showed from initially nondegraded soils, that grazing decreased soil 
organic carbon by 94% while nitrogen decreased by 40% on communal rangelands 
managed by smallholder livestock farmers. Such degradation was found under fine 
sandy loamy soils in the semiarid zones in South Africa. Most soils in the region 
where the present study was conducted refer to such soil textures (Swanepoel et 
al. 2015). Carbon is important for soil nutrient cycling and water storage. Nutrient 
limitation is generally potentially restricting herbage production. Therefore, soil 
fertility initiatives with an emphasis on C, N, and P through future research may 
be essential for improving pasture forage supply. 

19.4 Discussion 

19.4.1 Dealing with Feed Gaps 

Though the variability in the supply of feed to livestock is linked to the variability 
in the rainfall patterns that restricts rangeland productivity, the vulnerability of 
communal livestock farmers to feed gaps may also depend on the adaptive capacities 
of rural communities. Therefore, the effects of feed gaps can highly be site-specific 
(Godde et al. 2021). Having this in mind, any strategies designed to deal with either 
a regular or an irregular feed gap must be context-specific with direct and indirect 
effects on livestock production. Moore et al. (2009) proposed two main approaches 
to deal with the occurrence of feed gaps: tactical and strategical approaches. 
According to these authors, a tactical response is implemented when needs arise. 
For instance, a farmer could buy or sell livestock depending on the balance between 
the number of herds and the available feed. A tactical response could also involve 
the application of fertilizers to pastures to boost seasonal production in the rainy 
season. This approach is usually preferable for irregular feed gaps where the supply 
of feed is less predictable in terms of its magnitude and timing (Bell 2009). Such 
management aims at the provisioning of conserves obtained during times of excess 
feed supply. The advantages of tactical responses are that these can easily be 
implemented without changing the existing land-use or farming patterns and that 
opportunity costs are generally low in years when the tactical response is not 
executed. On the other hand, a strategic approach can be deployed for situations 
with regular feed gaps and requires structural adjustments to the livestock farming 
system. A strategic response involves the introduction of multiyear permanently 
available forage shrubs as a feed base. 

In a communal setup, a more efficient approach in alleviating feed gaps among 
resource-constrained livestock keepers in Limpopo should have benefits for the 
natural resources (e.g., rangelands). However, many approaches to improve the 
common grazing resources among livestock farmers through improved management 
have failed as demonstrated in other semiarid and arid areas (e.g., Tavirimirwa 
et al. 2019). Nevertheless, insights from systems evaluation emphasize farming
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system flexibility as a prerequisite for risk adaptation (Thornton and Herrero 
2015). Particularly in the smallholder South African context, in the light of the 
absence of effective rangeland governance, clear tenure policies and entrenching 
inequalities in access to land and resources; smallholders’ current drought responses 
are likely to continue (Müller et al. 2015; Vetter 2013). This echoes Atkinson’s 
(2013) call for flexibility in both tenure and smallholder-oriented commercialization 
policies. We concur with Vetter (2013) that the involvement of livestock keepers in 
any solution-oriented debate is mandatory and critical in developing a contextual 
understanding of locally nuanced challenges. For this to happen, policy makers need 
to have a sense of accountability and interest in co-framing the needs of and with 
smallholding livestock keepers. Managing the political framework, thus, begins with 
understanding and recognizing the concerns and importance of communal livestock 
for local food security, cultural value, and livelihood asset (Ainslie 2013). 

19.4.2 Managing Rangeland Stocking Density: Destocking 
to Reduce Pressure on Natural Resources 

In their understanding of “better” rangeland management, stakeholders from our 
group discussion maintained that communal rangelands were unquestionably over-
grazed. Thus, destocking or resting periods may be the only reasonable options to 
restore productivity and close dry-season feed gaps. The role of stocking densities 
and overgrazing in debates about the management of southern Africa’s rangelands 
remains a very controversial topic. Despite its persistent promotion to ameliorate 
Africa’s rangelands from degradation, the technocratic approach to destocking the 
rangelands is not a universal panacea that fits every social-ecological context (Godde 
et al. 2020; Tavirimirwa et al. 2019). Farmers persistently resisted to comply with 
such top-down approaches that were far from addressing their realities (Tavirimirwa 
et al. 2019). This is because farmers mainly seek to maximize herd size; hence, 
destocking initiatives fail to be implemented. Furthermore, grazing schemes or 
resting periods should not be recommended in this context as they reduce the 
flexibility of the common grazing resource (Tavirimirwa et al. 2019). However, as 
argued by Lamega et al. (2021), destocking can be attained if it is subsidized to be 
in balance with the seasonal feed budget. The longstanding debate still appears to 
be grounded on different understandings between top-down-oriented policies and 
stakeholders. 

19.4.3 On-Farm Feed Production 

Maize stover is particularly an important feed resource on smallholder farms. To 
improve livestock productivity using maize stover Dejene et al. (2021) demonstrated 
that upper maize stover fractions had higher total N concentrations and lower 
fiber content, and varied among different genotypes. The production of dry season 
(winter) forages, such as protein-rich legumes as cover crops, is a traditional



544 S. A. Lamega et al.

practice across southern Africa, for example, Bennett et al. (2010) have reported 
that C3 species such as oats (Avena sativa L.) and barley (Hordeum vulgare L.) 
can be intercropped with maize during the dry season. Such species can do well 
under the South African winter climate (cool season with low temperature), but 
with limited water during the winter period, irrigation schemes are crucial for 
high and effective production. Also, legumes have always been of interest to rural 
development agendas but their implementation also met with skepticism among 
smallholder farmers (Sumberg 2002, 2004). For instance, dual-purpose winter 
forage crops may provide higher feed availability during feed gaps, which can 
maintain livestock or accommodate higher stocking density. While the “sustainable 
intensification” narrative promotes cover crop legumes to close yield and thus 
feed gaps, the upscaling and practical implementation has been of limited success 
among smallholding mixed-crop livestock farmers (Tittonell and Giller 2013). It is 
important that feed improvement interventions fully address the quality and quantity 
of forage (Balehegn et al. 2020). From an agronomic point of view, however, recent 
field trials prove the underutilized and drought-tolerant legume lablab (Lablab 
purpureus) promising when grown in Limpopo under rain-fed conditions (Rapholo 
et al. 2019). Additionally, forage brassicas have the potential to alleviate regular 
feed gaps due to high productivity (Bell et al. 2020) if integrated as feed-base 
strategies in drier or mixed farming systems. However, feeding Brassica rapa has 
been associated with liver disease in Holstein cows in South Africa (Davis et al. 
2021). Therefore, more research is needed in the context of feeding brassicas to 
local cattle breeds. 

19.4.4 Feed Aid Schemes 

Drought emergency support programs subsidize farmers during severe drought with 
supplementary feed obtained from commercial forage growers according to the 
farmers. A smallholder farmer commented on the present design of supplementary 
feeding support: 

I think the other challenge is, if we can get supplements from the government, that will help 
us a lot. But now they do sometimes, just as I said, I got 20 cattle and then they gave me 5 
bags. 

According to the farmers, feed aid comes rarely in periods of severe feed deficit. 
The program follows no specific criterion for acquiring such feed aids. Hence, 
farmers with very small herds (e.g., 5) may receive a one-time and free of charge 
supply, the same amount of feed (usually two to five bags of 25 kg) as a farmer 
that owns 20 plus cattle. In effect, such an approach to feed gap alleviation on 
smallholder farms is considered among farmers as not responding to the actual 
issue. A regular reception of such aids may help the livestock enterprise, but 
the question arises whether such programs can serve as a long-term sustainable 
adaptation strategy for smallholder farmers.
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The need of strengthening the nutritional status of animals during seasonal feed 
gaps, through feed quality enhancement, may be achieved using combinations of 
different options. To make sure that farmers adopt strategies to reduce the impact of 
feed gaps, combined options should be considered, taking into account sociocultural 
factors associated with the smallholder livestock systems. 

Farmers in Limpopo may learn from the pastoralists in the dry areas of Burkina 
Faso that deal with feed gaps by employing conservation methods such as building 
up fodder bundles from mowing grasses or plants when they are plentiful (Oué-
draogo et al. 2021). Anyway, the success of feed interventions or any interventions 
to alleviate feed gaps on smallholder farms is highly dependent on specific local 
conditions (Balehegn et al. 2020), which cannot be overstated. Moreover, as argued 
by Balehegn et al. (2020), we need to also consider other related challenges that 
face smallholder farmers such as market access for selling stock, improved water 
or irrigation schemes, improved livestock breeding techniques, and diseases, all of 
which could reduce the effects of feed gaps and improved farm profitability. For 
scientists, there is also the need to develop proper research objectives, and set up 
necessary experiments (surveys, field trials, modeling exercises) as suggested by 
Garrett et al. (2017) that are site and context-specific to the subject of seasonal feed 
gaps. 

19.5 Conclusions 

As presented in this chapter, feed gaps are generally governed by the environmental 
conditions that regulate the demand for, and the supply of energy but also the 
capacity of livestock managers to utilize diverse feed sources. Feed gaps will 
remain a key issue for livestock farmers in the dry areas of Limpopo amid climate 
variability. Therefore, developing multiple options for farmers may be beneficial 
in sustaining livestock throughout the year. The success, however, of any given 
recommendations must consider location and farm type specificity but also include 
sociocultural values associated with livestock keeping. To support rural policies 
in the face of climate uncertainties, there is a need to reconfigure and restructure 
the livestock systems in a way that feed sources become more in balance with 
smallholder livestock and their demand on communal rangelands throughout the 
year. For instance, if the farmer engages in cropping, with access to irrigation, 
dual-purpose C3 crops may serve as an option for alleviating winter feed gaps or 
may be used for trading. A cost-benefit analysis in relation to feed production and 
utilization may be helpful in evaluating adequate feeding strategies. However, the 
use of modeling to integrate different components of the system and management 
options as stated by Rötter et al. (2021) will become critical to determine ideal 
solutions for management issues against feed gaps. 
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Abstract 

This chapter aims at providing an overview of the diversity of agroecological 
conditions, features of main farming systems, agricultural land use, its dynamics 
and drivers during the last two decades as well as major threats in ten countries 
of southern Africa (SA10). Based on this, we attempt to identify the resultant 
challenges for sustainable land management and outline potential interventions 
with a focus on smallholder farmers. By analyzing cropland dynamics during 
2000–2019, we show how land use has been shaped by climate, demographic 
development, economic imperatives and policy realities. Concrete examples 
of these complex interactions illustrate both considerable shrinkage in South 
Africa and Zimbabwe or expansion of cropland in Mozambique and Zambia. 
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During the past 20 years, cropland increased by 37% on average across SA10 
mainly at the expense of forestland—showing huge spatiotemporal heterogeneity 
among countries. Most smallholders face shrinking farm size and other resource 
limitations that have resulted in soil nutrient mining and low agricultural 
productivity—a highly unsustainable situation. We conclude with an outlook on 
potential transformation pathways (“TechnoGarden” and “AdaptiveMosaic”) for 
the near future and thereby provide a frame for further studies on sustainable land 
management options under given local settings. 

20.1 Overview of Agricultural Land-Use and Related 
Management Challenges 

20.1.1 Introduction 

Agricultural land use and management in southern Africa has always followed a 
pathway driven and shaped by climate and its variability, policy realities, economic 
imperatives and demographic development. The data gathered on land under 
production and agricultural productivity in the last two decades seems to confirm 
these realities. There is also huge variation regarding the dependence of livelihoods 
and the economic importance of the agricultural sector among the various countries 
in southern Africa. Although the Republic of South Africa’s economy is not as 
dependent on agriculture (sector contributes less than 3% to GDP), in value and 
volume terms, South Africa has the largest agricultural economy in the region and 
therefore provides a good case study of a postagrarian economy, that, however, still 
depends to some extent on its agricultural sector. In the rest of the Southern African 
Development Community (SADC), agriculture’s role in the economy is much 
more pronounced, contributing to the bulk of employment for citizens (on average 
70%), as well as being a major contributor to GDP (on average 25%). Prominent 
agricultural economies in the region, such as Zambia, Zimbabwe and Mozambique, 
provide good, but different examples of the complex combination of factors that 
continue to influence land use and management within the agricultural sector in 
developing, largely agrarian-based economies. Whereas Zambia and Mozambique 
have been investing in agricultural development, in different ways and for different 
reasons, and have seen expansion of agricultural land use during the last one to two 
decades, Zimbabwe has paid much less attention to agricultural development and 
seen reductions in agriculturally used land. 

Other countries considered here for an overall analysis of the agroecological 
conditions and agricultural developments of southern Africa are Angola, Botswana, 
Eswatini, Lesotho, Malawi and Namibia. Cutoff points, i.e., not included were the 
Democratic Republic of the Congo and Tanzania, commonly perceived as belonging 
to central, respective eastern Africa. Due to its geographical particularities, also 
Madagascar is not included in the analysis. Mainland southern Africa repre-
sents one interconnected agroecological region with often common, but distinct
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socioeconomic characteristics and varied biophysical constraints in terms of water 
availability and soil conditions across this geographical region. For easier reference, 
from here the 10 countries of southern Africa listed above will be referred to as 
SA10. 

The objectives of this chapter are: 

1. To introduce agroecological features, agricultural land use and recent land-use 
dynamics in southern Africa (SA10). 

2. To describe major farming systems including current production levels, resource 
use and constraints. 

3. To present global change threats and discuss the quest for sustainable intensifica-
tion and key constraints to achieving this. 

4. To identify promising options that respond to key management challenges and 
sketch alternative future agricultural transformation pathways. 

20.1.2 The Agroecological Conditions of Southern Africa 

According to the original agroecological zone (AEZ) definition by FAO, an AEZ 
is mainly defined by its temperature regime and moisture availability conditions. 
Temperature regime is characterized by temperature belts with specific ranges 
chosen for mean, minima and maxima to coincide with temperature thresholds 
demarcating thermal suitabilities for major crops, whereas moisture availability 
is at first level characterized by the ratio of annual precipitation to potential 
evapotranspiration (expressed as aridity or humidity index) (see Fig. 20.1) (Fischer 
et al. 2012). There is a very strong gradient in annual rainfall spanning from 
well above 1500 mm in the northeastern parts of the southern African region 
to less than 50 mm along the Namibian coast (Hijmans et al. 2005) (Figs. 20.2 
and 20.4). Rainfall seasonality and associated atmospheric circulation processes 
are other important factors for agriculture (Richard et al. 2001). Overall, most 
areas in southern Africa receive predominantly convective rainfall from October 
to March or all-season rainfall. On the contrary, the important agricultural region 
of the southwestern Cape receives predominantly frontal winter rainfall from April 
to September, driven by westerly derived mid-latitude cyclones. In South Africa 
a transition zone receives rainfall from both summer and winter rainfall systems 
along the southern coast. Characteristic “Walter-climate diagrams” illustrate rainfall 
seasonality in the different “eco-climatic zones” (Fig. 20.2). 

An important additional characteristic of AEZs is the length of the growing 
period (LGP) expressed in days during which (on average) moisture availability 
conditions are considered “agrohumid,” that is, with sufficient water supply to 
allow crop growth. For detailed agricultural and farm management planning at 
local scales, different authors (e.g., Jätzold and Kutsch 1982) have introduced the 
consideration of rainfall seasonality and the probability of rainfall received per 
growing season instead of only using mean values, for specifying the LGP. These 
authors also emphasized the role of soil conditions, especially soil depth and soil
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Fig. 20.1 Agroecological zones of southern Africa (AEZ16 System) [Adapted from Kate (2009). 
Permission to use granted as per open access status under creative common license: Attribution 4.0 
International (CC BY 4.0)] 

water retention to accurately describe the potential of AEZs including LGP. Since 
the 1970s, there have been numerous local to global AEZ classification systems 
(see Rötter et al. 2016). Most used is the Global Agroecological Zones (GAEZ) as 
defined by IIASA (Fischer et al. 2012). In Fig. 20.1, we present the main AEZs  
of southern Africa as compiled in the version of IFPRI (Kate 2009). We find that 
in most of the 10 countries (SA10) considered in our analysis the tropical warm, 
semiarid (dry savanna) zone is prevalent, followed by: the semiarid to semihumid 
tropical highland climates of Angola, Malawi, Namibia, South Africa, Zambia and 
Zimbabwe; the arid to subhumid subtopics of Namibia, South Africa and Lesotho, 
and the arid tropical warm zone covering large parts of Botswana and Namibia, and 
finally, the humid tropical lowland zone that is mainly found in Mozambique. Most 
of these zones except for the arid ones have a moderate to high agricultural potential. 
This is reflected clearly in the LGP map (Fig. 20.3), where LGPs with durations of 
less than 60 days are restricted to the arid zones of Botswana, Namibia and South 
Africa—with the marginal agricultural zones (LGPs from 60–119 days) wrapped 
around these (in pink). 

Another serious constraint to agriculture is the fairly high variability of rainfall, 
both interannual/-seasonal and intraseasonal (e.g., Davis-Reddy and Vincent 2017). 
A detailed account of current and recent past climate variability is given in Chap. 
5. The bad news is that ongoing climate change has already amplified the severity 
of weather phenomena causing high rainfall variability, such as El Nino Southern 
Oscillation (ENSO). Especially the strong El Nino events have led to extended 
drought and also yield loss (Verschuur et al. 2021). Figure 20.4 shows the long-
term annual precipitation pattern averaged over the 118 years period (1901–2018),
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Fig. 20.2 Climate diagrams after Heinrich Walter showing different climate types and seasonal 
precipitation patterns in southern Africa [Adapted from Breckle and Rafiqpoor (2019). Permission 
to use granted as per written communication by S.W. Breckle (Author), 2022] 

and Fig. 20.5 illustrates the difference between cumulative seasonal precipitation 
(in mm) over the months November to February (i.e., the main rainy season in most 
of our target region) averaged over the 30 year period 1981–2010 (Fig. 20.5a, left) 
vis a vis the cumulative precipitation averaged only over the years with strong El 
Nino events (Fig 20.5b, right). In strong El Nino years the area with low to very low 
rainfall (<150 mm) is considerably extended (especially in Namibia, South Africa 
and Botswana) compared to average conditions, and, on the other hand, the area with 
high to very high rainfall (>950 mm) is also expanded—in particular in Zambia (Fig. 
20.5). 

As for soil conditions (see Figs. 20.6 and 20.7), the region shows a very 
complex pattern due to the high spatial heterogeneity of the major soil building 
and forming factors and processes such as geology, including tectonic stability 
(factor time), topography, hydrological conditions, vegetation types and cultivation 
history (Sikora et al. 2020) next to the factor climate. Among the most predominant 
soil groups, we find the deeply weathered Ferralsols from the old land surfaces 
from Angola and Zambia, constituting low natural fertility mainly due to poor soil 
chemical properties. Also quite prevalent are the Arenosols poor in water holding 
capacity and low in nutrients, stretching from Angola in the north via Namibia
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Fig. 20.3 The length of growing period in southern Africa [Adapted from Xiong et al. (2017). 
Permission to use granted as per open access status under creative common license: Attribution 
Non-Commercial, No Derivatives 4.0 International (CC BY-NC-ND 4.0)] 

and Botswana further south to the northern tips of South Africa. Widespread are 
the fairly fertile Cambisols of Zimbabwe and South Africa, and the Phaeozems of 
northern Mozambique, South Africa and central Zimbabwe. 

Leptosols show a broad band that mainly stretches from the arid zones of 
Namibia to South Africa. The spatial pattern of selected soil properties is shown in 
Fig. 20.7 extracted from the high resolution iSDA digital soil map shows (from left 
to right): total soil carbon, extractable P and total soil N. A more detailed overview 
of soil conditions and soil fertility issues in the region is provided by Vlek et al. 
(2020). 

20.1.3 Major Farming Systems in Southern Africa: Their 
Characteristics and Dynamics 

The agroecological conditions along with the influence of socioeconomic factors 
such as market access generate a distinct geographical pattern of generic farming 
systems (see Fig. 20.8). Dominating in terms of land use is the group of maize-based 
cropping systems, widespread in the northern and eastern realms of southern Africa,
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Fig. 20.4 Annual precipitation (mm) in southern Africa (1901–2019) [Data: Climatology CRU 
TS4 (1901–2019) (extraction and mapping by NRC Ferreira, TROPAGS/University of Göttingen)] 

and a pocket of agroecological suitability stretching south through Zimbabwe and 
South Africa. Maize-mixed farming systems represent the livelihood basis for 
100 million rural people in Sub-Saharan Africa (Auricht et al. 2014). The central 
and western parts of southern Africa, experiencing a semiarid to arid climate, are 
dominated by agropastoral systems, with Namibia and central South Africa being 
able to only sustain pastoralism on a large scale. Only the eastern coast and Western 
Cape region of South Africa, as well as the state of Eswatini, can naturally sustain 
perennial cropping systems on a large scale. 

To a large extent, these cropping systems rely on rainfed water exclusively, with 
irrigation being common only in some limited areas. Future climate projections 
point toward reduced rainfall and increased variability for most of southern Africa, 
with severe reductions in the already marginal, western part (Nhemachena et al. 
2020) (Fig. 20.9).
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Fig. 20.6 FAO classification of southern African soils [Adapted from Fischer et al. (2008). 
Permission to use granted by written communication with FAO-GSP secretariat, chief publication 
branch, 2022] 
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Fig. 20.7 Key soil characteristics in southern Africa, indicating total soil carbon (a), extractable 
phosphorus (b) and total soil nitrogen (c) [Adapted from iSDA Africa (2021). Permission to use 
granted as per open access status of iSDA database, attribution is given, and the original authors 
were notified] 

These projections of a diminishing resource basis are alarming. That is, in first 
place, water resources for agriculture (Meza et al. 2021; Chap. 22 on macadamia) 
and fertile soils (Vlek et al. 2020). Especially improved water management and 
adaptation measures to drought and rainfall variability become imperative if the

http://doi.org/10.1007/978-3-031-10948-5_22
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Fig. 20.8 Major farming systems of southern Africa [Adapted from Auricht et al. (2014). 
Permission to use granted as per open access status of IFPRI publication, attribution is given, 
and the original authors were notified] 

region is to sustain agriculture in the future (see Chap. 5 on hydroclimate, Chap. 22 
on macadamia and Chap. 23 on the potential of agricultural technologies). 

Besides climate change, the other factor exerting considerable pressure on the 
natural resource quality and environment is the continuous expansion of agricultural 
land. In just two decades, from 2000 to 2019, the cropland in southern Africa 
has expanded by 37% to a total of 28 million ha in 2019 (see Fig. 20.10). While 
maize has clearly remained to be the dominating crop, novel industrial crops such 
as soybean have emerged rapidly and found their place within the major cropping 
systems (FAOstat 2021). Climate change and population growth and increasing food 
demand are directly mirrored in a shift and expansion of agricultural production, 
provoking conflicts with other land-use objectives (conservation, forestry). In 
the last decades, an unsustainable trend of deforestation has emerged. Drastic 
deforestation is observed in the Miombo woodlands across southern Africa where 
strong agricultural expansion and charcoal production are the major drivers of land-
use changes (Ribeiro et al. 2020).

http://doi.org/10.1007/978-3-031-10948-5_5
http://doi.org/10.1007/978-3-031-10948-5_22
http://doi.org/10.1007/978-3-031-10948-5_23


20 Agricultural Land-Use Systems and Management Challenges 561

Legend 
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Irrigated Area 

Rainfed Area 
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Fig. 20.9 Agricultural land-use patterns by type of water source [Adopted from Nhemachena et 
al. (2020). Permission to use granted as per open access status under creative common license: 
Attribution 4.0 International (CC BY 4.0)] 

Fig. 20.10 Cropland composition and expansion in southern Africa (SA10) 2000–2019. (a) 
Composition of cropland in SA10 in 2000 (20 million ha). (b) Composition of cropland in SA10 
in 2019 (28 million ha) [own analyses, J Meyer-zu-Drewer, based on FAOstat (2021)]
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20.2 Selected Case Country Studies Illustrating Land-Use 
Dynamics and Its Drivers 

In the following we have chosen four contrasting examples and country cases 
illustrating shrinkage (South Africa and Zimbabwe) as well as expansion (Zambia 
and Mozambique) of cropland for the period 2000–2019 and the different causes 
that led to such developments. 

20.2.1 South Africa 

Based on official national data and FAO estimates on the major 31 cropping systems, 
a decline of 22% of cropland has been observed in South Africa between 2000 
and 2019 (FAOstat 2021). This change points toward the development of a partly 
postagrarian community. Remarkable is an observed increase of +679% in cropland 
dedicated to the production of soybean, which comes at the expense of o.a. maize 
(−43%) and wheat (−42%) production area. Further dominating crops include 
sunflower and sugarcane. The land-use patterns within South Africa between 2000 
and 2019 are indicative of a number of factors that the country has been influenced 
and impacted by during the last two decades (Fig. 20.11). 

Climate Factors 
South Africa being largely a country with limited water resources has limited 
options for irrigation. Rainfed agriculture prevails with reliable crop production 
typically found in the higher rainfall areas (Eastern Cape, KwaZulu Natal, Free 
State, Mpumalanga, parts of the North West and Limpopo). In recent years, the 
likelihood of severe droughts has been increasing for the arable lands (Conway et 
al. 2015). The drier regions of the country are largely put to livestock production 
and wildlife farming, and high value crops under intensive irrigation in areas 
where infrastructure and water resources have been available. Due to the limited 
availability of irrigation water, one of the major areas of conflict in those areas 
in the period under review is related to the allocation and use of water rights for 
agricultural purposes. In both rainfed crop and rangeland-based livestock farming, 
trends indicate that the last two decades have been about increasing crop yields from 
less and less land, and increasing the productivity of the rangelands for livestock 
production. In the Western Cape, traditionally the wheat production area, successive 
poor seasons have led to a constant reduction in land under production, especially 
since most production subsidies from the wheat board fell away in 1996. The region 
is highly dependent on sufficient winter rainfall. The last multiyear droughts of 
2015–2018 have led to drastic crop losses in the Western Cape region, likely to 
be exacerbated under future climate change (Theron et al. 2021).
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Fig. 20.11 Cropland dynamics: South Africa. (a) Total cropland area as of 2000 and 2019 in 
million hectares. (b) Area dynamics of five dominating cropping systems (2000–2019) in million 
hectares. (c) Composition of cropland as of 2019 [FAOstat (2021)] 

Policy and Institutional Factors 
The trend-line on land use for agriculture points to a steady decline in land use 
for agricultural purposes during 2000–2019, which to a large extent has been 
influenced by fundamental agropolicy changes that preceded the 2000s. The main 
influence has come from deregulation, land reform, land redistribution and changes 
in the agricultural finance and insurance environment. Prior to 1996, South Africa’s 
agriculture was managed through the activities of statutory commodity boards, 
which were constituted under the Marketing Act 1968 to oversee the agricultural 
activities of various commodities such as the Wheat Board, the Maize Board, the 
Wool Board, etc. Their functions were to regulate the production and marketing 
of various commodities, by ensuring access to inputs, mechanization and favorable 
pricing through single market channels. For that reason from the 1930s up to the late 
1980s, there was rapid expansion of land use for agricultural production. When the 
Marketing Act was replaced by the Marketing of Agricultural Products Act No 47 in 
1996, the price protection afforded to farmers fell away, and only the market could 
determine price. As a result, marginal producers left the various sectors, as they 
could not compete, and the producers in favorable agroclimatic zones improved their 
productivity. Access to improved technology such as GMO maize also contributed
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to rapid yield increases in maize, albeit with reduced hectares. The Commodity 
Boards were converted into trusts with a narrower role of administering statutory 
commodity based levies, which in turn were mainly used to fund industry functions 
and board activities relating to information, grading, quality standards, training and 
inspection services for local producers. This policy change had the biggest impact 
on land-use patterns for agriculture in South Africa. 

The other factor, land reform and restitution, resulted in the transfer of previously 
white controlled agricultural land to black occupants. This transfer of land did 
not come with the necessary transfer of skills and resources that the previous 
administration had invested in sustaining agriculture by marginal producers. The 
result has been a further reduction in land under production, which has been to 
a large part been offset by the increased productivity of the commercial farming 
sector in terms of yield. Further reduction was due to the reorganization of the 
former Homeland/Bantustans agricultural systems and the defunding of agriculture 
leading to the collapse of production in large parts of these areas. Nick Vink from 
the Department of Agricultural, University of Stellenbosch makes a key point that 
state-driven farmer assistance grew to a peak of 25% of all agricultural income in 
1984, and although steadily decreasing thereafter, remained at about 20% up to 
commencement of democracy (1990/1991) (personal communication). Thereafter 
we saw a steep decline. With the safety net removed, less land was made available 
for production. An additional factor that impacted the grain production areas in the 
last decade has been the virtual collapse of the multiperil insurance system in South 
Africa. Successive poor seasons have made insuring crops such as maize and wheat 
unviable for the insurance industry and the multiperil insurance product was largely 
withdrawn from the market. 

Economic and Demographic Factors 
The economic and demographic impact on land use for agriculture in the review 
period, was driven by the rapid economic growth in the late 1990s and early 2000s 
which saw GDP growth of about 5% on average, and a massive postdemocracy 
increase in the middle class from 1.7 million individuals in 2004, to over 4.2 million 
individuals by 2012. The sheer spending power within this group grew the poultry 
industry (i.e., the largest part of the SA agricultural complex by revenue at over 
15% of gross value generated by the agricultural sector) so much that South Africa 
currently needs to import up to 30% of its poultry feed requirements annually. This 
is because poultry demand has grown faster than supply, pushing consumption of 
maize and soy for feed, and resulting in imports to close the gap. Per capita poultry 
consumption between 2000 and 2017 has increased from 18.5 kg to 40.0 kg per 
capita. Since poultry relies on maize and soybeans, these grain sectors have shown 
massive increase in productivity (maize) and increase in plantings (soybean) in 
response to greater local demand.



20 Agricultural Land-Use Systems and Management Challenges 565

20.2.2 Zimbabwe 

Considering official FAO data on 71 dominant cropping systems in Zimbabwe, a 
decrease of −19% in total cropland was identified. A decrease can be observed both 
in staple crops such as maize (−36%), and commercial crops such as seed-cotton 
(−45%). 

Climate Factors 
Zimbabwe has experienced increasingly erratic rains over the past two decades and 
has been impacted by the El Nino phenomena seemingly more than neighboring 
countries (Setimela et al. 2018). The rainfall pattern is a major factor in influencing 
land use for rain-fed crops, livestock and irrigated crops. The variability between 
seasons and periods in land put under crop production has largely tracked rainfall 
amount and its variability. Extremely dry seasons recently, such as 2015/2016 
and 2019 have led to drops in the area planted to maize—the main staple crop 
in Zimbabwe. Wheat is exclusively produced under irrigation and the variability 
in production has been linked to availability of irrigation water, and stability of 
electricity supply. Zimbabwe’s primary source of power is hydroelectric generation 
from the Kariba dam. Successive drought has resulted in reduced inflows into the 
dam, and this has ultimately rendered the hydroelectric scheme inoperable due 
to low water levels. In turn, power supply has been erratic in the last decade, 
with load shedding reaching 18 h of planned power outages per day. Wheat 
production under irrigation was near impossible under these conditions. However, 
when considering the area put under cash crops such as tobacco and soybeans (Fig. 
20.12), counterintuitively, the production of these cash crops was not subject to 
this distortion. After a land reform inspired collapse in the early 2000s, tobacco 
production has shown a rapid upward trend (Government of Zimbabwe 2018) driven  
largely by the financial incentive the crop offers to all sizes of producers where 
the producer price is in US dollars. A crop like soybean has stabilized due to the 
economic importance of the crop especially to the livestock sector in Zimbabwe. 
The reason, therefore, lies in a combination of policy and economic factors. 

Policy Factors 
The Zimbabwean agropolicy environment in the last two decades, after climate, 
has had the largest influence on agricultural land-use patterns in Zimbabwe (e.g., 
ZAIP 2013). The major policy was the start in 2000 of the Fast-Track land reform 
process that summarily stopped production in most acquired farms, as well as 
disruption to the agro inputs sector. The impact was a drop in area planted in the 
first few years of land reform, although there was a recovery midway into the 
first decade (2000–2010). In addition to land acquisition and transfer, state policies 
related to marketing of agricultural produce, in particular maize and wheat, created 
a disincentive to produce the crops, as government controlled prices were lower than 
regional benchmarks, and were paid in an unstable and failing local currency. Maize 
and wheat’s loss seemed to have been tobacco and soybean’s gain. These crops were
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Fig. 20.12 Cropland dynamics: Zimbabwe. (a) Total cropland area as of 2000 and 2019 in million 
hectares. (b) Area dynamics of five dominating cropping systems (2000–2019) in million hectares. 
(c) Composition of cropland as of 2019 [FAOstat (2021)] 

governed by a free market pricing regime and could be sold in foreign currency, and 
farmers could realize real value and returns. The explosive growth in tobacco and 
soybean is a reflection of the policy impacts of how they are marketed in Zimbabwe. 
The high growth in tobacco has come at the expense of the environment, due to 
the use of greenwood as the fuel source for curing the tobacco. The environmental 
damage associated with tobacco, will in the future become an existential challenge 
in the high rainfall areas of the country (Tatenda 2019). 

Economic and Demographic Factors 
Zimbabwe’s economy has generally experienced erratic growth from the mid-
1960s as a result of armed conflict and postindependence economic management 
issues. Agriculture has been a stabilizing factor since it impacts the majority of 
the population. However, a mismanaged post-2000 land reform pushed even this 
sector over the brink, with additional negative impacts by frequent droughts. In a 
country where 70% of the population derive their livelihood from agriculture, 20% 
of the GDP, 40% of all exports and 60% of manufacturing raw materials come from 
agriculture, economics and land use are intricately connected.
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Fig. 20.13 Cropland dynamics: Zambia. (a) Total cropland area as of 2000 and 2019 in million 
hectares. (b) Area dynamics of five dominating cropping systems (2000–2019) in million hectares. 
(c) Composition of cropland as of 2019 [FAOstat (2021)] 

20.2.3 Zambia 

Considering the 28 dominating crops, an increase of cropland by 51% was observed, 
totaling 1.9 million ha in 2019 (FAOstat 2021). While the traditional crops maize 
and groundnut are still dominating, a strong development toward industrial and 
export-oriented crops can be observed. The soybean production area experienced 
a growth of +1083% since 2000, turning it into the top 3 crops (Fig. 20.13). 

Climate Factors 
Zambia’s tropical climate and low population density are advantages that the 
agricultural sector has benefitted from. The country’s agroclimatic conditions have 
remained favorable for crop production in most cultivation areas in the last two 
decades, and that has created a level of predictability within the agricultural sector. 
The main crop production areas of Central, Eastern and Southern Provinces lie 
along the fertile belt of so called agroecological zones I and IIa which combine 
high rainfall and good soils for crop production.
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Policy Factors 
The biggest impact on Zambia’s agricultural production and land use has been the 
government policy of farmer input support program (FISP) which for over two 
decades has ensured that the government subsidizes inputs for farmers, thereby 
ensuring that any farmer who wants to grow crops has all the requisites. Additional 
policy stability with regards to maize pricing and trade has contributed to growing 
confidence in crop production. Further evidence of this has been farmers’ reaction 
to unfavorable contracts in cash crops like cotton, which saw a rapid market based 
response as farmers turned to more profitable crops. Zambia has therefore seen a 
rapid increase in land use for agricultural production as a direct consequence of 
progressive agricultural policies. 

Economic and Demographic Factors 
Traditionally, the Zambian economy depends on mineral commodity prices; how-
ever, food security has always depended on the country’s ability to maintain good 
agricultural production. 

The longest run of agricultural surpluses (ReNAPRI 2014) ensured there is a 
safety net for the population and created opportunities for economic participation by 
the greater part of the citizens. The economic stability has created a growing middle 
class and increase in demand for agro-based commodities. According to the Global 
Yield Gap Atlas (www.yieldgap.org/zambia), Zambia’s average yield for maize has 
averaged 1.1 million t ha−1, against an achieved average 6.5 million t ha−1 in the 
much drier South Africa. Considering these current yields, there is still a long way 
for Zambia to achieve high productivity. Growth in agriculture, that has driven rising 
incomes and rapid urbanization has also created unintended consequences in that 
there is a serious energy deficit that has created unsustainable wood harvesting 
for of charcoal for energy. The Centre for Forestry Research (CIFOR) estimates 
that 30,000 ha of forest cover are lost annually (Day et al. 2014) The main  
drivers for forest cover loss are listed as agricultural expansion, urban infrastructure 
development, wood extraction (e.g., for charcoal and wood fuel) and uncontrolled 
fires. The impact of this rapid and large-scale deforestation has the potential to have 
negative and serious environmental impacts for Zambia in the near future and calls 
for corrective measures. 

20.2.4 Mozambique 

Considering the 40 dominant cropping systems, Mozambique experienced a strong 
expansion of cropland of +87% during 2000–2019. Remarkable is the strong 
increase in production area for staple crops such as maize (+109%), paddy rice 
(+293%) and sorghum (+109%) (FAOstat 2021) (Fig. 20.14). 

Climate Factors 
The tropical to subtropical climatic conditions of the region are largely influenced 
by the monsoons from the Indian Ocean and Mozambique current with warm

http://www.yieldgap.org/zambia
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Fig. 20.14 Cropland dynamics: Mozambique. (a) Total cropland area as of 2000 and 2019 in 
million hectares. (b) Area dynamics of five dominating cropping systems (2000–2019) in million 
hectares. (c) Composition of cropland as of 2019 [FAOstat (2021)] 

surface waters flowing south along the African east coast, while the southern area 
of Zambezi River is influenced by the subtropical anticyclonic zone. The south 
of Mozambique is generally drier with an average rainfall lower than 800 mm, 
decreasing to as low as 300 mm. Mozambique is already highly susceptible to 
climate variability and extreme weather events. Periods with floods are followed 
by droughts. Meanwhile, climate change has raised the frequency of extreme 
weather such as tropical cyclones with destructive effects on agriculture. In 2020 
for example, Mozambique had two such cyclones making landfall on the country. 
Manuel et al. (2021) emphasize regional differences in climate change impacts 
due to differences in agroecological conditions. Higher negative impacts of climate 
change are expected on the agricultural outcomes in the central and northern regions, 
which are currently characterized by more favorable agroecological conditions than 
the drier southern regions (Swain et al. 2011). 

Policy Factors 
While Mozambique probably has the best agroclimatic conditions in southern 
Africa, it yet is one of the poorest countries in the region. A combination of decades 
of internal conflict since independence has held back the country’s agricultural 
potential. However, after the 1992 Rome Peace Agreement, sufficient stability
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returned to the country for agriculture to take advantage of its agroecological 
potential. 

The Mozambican government’s limited fiscal capacity meant that they have 
limited capacity to directly support agriculture in the same way other SA10 
countries like Zambia and Malawi are able to. In trying to manage this reality the 
government adopted a policy of concession agriculture wherein private companies 
are given concessions to operate outgrower schemes exclusively in a district, for a 
single commodity. Farmers in that district, growing that commodity, can only sell 
to the concession holder. In return, the concession holder must provide inputs and 
technical support to farmers. 

This model worked well in the early years and drove a lot of the strong increase 
in agricultural production and land use for agriculture. However, in recent years, 
farmers have switched to nonconcessional crops like soybeans and sesame, that 
reward farmers fairly for their labour. Cotton and tobacco, the main concession 
crops have been under pressure as farmers turn to more open market traded crops. 
Mozambique has also been subject to controversial “land grab” issues as a result of 
the land concession system. It remains to be seen if and when the government will 
be able to start playing a bigger role in agricultural support and if this will result in 
greater utilization of land for agriculture. 

Economic and Demographic Factors 
The end of the civil war gave the economy a chance to grow almost exponentially, 
for slightly over a decade (World Bank 2006). Demand for basic commodities such 
as poultry, previously all imported, created the impetus for local production. The 
economic situation has deteriorated in the last decade, but local consumer demand 
remains (World Bank 2021). It is anticipated that land use for agriculture will 
grow multiple times as market systems take root and stabilize across a number of 
commodities. 

20.3 Global Change Threats and the Quest for Sustainable 
Intensification and Diversification 

20.3.1 Changes in Demography, Food Demand and Food Insecurity 

Changes in Demography One of the big challenges for Africa in the twenty-first 
century is its rapid population growth. Looking at the medium variant of the United 
Nations projections for the continent as a whole, its population will nearly double 
between 2020 and 2050 to an estimated 2.6 billion people. Globally, the population 
is expected to grow by just 30% (UN DESA 2017), Africa accounting for half of 
this growth in that period. When we look at the SA10 treated in this chapter, the 
population of these countries together amounted to about 45 million in 1960. The 
population count increased to about 175 million in 2017 (UN DESA 2017) and 
projections suggest that by 2050 approx. 350 million people (Klingholz 2020) will
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live in the region—a doubling in just 33 years. Most of the population growth is still 
happening in rural areas and this increase in rural population is very unlikely to be 
absorbed by employment in the primary agricultural sector (Sikora et al. 2020). 

Changes in Food Demand and Food Insecurity Changes in food demand is not just 
a matter of more people needing more calories, but depends on various factors such 
as demographic structure, changes in diet, economic development, etc. (Rötter et al. 
2007). Changes in diets due to more wealth and associated changes in lifestyles and 
food consumption patterns (toward more meat) possibly have the strongest influence 
on increased per capita calorie demand (Tilman et al. 2011). There is a large food 
demand-supply gap for southern Africa that may even widen in the future decades 
as a consequence of rapid population and income growth. The World Food Summit 
(1996) defined: “food security represents a state when all people at all times have 
physical and economic access to safe and nutritious food to meet their dietary needs 
and food preferences for an active and healthy life.” Among the rural population 
in southern African countries about 16% have consistently been classified as “food 
insecure” (SADC 2018). Geo-referenced data on the current status of food insecurity 
and related indicators at (sub-)national scale can be found in WFP. The ongoing 
COVID-19 pandemic has again since 2020 increased the total number and relative 
share of people experiencing chronic hunger—globally by about 120 million people, 
with a considerable share of those in Sub-Saharan Africa (FAO, IFAD, UNICEF, 
WFP and WHO 2021). 

20.3.2 Climate Variability and Change, Natural Resource 
Limitations and Low Agricultural Productivity 

Climate Variability Southern Africa is one of the world regions characterized 
by high rainfall variability (Davis-Reddy and Vincent 2017). There is evidence 
that inter-annual rainfall variability over southern Africa has increased since the 
late 1960s and that droughts have become more intense and widespread in the 
region (e.g., MacKellar et al. 2014). Among the many factors influencing rainfall 
variability, the El Nino Southern Oscillation (ENSO) phenomenon has possibly 
the strongest impact over large parts of southern African regions. Here, El Niño 
conditions are generally associated with below-average rainfall years over the 
summer rainfall regions (see Fig. 20.5, above), while La Niña conditions are 
associated with above-average rainfall. The 1982/1983 and 2015/2016 droughts in 
many parts of SA10 coincided with strong El Niño events. Chapter 5 gives more 
details on current and recent past climate variability. 

Observed Impacts: In 2015/2016 South Africa experienced the worst drought 
since 1930. Large parts of maize (83%) and wheat (53%) are produced under 
rainfed conditions, making them especially vulnerable. In 2015, The Free State, 
KwaZulu-Natal, Limpopo, Mpumalanga, Northern Cape and North-West provinces 
were declared drought disaster areas. Also other countries (Lesotho, Swaziland,
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Fig. 20.15 Climate change scenarios: temperature change for South Africa, and precipitation 
change for southern Africa, 1900–2100 plotted from KNMI Climate Explorer website based on 
CMIP 5 multimodel ensemble—42 models, using one ensemble member per model (Source: http:// 
climexp.knmi.nl/plot_atlas_form.py) 

Zambia, Zimbabwe) experienced yield reductions and associated increases in maize 
prices (WFP 2016). Verschuur et al. (2021) showed that drought in South Africa and 
Lesotho in 2007 resulted in severe food insecurity in Lesotho. 

Climate Change For southern Africa, Engelbrecht et al. (2015) report drastic 
increases in surface temperature for the region—about twice as high as the global 
rate of warming. A decrease in late summer rainfall (JF, i.e., January and February) 
has been reported over the western regions including Namibia and Angola. Long-
term records have shown significant increases in average rainfall intensity and the 
length of the dry season (New et al. 2006). Trends in flood occurrences have been 
decreasing prior to 1980 and increasing afterward. Mean annual temperatures have 
increased in the last five decades and have reached 0.2–0.5◦C/decade in some 
regions such as in south-western Africa. Under the highest emission scenarios 
(RCP8.5 or SSP5–8.5), almost all African regions will very likely experience a 
warming larger than 3◦C, while under a low emission scenario (RCP2.6 or SSP1– 
2.6), the warming probably remains below 2◦C (IPCC 2021). Some projections of 
annual temperature and precipitation changes (as anomalies referring to 1986–2005) 
are presented in Fig. 20.15. Chapter 7 gives information about the latest climate 
change projections for the region. 

Consequences: Accelerated climate change will put additional pressure on the 
multifunctionality of southern African savanna ecosystems and the Western Cape 
winter rain area (Midgley and Bond 2015). Ecosystem services such as provision of 
food, feed, fuel, carbon sequestration, nutrient cycling, habitat quality, pollination 
and natural pest control are under threat (Rötter et al. 2021). Both agricultural and 
hydrological drought are projected to increase in southern Africa—most severe for 
agriculture will be the projected significant increase in the probability of extremes, 
especially heat waves and severe droughts (IPCC 2021). The number of days with 
maximum temperature exceeding 35◦C is projected to increase in the range of 50– 
100 days by 2050 under high emission scenario SSP5–8.5 for most regions in Africa. 
Some adaptations are possible, e.g., through judicious choice of more suited crop
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cultivars (see Sect. 20.4.1.2). Global warming will very likely increase the frequency 
of extreme El Niño events. 

Natural Resource Limitations, Land Degradation and Low Agricultural Pro-
ductivity 
Vlek et al. (2020) described the natural resource situation in southern Africa as 
“land rich but water poor,” at the same time stressing the need for agricultural 
intensification and emphasizing options to stop soil nutrient mining and land 
degradation by integrated nutrient management practices (Vanlauwe et al. 2010) 
with special attention to soil organic matter. 

Sub-Saharan Africa is dominated by low input agriculture with associated low 
farmer’s yield which may be well below 20% of the climatic potential (Van Ittersum 
et al. 2016). This has often been compensated by additional land clearing and 
“over-cropping” of already marginalized land (Nkonya et al. 2016). Yield levels 
for major staples such as maize remain low (at 1–2 t ha−1) due to low inputs. 
Average fertilizer application rates in 2017 in sub-Saharan Africa were still below 
17 kg ha−1 (NPK together) (Vanlauwe and Dobermann 2020). The huge nutrient 
gaps, i.e., the gaps between the nutrients actually applied and those required to 
replenish the nutrients removed by harvested products (Ten Berge et al. 2019), 
resulting in soil nutrient depletion, are a main cause of stagnating low agricultural 
productivity, land degradation and poverty of smallholders (Vlek et al. 2020). 
Land clearing and deforestation to expand agricultural land use has led to rapid 
degradation of more than 95 million ha of land in SSA (Nkonya et al. 2016). The 
loss of vegetative cover, depletion of soil organic matter, lack of management skills 
and appropriate technologies are recognized factors codetermining soil degradation 
(Kuyah et al. 2021). Little fertilizer, no irrigation is what we may call the “status 
quo management practice” of smallholder farmers in southern Africa (Chap. 23). 
On the other hand, it has been demonstrated at many on-station and on-farm field 
experiments and by yield statistics of commercial farms that cereals yields of 6– 
7 ha−1 are achievable at high nutrient and water use efficiencies. Such yields can 
be sustained if applying appropriate technologies and good management, such as 
site-specific nutrient management, smart crop rotations and deficit irrigation (e.g., 
Swanepoel et al. 2018). Yet, the considerable increases in cropland and harvested 
area for the main crops are largely responsible for the recent increases in crop 
productivity in southern Africa (FAOSTAT 2021) (Sects. 20.1–20.2). 

20.3.3 The Quest for Sustainable Intensification and Diversification 

Southern Africa has also been identified as a hotspot for biodiversity, whereby agri-
cultural expansion is a key driving force for the declining species diversity (Midgley 
and Bond 2015). The demographic and climate change projections underline the 
urgency of science-informed identification of sustainable land management options 
that, on the one hand, lead to sustainable increase of crop yields per unit area so 
as to meet increasing food demand and, on the other hand, protect biodiversity in
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forests and natural vegetation by saving these areas from agricultural expansion 
(IPCC 2019; Sikora et al. 2020). 

From Definitions to Implementation Sustainable agricultural intensification (SI) 
means “to produce more with less land, water and labour to meet growing food 
demands and save space for biodiversity.” This definition has been phrased during 
the 1990s in the context of market liberalization and economic growth in countries 
with densely populated areas in S, SE and E Asia (Rötter et al. 2007). Godfray 
et al. (2010) emphasizes that SI is the logical response to the threefold challenge 
of a further strong increase in food demand, increasing competition for natural 
resources and decline in resource availability and quality, and climate change 
threats. While under some conditions SI can be achieved through specialization on 
one/few crops, diversification of crop production, horticulture and livestock toward 
mixed farming systems can increase the economic viability and resilience of farms 
and farm households (Kuyah et al. 2021), especially climate variability and change. 
Tibesigwa et al. (2017), among others, found that such mixed farming systems 
are less vulnerable compared to specialist crop farms. SI is commonly defined 
as an increase of agricultural production and improvement of ecosystem services 
from the same area of land—with constant or reduced inputs and reduced negative 
externalities such as the agricultural carbon footprint (Garnett et al. 2013). In order 
to minimize greenhouse gas emissions from the African land-use sector, SI must 
be favored over an expansion scenario, as the latter leads to higher greenhouse gas 
emissions and jeopardizes climate protection more than intensification (Tilman et 
al. 2011; Van Loon et al. 2019). But so far, the contrary has been practiced. 

Multiple techniques for SI in Africa, both traditional and novel, are already at 
hand (Rötter et al. 2007; Jeffery et al. 2017; Kuyah et al. 2021) Yet, still ongoing 
is the generation of knowledge on appropriate, site-specific measures that take 
the various sustainability dimensions (environmental, economic and social) into 
account. Likewise, the associated knowledge diffusion for wider adoption for a 
broad spectrum of crop and livestock systems is receiving increased attention. 
Besides efficiency and environmental impacts also cultural and financial limitations 
affecting adoption rate of sustainable management practices need to be considered. 
Market access, education, land rights and availability of inputs will finally steer the 
direction of the implementation and the magnitude of impact. In Sect. 20.4, a brief  
synthesis of recent review publications on SI with technologies suitable for southern 
Africa is made. 

20.4 Agricultural Management Challenges and Transformation 
Pathways for a Sustainable Future 

20.4.1 Most Pressing Agricultural Management Challenges 

Key to a sustainable transformation of agriculture in SA10 will be to convert low 
productivity and food insecure subsistence farms to productive and economically
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viable commercially oriented systems applying sustainable land management prac-
tices (Sikora et al. 2020). Current smallholder systems suffer from vulnerability 
to climate variability and change, rapid soil nutrient depletion, shrinking farm 
size, lack of agricultural knowledge and technology and poor access to input 
and output markets. Hence, the most pressing management challenges include 
improving soil health, germplasm and water management from field to watershed in 
conjunction with climate change adaptation and mitigation, natural pest control and 
protection of biodiversity through its integration into farm management. Moreover, 
existing commercial farms have to become more resource-efficient, climate-smart 
and environment-friendly (e.g., Vanlauwe and Dobermann 2020; Kuyah et al. 2021). 
A few examples are given below. 

20.4.1.1 The Need of Improving Soil Health in the Face of Climate 
Change 

Soil fertility is broadly defined as the suitability of soil physical, chemical and 
biological characteristics, at a given site to match the site specific production 
and management objective. Measures counteracting nutrient-mining, as well as 
for preventing soil erosion (Chap. 13) and carbon-stock degradation must be 
implemented. It has often been reported that soil carbon losses are associated with 
a decline in soil quality and crop yield (Lal 2004). Given the many nutrient poor 
soils, year-round high temperatures and the (semi-) humid to semiarid conditions, 
soil organic carbon (SOC) concentrations in southern Africa are generally low. 
Swanepoel et al. (2016) found that 58% of the top soils have SOC concentrations of 
<0.5% or less and that conventional farming has further depleted native SOC stocks, 
on average by 46%. The protection of the remaining SOC is therefore imperative. 
Conservation agriculture (CA) represents a possible avenue to enhance climate 
change adaptation and mitigation in conjunction with soil fertility improvement and 
increased yields (Thierfelder et al. 2017). The central challenge is to develop and 
implement measures enabling soil fertility improvements by smallholders, such as 
shown for Integrated Nutrient Management (INM) techniques in Africa (Vanlauwe 
et al. 2010). 

20.4.1.2 Water Management from the Crop via Farm to the Watershed 
According to Vlek et al. (2020), agriculture in SA10 consumes about 85% of 
the water withdrawn from nature (rivers, streams, aquifers, etc.). Nhemachena 
et al. (2020) provided a comprehensive analysis of the projected climate change 
impacts on the interrelated agriculture and water sectors of the Southern African 
Development Community (SADC); the largest share of this geo-region (75%) is 
characterized as marginal with arid to semiarid climatic conditions (<650 mm 
precipitation year−1). The share of irrigation in SA10 is somewhere between 10% 
and 15%, whereby The Republic of South Africa keeps the lion’s share with 
about 1.5 million ha in 2010 (Vlek et al. 2020). The overall picture is that of a 
fragile region with high livelihood dependence on variable rainfall regimes and 
prevalence of largely inefficient irrigation technologies—with climate change likely 
to even worsen that picture. Consequently, the SADC region may face losses in
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agricultural productivity ranging from 15% to 50%. This baseline situation and the 
projected outlook require rapid and widespread adaptations in water management 
from crop/field to watershed level (Chap. 22). 

Watersheds and River Basins Major rivers such as the Okavango, Sambesi, 
Limpopo or Oranje have a transboundary character. Unsustainable management of 
these resources also has geo-political implications. From a hydrological perspective 
only in Mozambique and Zambia, and, to a lesser extent in Zimbabwe, viable 
options for increasing the share of irrigated crops exist (Vlek et al. 2020). Increasing 
water demands from urban areas is also lowering the agricultural use of the water 
resources. 

Farm Level On farm water-harvesting structures must be mainstreamed and 
efficient irrigation schemes and technologies developed and deployed. Efficient drip 
irrigation systems can save water and extend watering times. Further, soil moisture 
conserving agronomic practices and rainwater harvesting must be adopted (e.g., 
Kuyah et al. 2021). 

Field and Crop Level Varietal choice regarding water consumption and water-
use complementarity, and adopted planting dates can improve the water use and 
utilization at plant level. Additionally, development of new breeds with reduced 
transpiration, increased water use-efficiency and deeper rooting must be developed. 
Breeding of climate-smart plants is a key-stone for the adaptation of the agricultural 
sector to future climates (Chap. 23). 

20.4.1.3 Integration of Biodiversity at Farm and Landscape Level 
Southern Africa landscapes harbor a significant part of global biodiversity. The 
Cape Floristic Region, the Succulent Karoo and the Maputaland-Pondoland-Albany 
biodiversity hotspot are recognized as a global priority for nature conservation in 
the context of the world’s 34 biodiversity hotspots. Meanwhile, habitat loss has 
been accelerated by the ongoing transformation and fragmentation of landscapes. 
Unique biomes like fynbos, renosterveld and strandveld have been converted for 
fruit and cereal production. Nowadays, only 5% of the original renosterveld biome 
remains in the agricultural lowlands. According to the South African “Threatened 
Plant Species Program” (South African National Biodiversity Institute, SANBI), 
67% of all threatened plant species occur in the fynbos biome of the Cape region. 
Many of these species have a very limited distribution range and only persist 
in small areas or even in a single location. Remaining patches are situated on 
private lands: implying that the integration of natural habitats into agricultural 
landscapes is a priority issue. In general, a functioning mosaic of agricultural fields, 
orchards, conservation areas and landscape-scale ecological networks can increase 
ecological resilience at watershed/landscape level. The direct interactions between 
crops and natural vegetation and fauna can have positive effects on crop production 
(Chap. 22). The increased introduction of natural and seminatural vegetation into 
the agricultural landscape promotes the settlement of animals. This is particularly
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important for predator-prey relationships for natural pest control and the abundance 
and diversity of pollinators. On the other hand, with the decrease of habitats and the 
simultaneous increase in population, the animals are driven toward closer contact 
with humans, which leads to a significant increase in human–wildlife conflicts 
with crop raiding by wildlife having become an important negative commercial 
factor for farmers (Seoraj-Pillai and Pillay 2017). Development of large-scale 
ecological networks serving as corridors that connect the remaining natural habitats 
in fragmented landscapes can improve structural and functional connectivity for the 
exchange of biodiversity, and increase the effective size of local protective areas. 
Redesign of integrated landscapes can result in a win-win situation for agriculture 
and conservation, but needs further strategic research and practical implementation. 

20.4.2 Outlook on Sustainable Transformation Pathways 

Southern Africa is in need of doubling its food production within the next two 
decades. Facing the contemporary challenges of climate change, land degradation, 
biodiversity loss and other interferences with the planetary boundaries, it is clear that 
staying within “safe operation space” (Rockström et al. 2020) will be a challenge 
but must be achieved without compromise. 

Key to a sustainable transformation of agriculture in southern Africa will be to 
convert low productivity and food insecure smallholder farming systems, suffering 
from vulnerability to climate variability and change, rapid soil nutrient depletion, 
shrinking farm size, lack of agricultural knowledge and technology and poor access 
to input and output markets, to more productive and economically viable systems. 
This calls for sustainable land management practices (Sikora et al. 2020) and 
continued policy support of the ongoing structural transformation of African farm-
ing systems (Barrett et al. 2018). Transformation of agricultural land-use systems 
requires a systemic, integrative multiscale and multidisciplinary approach (HLPE 
2020). The challenges that evolve—e.g., to develop climate-smart and resilient 
farming systems—are often studied with a reductionist approach (e.g., investigating 
single plants or animal breeds on their drought or heat tolerance) without subsequent 
integration of its findings with required adjustments of other system components of 
the farm or landscape. However, if the whole system is transformed, it is essential 
to study the mutual interactions of crop and livestock production systems jointly 
with other major land uses in a region and their interrelations with the natural 
resource base. Moreover, all agents (agricultural producers, extension services, 
other resource managers, etc.) have to be involved in the process, and apart from 
evaluating the systems for efficiency gains, also the impacts on economic, ecological 
and social aspects have to be taken into account. There are only a few projects 
that look at the multifunctionality of agricultural landscapes in view of possible 
transformation pathways, using such a systemic integrative approach. Exceptions 
include SPACES2-SALLnet that develops such scenarios for Limpopo (Rötter et al. 
2021; Chaps. 22 and 23) and SPACES2-ASAP that integrates agroforestry systems 
into land management in southern Africa (Sheppard et al. 2020). There are strong
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arguments for the development and implementation of SI strategies tailored to the 
local biophysical and socioeconomic settings (Cassman and Grassini 2020). Plenty 
of choices exist on how to implement these strategies on the ground in terms of 
cropping systems, agronomic practices, breeding and other enabling technologies 
and support systems/infrastructure. A common goal is to move from the current 
situation, which most often is unsustainable (economically and/or ecologically) 
to desirable sustainable farming systems. Such transformations require SI and 
diversification strategies (Vanlauwe and Dobermann 2020). While the availability 
of many options for intervention may create the need to prioritize the means (i.e., 
the interventions/technology options), we think that it is equally important that 
solutions are codesigned by multiple stakeholders including scientists as otherwise 
they will not turn out to be sustainable. The best strategy will not only depend on 
the prevailing agroecological conditions but also on several other factors such as 
human capabilities (e.g., education, practical skills; entrepreneurship), as discussed 
by Gatzweiler and von Braun (2016). 

There are many possible or conceivable transformation pathways for agriculture 
globally and for world regions such as southern Africa. Construction of agricultural 
development scenarios have been an integral part of future-oriented assessments for 
many years (IAASTD 2009). Also more recent agricultural development scenarios 
(e.g., Antle et al. 2017) go back to four archetype scenarios: Global orchestration; 
Fortress; TechnoGarden; AdaptiveMosaic (Du-Lattre-Gasquet et al. 2009). Here, we 
only consider the two archetype scenarios “TechnoGarden” and “Adaptive Mosaic” 
since both aim at environment-friendly sustainable management practices, although 
with slightly different foci (Fig. 20.16). 

According to Du-Lattre-Gasquet et al. (2009), (1) TechnoGarden combines 
new technologies with focus on high resource use efficiency as globally devel-
oped/exchanged with site-specific knowledge, whereas (2) AdaptiveMosaic tailors 
diverse low cost management practices to the local specificities, continuously adapt-
ing them to changes and largely utilizing local resources & knowledge focusing 
on soil health and biodiversity conservation. A prerequisite for any sustainable 

Fig. 20.16 Anticipated 
(schematic) transformation 
trajectories of TechnoGarden 
(upper arrows) and 
AdaptiveMosaic (lower 
arrows) from the current 
status of commercial farming 
(CF) and smallholder farming 
systems (SHF) to a 
sustainable future status
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transformation pathway is that it is: (1) economically viable (2) environmentally 
sound, (3) resource-use efficient, (4) climate-resilient with (5) a low or negative 
carbon footprint and (6) based on equity among the various actors. 

Here, we sketch some features of two potential future transformation pathways 
(Fig. 20.16), but refrain from prescribing where and under what conditions exactly 
these should be developed. Principally, we also do not claim that a “TechnoGarden” 
pathway would best fit to high or medium agroecological potential areas (e.g., where 
maize-mixed or root and tuber-based systems dominate), and the “AdaptiveMosaic” 
suits more to the marginal semiarid ecozones (e.g., Karoo) and savanna zones 
(where mixed crop-livestock/agropastoral systems dominate). Yet, there may be 
some argument that, initially, the “High Tech” would often be found rather closer to 
urban centers or in well-connected rural areas, while the “Adaptive local” pathway 
would initially rather be found in remote, less accessible rural areas. In the longer 
term we will likely see that the more commercially oriented, “TechnoGarden” 
with High Tech and relatively capital-intensive input will converge with the 
smallholder low input local “AdaptiveMosaic” systems that are based on diversity 
and agroecological principles. Both need to lead to systems that are profitable, 
highly productive and environmentally sound (Fig. 20.16). 

TechnoGarden This will lead smallholders to become more commercial farmers, 
and current commercial farmers to apply environmentally sound practices using 
the best available technologies (e.g., precision farming). Apart from being capital-
intensive, TechnoGarden recycles resources (water, nutrients) whether land-based or 
decoupled (e.g., vertical farming; cultivating insects for protein, etc.). Furthermore, 
it integrates renewable energy networks like photovoltaic, wind power, biogas 
and energy storage. This requires a high level of technical and managerial skills, 
and tailors technologies to local conditions by utilizing agroecological principles, 
complemented by local knowledge & resources. For southern Africa, this pathway 
could comprise climate-smart crop rotations or legume-based intercropping systems 
(e.g., Hoffmann et al. 2020), efficient irrigation or season-specific management of 
input use (based on weather forecasts & crop monitoring)—whatever is technically 
feasible/reasonable under the given local settings. Practices can include (climate-
and pest-) resilient and new (food and fodder) crops/cultivars (Chaps. 19 and 23), 
integrated and site-specific nutrient management (INM and SSNM) (Vanlauwe and 
Dobermann 2020; VanLauwe et al. 2010) and natural pest control/integrated pest 
management (Chap. 22). Wherever feasible, such technology packages should be 
combined with mechanization (e.g., shared machinery at community level). A few 
studies have explored the impacts on yield, environment and/or farm economics 
of some elements of such technology packages in Africa (see, e.g., Rötter et 
al. 2016; Swanepoel et al. 2018; Hoffmann et al. 2020 and Chap. 23). Crop 
yield increases in the range of 100% to 300% compared to status quo have been 
reported—narrowing the yield gap from the usual 0.2 of the climatic potential yield 
to 0.5 or more (e.g., Van Ittersum et al. 2016). The TechnoGarden will aim to 
reduce different agricultural risks by newest technologies and adequate, if necessary 
capital-intensive, resource use and recycling technologies.
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Fig. 20.17 Diversification and integrated farming concepts: (a, b) diversified cropping enabled 
by water-saving mulching and drip irrigation (Photo: Frank’s smallholder at Ndengeza Village), 
Limpopo Province, South Africa; and Integrated Farming supporting sustainability, biodiversity 
and crop productivity: (c) in the Winelands of the Western Cape and (d) in the rangelands at 
the Bokkeveld Mountains in the Northern Cape, South Africa (Photo: Farm Papkuilsfontein, 
Niewouldtville) 

AdaptiveMosaic will allow smallholders that are currently mainly subsistence-
oriented to become more commercially oriented. The pathway will largely build on 
local resources and adaptive management (e.g., Kuyah et al. 2021). The term “adap-
tive” indicates that risk reduction takes place by continuously adapting/adjusting 
to changing conditions. It may comprise different local means of integrated soil 
nutrient and residue management, combining use of available organic materials with 
(little) industrial fertilizer (Vlek et al. 2020; Thierfelder et al. 2017). Furthermore, 
it applies the principles of conservation agriculture (CA) and natural pest control. 
Often irrigation will not be possible, but rainwater harvesting may be applied. Crop 
diversification and intercropping options need to be tailored to (the often limited) 
water availability (Fig. 20.17a, b). In more humid areas, diversification through 
diverse agroforestry (Chap. 21) and crop rotations consisting of cereals, legumes and 
root crops might be introduced. In their comprehensive review, Kuyah et al. (2021) 
identified fertilizer micro-dosing, planting basins, push and pull technologies (pest 
control), conservation agriculture, agroforestry and double-up legume cropping as 
appropriate SI measures for Sub-Saharan Africa.
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Whenever possible, management practices/use of material inputs such as fertil-
izers should be season-specific based on weather forecasts (Phillips et al. 1998). 
The agronomic application of pyrogenic carbon, i.e., biochar has been recognized 
by IPCC (2019) as an appropriate and scalable negative emission technology 
with high impact potential. Biochar application as a means to amend soil fertility 
and sequester carbon should be an integral management component, especially 
in agroforestry systems. The cultivation of new indigenous cash crops can con-
tribute to an integrated and sustainable farming system. Medical plants (e.g., 
Devil’s claw Harpagophytum procumbens) and Rooibos tea (Aspalatus linearis) 
and honeybush (Cyclopia spec.) are good examples for increased use of indigenous 
crops. Integrated farming in combination with biodiversity and nature conservation 
can be observed in marginal regions of southern Africa (Fig. 20.17c, d). Nature-
based tourism can generate income, which contributes significantly to the revenues 
obtained from traditional sheep and crop farming. This requires a good understand-
ing of ecosystem services and their uses in the heterogeneous landscapes of the 
farms. 

20.5 Conclusions 

The high diversity of agroecologcial conditions in southern Africa in conjunc-
tion with the different economic and sociopolitical settings creates a multitude 
of agricultural management challenges. In most of the region, high to medium 
potential agricultural land is amply available, but water resources are scarce. 
While commercial farmers are usually well-endowed with resources, the many 
smallholders increasingly face serious resource limitations that have resulted in 
negative environmental impacts and persistently low productivity. It is very likely 
that climate change will further reduce water security and food security. This 
situation is unsustainable and, in conjunction with rapid increase in population 
and food demand, is likely to lead to social unrest and ecological disaster for the 
region, if no major transformation of agricultural systems will take place. Key future 
management challenges, required policy interventions and research needs include:

• agronomic means for smallholder farms to restore soil health, implement climate-
resilient cropping systems, integrate biodiversity for pest control and increase 
productivity must be complemented by policy measures

• policy interventions must be tailored to smallholder needs so they get access 
to required inputs, technologies and knowledge, markets, etc. so that farming 
becomes more profitable and environmentally sound in the long term

• investments into training of extension services and farmers on sustainable man-
agement of soil, water, crops and livestock to increase resource use efficiencies, 
productivity and reduce undesired outputs

• investments into the design of local solutions for new technologies including 
precision farming, digitalization (e.g., weather and market information via 
mobile-phone), production of renewable energy, techniques for the recycling of
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nutrients and water, GMO and advanced breeding tools for breeds resilient to 
climate extremes, pests, etc.

• prioritize research into climate-neutral and adaptive farm management
• stimulate systemic, multiscale and multidisciplinary research approaches to 

explore and evaluate options that support the multifunctionality of the diverse 
agricultural landscapes

• support research on the redesign of agricultural landscapes and integration of 
biodiversity to maintain ecosystem services and for conservation 

The two agricultural transformation pathways sketched, each with somewhat 
different means, (1) aim to boost productivity by overcoming key constraints 
to agricultural production, (2) lead to economically viable farming systems, (3) 
restore/maintain ecosystem services and (4) reduce the environmental/carbon-
footprint agricultural production. 
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Abstract 

This chapter introduces the different agroforestry systems (AFSs) as part of 
the diversification of agricultural landscapes and gives examples of their use in 
different related crop production systems in southern Africa. The introduction of 
trees into agriculture has several benefits and can mitigate the effects of climate 
change. For example nitrogen-fixing trees and shrubs contribute significantly to 
nutrient recycling and benefit soil conservation, which is particularly important 
for smallholder farms. In addition, shelterbelts play an important role in reducing 
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wind speeds, and thus, evapotranspiration, and modifying the microclimatic 
conditions, which is an important factor for the adaptation of cropping systems to 
climate change. These integrated AFS landscapes provide important ecosystem 
services for soil protection, food security and for biodiversity. However, defi-
ciencies in the institutional and policy frameworks that underlie the adoption and 
stimulus of AFS in the southern African region were identified. Furthermore, 
the following factors must be considered to optimise AFS: (1) selection of tree 
species that ensure maximum residual soil fertility beyond 3 years, (2) size of 
land owned by the farmer, (3) integrated nutrition management, where organic 
resources are combined with synthetic inorganic fertilisers and (4) tree-crop 
competition in the root zone for water. 

21.1 Introduction 

21.1.1 Land-Use Pressure 

Agricultural production in sub-Saharan Africa (SSA) has been widely affected by 
the use of unimproved seed varieties, declining soil fertility, expensive inorganic 
fertilisers and, in some cases, poor pricing and marketing systems (Kuyah et al. 
2021). In addition, continuous cropping with low inputs has resulted in devastat-
ing soil and land degradation effects. Amongst the major manifestation of land 
degradation are loss of soil organic matter (SOM), decline in fertility, elemental 
imbalances, deterioration of soil structure, as well as acidification and salinisation 

S. E. Mwale 
Copperbelt University, Dag Hammarskjöld Institute for Peace and Conflict Studies, Kitwe, 
Zambia 

B. I. Nyoka 
Bindura University of Science Education, Department of Environmental Science, Bindura, 
Zimbabwe 

World Agroforestry Centre (ICRAF), Southern Africa Node, Lilongwe, Malawi 

T. Seifert 
University of Freiburg, Faculty of Environment and Natural Resources, Freiburg, Germany 

Stellenbosch University, Department of Forestry and Wood Sciences, Stellenbosch, South Africa 

M. P. Senyolo 
University of Limpopo, Department of Agricultural Economics and Animal Production, 
Polokwane, South Africa 

G. W. Sileshi 
Addis Ababa University, College of Natural and Computational Sciences, Addis Ababa, Ethiopia 

University of KwaZulu-Natal, Earth and Environmental Sciences, Pietermaritzburg, South Africa 

S. Syampungani 
Copperbelt University, ORTARCHI - Oliver R Tambo African Research Initiative, Kitwe, Zambia



21 The Need for Sustainable Agricultural Land-Use Systems: Benefits. . . 589

(FAO and ITPS 2015). Reports have shown that 24% of the global land area 
has suffered degradation within the last 25 years, with the cultivated land area 
directly contributing approximately 19% (Henao and Baanante 2006; Nkonya et al.  
2016). Due to an increasing human population, the luxury of traditional fallowing 
consistent with former farming practices has been curtailed, leading to other land 
uses being exploited for agricultural expansion. For instance, in southern Africa, 
large forested areas have been converted to agriculture (Gondwe et al. 2020; Dziba 
et al. 2020). This is overwhelmingly the main cause of deforestation (Fisher 2010). 
In the Miombo region of southern Africa, FAOSTAT reported an increase in cropped 
area from 100,000 km2 to 272,000 km2 between 1961 and 2014 (Dziba et al. 
2020). It is clear that agriculture is the main cause of woodland conversion in the 
ecosystem. The drivers of both small- and large-scale cropland expansion in the 
region vary greatly between countries, with widely varying degrees of land-use 
intensification and expansion (Ryan et al. 2016). Overall, however, cropped area 
per rural person has remained around 0.3 ha per head, whilst the rural population 
has increased from 31 to 111 million (1961–2020; data from FAOSTAT). 

Whilst a small human population allowed land to lay fallow in order to rebuild 
and sustain the soil physical and chemical properties, this has not been possible in 
southern Africa due to the immense pressure to provide food for a rapidly growing 
population. Increasing productivity within small pieces of land has been at the mercy 
of continuous application of synthetic inorganic fertilisers by smallholder farmers, 
which are mostly costly and inaccessible. Consequently, several soil-improving 
interventions were promoted with a farming systems approach in agriculture includ-
ing crop rotation with leguminous crops. In later years, a sustainable investment in 
soil fertility management programmes through the adoption of low-cost agroforestry 
(AF) technologies or practices that increase the resilience of agricultural production 
was promoted in different agroecological regions of the world, including in southern 
Africa (Kuyah et al. 2021; Muchane et al. 2020). Such soil-fertility-improving 
interventions are intended to make Africa achieve food and nutritional security 
(Chap. 20). Indeed, this addresses a wide range of Sustainable Development Goals 
(SDGs) of the United Nations including Zero Hunger (SDG 2), Health (SDG 3), 
Climate Action (SDG 13) and Life and Land (SDG 15). 

21.1.2 Agroecosystems of Southern Africa 

Most parts of southern African vegetation are generally referred to as the Zambezian 
phytoregion. The region covers ten countries in central and southern Africa between 
latitudes 3◦ and 26◦ south with a total area of 377 million ha (White 1983). The 
region falls within the tropical summer-rainfall zone with a single rainy season 
(November–April) and two dry seasons, a cool season from May to August and a hot 
season from September to November (Geldenhuys and Golding 2008). Annual rain-
fall is 500–1500 mm, with a decreasing gradient from north to south (Chidumayo 
1997). Within the SSA region, savanna constitutes the largest ecoregion (Eriksen 
2007). These are ecosystems that have been heavily influenced by both natural
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and anthropogenic factors such as fire, cultivation practices and wood extraction 
for charcoal production. Degradation of the agroecosystems in the region has been 
associated with not only a massive loss of soil material, but also a loss of fauna and 
flora. Additionally, anthropogenic influences have had an impact on the distribution 
of the woodland ecosystems in the region. For example the current distribution of 
Miombo woodland, the principal vegetation type in the region, is the result of fire 
regimes and anthropogenic practices (Tarimo et al. 2015). 

Winter rainfall occurs predominantly in the Western Cape. The Cape Floristic 
Region, for example, is one of the world’s 34 biodiversity hotspots and is recognised 
as a global priority area for nature conservation. Habitat loss has been accelerated 
by the ongoing transformation and fragmentation of landscapes. In large areas of 
SSA, soil structural degradation, low SOC concentrations and nutrient limitations 
are widespread in both natural and man-made ecosystems (Tamene et al. 2019). 
Agricultural land for crop production and rangelands takes up more of the land 
surface of southern Africa than any other type of land-use. Cereals and grains 
are southern Africa’s most important crops, occupying a large area of cultivatable 
land (Chap. 20). Maize is the most common crop and a dietary staple, a source of 
livestock feed and an export crop in some countries. Other crops include sorghum, 
millet, wheat and rice grown for subsistence use and income generation. A larger 
number of small-scale farmers and commercial farmers also produce cassava, 
peanuts, sunflower seeds, beans, potatoes, pumpkins and soybeans. The Western 
Cape is traditionally the second largest wheat producer in South Africa, but also 
fruits, grapes and vegetables and oilseeds are important agricultural products. An 
overview on the agroecological regions in SSA is given by Roetter et al. in Chap. 
20. 

21.1.3 Impact of Land Use on African Savannas 

In the African savanna, the most significant land-use practices include arable 
and pastoral systems as well as the harvesting of timber products. Agriculture is 
normally practiced and traditionally takes a form of shifting cultivation, which 
comprises interchanging between a short phase of cultivation and a period of fallow. 
In this way, shifting cultivation transmutes savanna into a mosaic landscape with 
croplands, fallows of different ages and non-arable savanna sites that are not used 
for cultivation due to unfavourable soil and habitat conditions. Characteristic for 
these mosaic landscapes is the preservation of some highly valued tree species 
such as Adansonia digitata (baobab), Parkia biglobosa and Vitellaria paradoxa 
on croplands. Besides natural fires, people set fires for various reasons such as to 
clear ground for agriculture, to achieve higher visibility and to stimulate an off-
season re-growth of perennial herbs (Krohmer 2004). During the last decades, the 
African savannas were subject to high climatic variability and land-use changes 
(Hickler et al. 2005; Wezel and Lykke 2006; Brink and Eva 2009). Land-use changes 
account for 70–80% of the biodiversity changes in the African savannas (de Chazal 
and Rounsevell 2009). The percentage of land intensively used for agriculture 
has increased in Africa, and agricultural systems have been intensified due to the
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growing use of fertilisers and pesticides. Land-use changes are driving the loss of 
natural habitats, biodiversity and stored carbon and the loss of other ecosystem 
services (Brink and Eva 2009). The reduction of natural resource capital leads to 
an increased risk of soil erosion, land degradation and of natural hazards such as 
floods. 

21.2 Developing Sustainable Land Management Strategies for 
the Savannas 

21.2.1 Current Land Management Strategies 

Agriculture remains an important engine for the growth of the southern African 
economy due to its backward and forward linkages to the economy. A changing 
climate is widely acknowledged as a threat to the agricultural sector; however, 
the sector holds a great potential in contributing towards the greening of the 
southern African economy. One approach advocated to support a transition to an 
all-inclusive green economy is climate smart agriculture (CSA). CSA is defined 
as agriculture that sustainably increases crop productivity, enhances resilience 
(adaptation), reduces or removes greenhouse gases (mitigation) and is leading to the 
achievement of national food security and development goals. A widely promoted 
CSA in South Africa is conservation agriculture (CA) which is defined as a farming 
system that promotes the maintenance of minimum soil disturbance, permanent 
soil cover and diversifies crops per unit area or time. Crop diversification includes 
practices such as intercropping, crop rotation, cover cropping and AF, which are 
key to the sustenance of CA. The practice of conservation agriculture with trees 
(CAWT) is a term recently used to describe the combined CA practices and AF, 
and it is believed to be an important CSA technique, but its benefits are not well 
documented. The worldwide acknowledgement of AF as an integrated approach 
to sustainable land use owing to its production and environmental benefits spans 
over several decades (Nair et al. 2021). In both CSA and agroforestry systems 
(AFSs), an on-field assessment plays an important role in the evaluation of access 
modalities and provides an understanding of characteristics that have a bearing on 
the beneficiaries’ choice and preferences regarding adoption and the use of feasible 
technologies and management practices. 

Box 21.1 Case Study: Limpopo Climate Smart Agriculture 
This study was initiated to address three objectives relating to CSA, namely: 
(1) to establish climate-smart (CSA) techniques and practices introduced 
and advocated with an understanding of factors that hinder farmer adoption, 
(2) smallholder maize farmers’ perceptions and preference of specific CSA 
techniques and (3) document some dominant traditional AF practices for 

(continued)
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Box 21.3 (continued) 
viable CSA interventions in the province. The study was carried out in 
Limpopo Province of South Africa. Limpopo Province was chosen as the 
study area due to its diverse farming activities, high climatic variability and 
largely arid to semi-arid nature, suggesting that CSA techniques and practices 
that reduce the effects of droughts, moisture stress and water scarcity are 
necessary. The province spans a total area of 20,011 km2 and a population of 
1,092,507, inclusive of a portion of Kruger National Park. In general, the bulk 
of precipitation in Limpopo Province occurs in summer with rainfall ranging 
between 400 mm and 600 mm. 

Data Collection Methods 
To achieve the research objectives, the study employed a combination of 

qualitative and quantitative methods which usually complement each other, 
as none of these methods are better than the other. Accordingly, in this 
study, literature review and semi-structured interviews with several groups 
of relevant stakeholders in the area of climate change, water management 
and agriculture were conducted using non-probability purposive sampling to 
identify factors impacted by water availability and climate change. Conse-
quently, semi-structured interviews were held with farmers, NGOs and other 
stakeholders through both key informants and semi-structured interviews. The 
qualitative data was first transcribed by making memos and noting of main 
and key initial observations regarding the contextual information. 

The Best-Worst Scaling (BWS) model was used to document farmers’ 
perception and preferred CSA farming practices that are perceived as best and 
worst in sustaining crop productivity under climate change. This technique 
measures the relative importance that respondents attach to certain attributes. 
In developing the survey instrument for this objective, 15 farming practices 
suitable for dryland maize production based on literature were used (Table 
21.1). The third objective on documentation of prevalent traditional AF 
practices in farmers’ fields and home gardens was achieved by first reviewing 
a study on indigenous AF practices in the Limpopo Province carried out 
about 20 years ago (Ayisi et al. 2018) in the Mopane district. This was 
followed by site visits to farmers’ fields across different rainfall regimes to 
assess dominant practices. Descriptive statistics was used to identify dominant 
systems and associated pros and cons of the practice. 

CSA Technologies 
Several technologies and practices consistent with CSA were noted, which 

included CA, DTSVs, infield rainwater harvesting (IRHW) and AF. For 

(continued)
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Box 21.3 (continued) 
instance the adoption of seed varieties is anticipated to permit harvest even 
under adverse conditions, whilst helping farmers to deal with dry spells 
and mitigate against rain shortfall. Rainwater harvesting was also noted to 
have the potential to increase the rainwater productivity and yields with 
prospects to mitigate against the risk of crop failure associated with erratic 
and declining rainfall. AF was found to have prospects of improving soil 
fertility, whereas CA was an option for soil fertility improvement, whilst 
contributing to mitigation through limited tractor use and safeguarding soil 
carbon sequestration. To uncover the context within which the CSATIs are 
used, respondents revealed some key factors for adoption, which include proof 
of technology benefits, need for immediate benefits, involvement of end-users 
of the technologies and provision of support and complementary programmes, 
amongst others. 

Farmers’ Preference for Specific CSA Techniques 
Report on the ranking farmers’ preference for different CSA interventions 

in the Mopane District is presented in Table 21.1. 
Traditional Agroforestry Practices 
In general, AF in the Mopane district occurs in diverse forms in home-

steads and farmlands. Fruit trees dominate the home gardens, whereas 
indigenous trees occur on the farmlands. However, planned or externally 
driven AF initiatives were found to be limiting, though few location-specific 
testing of species and systems had been carried out in the past. Leaving trees 
on farmlands as AF was prevalent in most agricultural production systems. AF 
in this sense is passive and has become a land management decision by which 
farmers choose not to remove specific trees when clearing land for farming. 
Farmers maintain trees with subsistence crops for several reasons amongst 
others (Tables 21.2 and 21.3). 

Farmers within very high rainfall zones tend to focus on exotic fruit trees, 
grown in pure stands rather than in an intimate mixture with annual crops. 
However, AFS involving fruit trees such pawpaw, banana, mango and avocado 
planted with maize and vegetables can be found. The medium and drier 
localities are dominated by sparsely populated indigenous woody species 
mainly marula, Jackalsberry and acacia in association with maize. Interest 
in fruit tree production is largely encouraged by the favourable rainfall and 
availability of the local market for the fruits. 

Conclusions 
Whilst results have indicated some CSATIs with high prospects for the 

promotion of CSA in South Africa, high initial investment costs and additional 
labour required as well as management intensiveness associated with some 
CSATIs may render them unfavourable in the southern African context, 
particularly within smallholder agriculture. It is likely that a combination of 

(continued)
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Box 21.3 (continued) 
technologies and practices will be necessary to achieve enhanced results with 
CSA attempts, so future research could unpack how this happens in practice. 
Diverse AFS occur in the study area, but the practice is more passive than 
planned interventions primarily and lowly ranked due to lack of information 
on the benefits of the practice. 

Table 21.1 Respondents perceived the following attributes from best to worst 

Ranking of practices Description of practice 

P1 Intercrop maize with legumes as nitrogen source. 
P2 Apply maize residue as a mulch to bare soil. 
P3 Changing planting date. 
P4 Adopt drought-tolerant and fast-maturing maize cultivars. 
P5 Changing maize plant density. 
P6 Apply fertilisers according to maize fertiliser recommendations. 
P7 Feed maize residues to livestock. 
P8 Adopt ripper tillage for maize production. 
P9 Apply fertiliser that releases nutrients slowly for maize production. 
P10 Changing from maize to crops that require less nitrogen fertilisation. 
P11 Intercrop maize with trees as the source fertilisers. 
P12 Adopt no-till for maize production. 
P13 Changing from maize production to livestock and dairy production. 
P14 Changing from maize to sorghum production. 
P15 Shift from farming to non-farming activities. 

Table 21.2 Farmers’ 
reasons for practicing 
agroforestry in the Mopane 
District 

1 Food production for household consumption 
2 Medicinal 
3 Fodder 
4 Material for building 
5 Fuelwood 
6 Fruit for sale and consumption 

Table 21.3 Major limitations to the adoption of intensive agroforestry by farmers 

Item Constraints to adoption 

1 Limited land area per household which cannot accommodate trees 
2 Lack of land ownership for long-term investment in the woody perennial species 
3 Lack of knowledge on agroforestry system 
4 Inadequate water in drier areas for successful tree production
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21.2.2 Low Input, No-Tillage Agriculture 

Sustainable agriculture is an essential requirement to satisfy the needs of human 
beings, enhancement of natural resource base as well as environmental quality 
over a long period of time. The overarching purpose of sustainable agriculture 
is the conservation of the natural resource base, particularly soil and water by 
depending on the minimal utilisation of artificial inputs from outside the farming 
system. It ensures that land recovers from the disturbances caused by cultivation 
and the harvest of crops (Wezel and Lykke 2006; Francis and Porter 2011). 
Sustainable agriculture promotes the adoption of conservation practices such as crop 
rotation, integrated pest management, natural fertilisation methods, minimum tillage 
and biological control. Sustainable land management also requires an utilisation 
of techniques that reduces nitrogen loss (Küstermann et al. 2010). Sustainable 
agricultural practices can be effective in improving water use efficiency specifically 
in poor developing countries affected by water scarcity (Pretty et al. 2006). The 
use of agricultural practices such as no tillage or minimum tillage as some of the 
strategies to ensure sustainable land management has proven to be valuable in 
the reduction of soil loss and soil fertility restoration (Altieri 2002; Pretty et al. 
2006; Lal  2007). These agricultural practices improve soil fertility by implementing 
farming practices such as using cover crops, leaving residues in the field, avoiding 
soil compaction, reducing the use of agrochemicals and unnecessary system inputs 
(e.g. World Bank 2008). 

21.2.3 Perennial Crops 

The cultivation of perennial crops has proven to reduce the detrimental effect of soil 
tillage, thereby promoting a sustainable management of land. Perennial crops have 
been reported to bring a valuable number of benefits. This is owing to the fact that 
their roots go beyond the depths of 2 m and can significantly improve the functioning 
of the ecological system such as conservation of water resources, nitrogen cycling 
as well as carbon sequestration. Compared to annual crops, perennial crops are 
reported to be more effective in the maintenance of the topsoil, that is to be 30–50 
times more effective in the reduction of nitrogen losses, and to sequester between 
300 and 1100 kg C ha−1 a−1, compared to the 0 to 300 – 400 kg C ha−1 a−1 

sequestered by annual crops (Cox et al. 2005). It is also believed that perennial 
crops could help restrain the impacts of climate change, reduce management costs, 
as they do not need to be replanted every year; hence, they require fewer passes of 
farm machinery and fewer inputs of pesticides and fertilisers. Perennial crops also 
require less harmful inputs such as the application of herbicides.
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21.2.4 Usage of Crop Varieties 

Sustainable land management requires an improvement of crop varieties as it 
becomes increasingly difficult to adjust the environment to the requirements of the 
plant. High yield plant varieties that are adapted to specific production environments 
and sustainable agricultural practices and that are resistant to specific pests and 
diseases will become increasingly important in the future. Livestock improvement 
will increase productivity and make more efficient use of scarce land and water. 
Biotechnology’s potential as a tool for sustainable production systems should be 
evaluated and supported on a case-by-case basis (World Bank 2008). 

21.2.5 Organic Farming 

Organic farming has proven to be another approach for sustainable land manage-
ment in the region. Conservation and enhancement of soil health is at the epicentre 
of organic farming. However, in order to conserve soil fertility, a number of farming 
practices that take full advantage of ecological cycles must be employed. This can be 
carried out by implanting practices such as crop rotation, intercropping, polyculture, 
cover crops and mulching. Long-term crop yield stability and the ability to buffer 
variations in yield against climatic adversity is critical in agriculture’s capability to 
support society in the future. Sullivan (2009) estimates that for every 1% of soil 
organic matter (SOM) content, the soil can hold 10,000–11,000 L of plant-available 
water per ha of soil down to a depth of about 30 cm. Many studies have shown that, 
under drought conditions, crops within organically managed systems produce higher 
yields than comparable crops managed conventionally. This advantage can result 
in organic crops out-yielding conventional crops by 80% on average under severe 
drought conditions (Pimentel et al. 2005; Smolik et al. 1995). The primary reason 
for higher yield in organic crops is thought to be due to the higher water-holding 
capacity of the soils under organic management (Sullivan 2009). Nevertheless, other 
studies in the past have shown that organically managed crop systems have lower 
long-term yield variability and higher cropping system stability (Smolik et al. 1995). 

21.2.6 Integrated Pest Management Systems 

Integrated pest management (IPM) systems have been developed for many crops to 
control pests, weeds and diseases whilst reducing potential environmental damage 
from excessive use of chemicals. Scaling up IPM technologies is a challenge, 
as these management systems rely on farmers’ understanding of complex pest 
ecologies and crop–pest relationships. Thus, although IPM messages need to be 
simplified, IPM systems require continuous research and technical support and 
intensive farmer education and training along with policy-level support (World Bank 
2008).
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21.2.7 Precision Agriculture 

Precision agriculture improves productivity by better matching management prac-
tices to local crop and soil conditions. Relatively sophisticated technologies are 
used to vary input applications and production practices, according to seasonal 
conditions, soil and land characteristics and production potential (see Chap. 20). 

21.3 Agroforestry Systems 

21.3.1 Integration of Agroforestry into Sustainable Land-Use 
Systems 

Under the conditions of global changes, there is an urgent need for alternative 
land-use systems and changes to current management to provide food security and 
resilient and climate-smart agricultural systems, as well as to combat desertification 
and the loss of biodiversity. In this context, the integration of AF is often discussed 
as a strategy that can be used both for the adaptation to, and for the mitigation 
of, climate change effects (e.g. Nair 2012; Zomer et al. 2016; Makate et al. 2019; 
Sheppard et al. 2020a). To effectively present AFS as a solution, we must present 
evidence of how AFS can be utilised as a means of buffering and mitigating 
the predicted climate change effects on agricultural production systems, rural 
livelihoods, food security and local microclimates. 

21.3.2 What Is Agroforestry? 

AFS can be defined as dynamic, ecologically based, natural resource management 
systems that, through the integration of trees on farms and in the agricultural 
landscape, diversify and sustain production for increased social, economic and 
environmental benefits for land users at all levels. The definition of AFS has evolved 
over the years and is now considered as a collective name for land-use systems 
and technologies where woody perennials (trees, shrubs, palms, bamboos, etc.) 
are deliberately used on the same land-management units as agricultural crops 
and/or animals, in some form of spatial arrangement or temporal sequence. Trees 
in AFS provide a range of goods (fruits, timber, fodder, leaf litter and green manure, 
medicines, firewood) and ecosystem services (carbon sequestration, windbreak, 
improvement of microclimate, soil protection, habitat structure, food for animals 
etc.), thereby enhancing food and nutrition security and resilience to climate change. 
AF is already practiced by both small and large-scale farmers in the southern Africa 
region and there is evidence that the wider practice has been prevalent for many 
decades in different parts of the world (Nair et al. 2021). In Malawi for example, the 
prevalence on farms of AF tree species was already observed nearly 90 years ago by 
Hornby (1934, cited by Dewees (1995)). Today, regeneration (by planting or natural) 
and management of tree species on farmland (croplands and on rangelands) is now
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widespread in all the ecological regions of southern Africa. Broadly, there are three 
main types of AFS namely (1) agri-silvicultural (crops and trees), (2) silvo-pastoral 
(trees and livestock) and (3) agro-silvopastoral (crops, trees and livestock) (Nair et 
al. 2021). On most farms in southern Africa, trees are either established through 
(1) retention during land clearing for crops and pastures, (2) natural regeneration 
from stumps and roots in places where trees had been cleared (farmer managed 
natural regeneration) and (3) planted from seeds and seedlings (planted agroforestry 
systems). Each of these three methods of tree establishment has its own advantages 
and disadvantages. For example planting trees in drylands is a challenge due to low 
survival rates, and the high costs associated with accessing germplasm, nursery and 
out planting (Reij and Garrity 2016; Brancalion and Holl 2020). In this case (2) 
should be recommended. 

21.3.3 Origin of Systems 

Retention of Trees Retention of selected tree species during land clearing is a 
common method of establishing trees on farms. The method is cheap and effective. 
Tree species retained depend on farmers’ preference and the ecological zone. In 
Malawi, for example, tree species retained on crop fields and pasture lands include 
F. albida, Vachellia spp., Erythrina abyssinica, Markhamia obtusifolia, indigenous 
fruit trees (Uapaca kirkiana, Azanza gackeana, Parinari curatellifolia, Strychnos 
spp., Sclerocarya birrea, Ziziphus mauritiana) and fodder trees (Kigelia africana, 
Piliostigma thonningii), depending on the ecological region (Dewees 1995). In 
northern Namibia, tree retained on farms include indigenous fruit tree species 
such as S. birrea, Berchemia discolor, Diospyros mespiliformis, Strychnos spp. and 
Hyphaene petersiana. Trees are retained on contour bunds, farm boundaries or in 
the field where they are intercropped with field crops or combined with pasture. 

Farmer Managed Natural Regeneration (FMNR) FMNR is a low-cost method 
of establishing desired tree species on farms where trees had originally been cleared. 
Trees are established by natural regeneration from stump and root stock sprouting 
whilst keeping the land under the primary function of agricultural production, 
whether crops or livestock (Lohbeck et al. 2020; Weston et al. 2015). The FMNR 
practice is effective on landscapes where propagules (stumps, roots, seeds) can 
still be found. In the case of seeds, these are either deposited by wind or through 
animal dung. With FMNR, farmers select preferred tree species as they regenerate, 
removing undesirable ones whilst tending those preferred. Tending includes the 
pruning of branches and canopy and the thinning out of some trees and stems to 
achieve the desired tree density and protecting the seedlings and saplings from 
animal damage. Documented evidence shows that FMNR practice is widespread 
in southern Africa (Reij and Garrity 2016; Moore et al. 2020). In Tanzania, a study 
found as many as 69 tree species being managed on farms, although the average
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number of species selected and retained by farmers on crop lands was three, with 
umbrella thorn (Vachellia tortilis syn. Acacia tortilis) being selected most often by 
the farmers (Moore et al. 2020). A survey of trees on farms in the central plains 
of Malawi showed that mango (Mangifera indica) is the dominant tree species on 
agricultural land, accounting for one-third of the tree population. Other tree species 
with significant numbers are Piliostigma thonningii and Erythrina abyssinica, 
both indigenous trees (Dewees 1995). A recent study also found that more than 
50% of indigenous trees regenerated on the farms are Piliostigma thonningii and 
Combretum spp. in the mid altitude sub-humid ecological zone. In the semi-arid 
lakeshore ecological zone, the dominant tree species regenerated by farmers are F. 
albida and Vachellia polyacantha (syn. Acacia polyacantha). 

Planted Agroforestry Systems These AFS are established from either seedlings or 
by direct seeding. Some tree species such as S. birrea and Gliricidia sepium are also 
established from truncheons. There are many types of planted AFS which include 
systematic and dispersed intercropping with either coppicing or full canopy tree 
species, improved relay fallows (utilising, e.g., Tephrosia vogelii, Sesbania sesban 
and Cajanus cajan), protein fodder banks and windbreaks. If not intercropped, these 
trees can also be planted along contour bunds, farm boundaries and fallowed fields. 
If intercropped with coppicing tree species, trees are cut back repeatedly to prevent 
shading of crops. Generally, management of planted AFS depends on the species 
and the system objectives. In Malawi, the shrubs, C. cajan, are estimated to cover 
about 113,000 ha (Simtowe et al. 2010). 

21.3.4 Typical Types of Agroforestry Systems in Southern Africa 

The last decades have witnessed an increase in the promotion and a corresponding 
increase in the uptake of AFS in southern Africa. Several agri-silvicultural AFS 
(crops and trees), with different spatial and temporal arrangements, have been 
promoted and these include: 

1. Intercropping systems can be described as those which combine multiple crops 
at different spatial and temporal scales, for example, relay intercropping which 
is considered as a cropping arrangement where the lifecycle of one crop overlaps 
with that of another crop. Fertiliser trees such as G. sepium or S. sesban can be 
established between the crops (Kwesiga et al. 2003); 

2. Improved fallows or fallow rotations, where planted tree fallows are left for a 
short period (2 years) and are followed by 2–3 years of maize crop (Fig. 21.1a, 
b). Short-duration fallows with herbaceous legumes have been examined widely 
and were found to increase yields of subsequent crops compared to traditional 
grass fallows or continuous cropping systems (Nyamadzawo et al. 2012). The 
trees are left growing on residual moisture once the maize crop has been 
harvested. Improved fallow is a practice whereby a piece of land is dedicated to
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Fig. 21.1 Tephrosia candida (a) and  Gliricidia sepium (b) are used in AFS to improve fallows in 
Malawi, (c) AF as part of a home garden in Caprivi, Namibia and (d) shelterbelts in the Western 
Cape Province, South Africa (Photos Rebekka Maier a, b and Maik Veste c, d) 

fallowing with fast-growing nitrogen-fixing trees or shrubs. Improved fallows are 
an improvement over natural fallows, with the capability to attain the objective 
for using natural or traditional fallow systems more quickly, through careful 
choice of species, management of tree density, spatial arrangement, and pruning. 
From ecosystem perspective, the main function of the fallow is the transfer 
of mineral nutrients from the soil back to the woody biomass, which is then 
made available through burning, decomposition, and nutrient turnover from the 
organic biomass. These fallows also come in different forms depending on the 
size of the land holding: They can be non-coppicing fallows/rotational fallows 
or coppicing fallows (Akinnifesi et al. 2007). Several tree species have been 
used in these systems including Sesbania sesban, Tephrosia candida, T. vogelii, 
and Crotalaria spp. (Fabaceae), for rotational fallows. For coppicing fallows, 
species include: Leucaena spp., Calliandra calothyrsus, Gliricidia sepium, Senna 
siamea, Flemingia macrophylla and Vachellia spp. (Kwesiga et al. 2003; Mafon-
goya et al. 2006). Furthermore, woody biomass and nutrients can be provided 
also from intercropped pigeon pea (Cajanus cajan). The nutrient levels such as 
nitrogen are influenced by the species, their coppicing ability and the biomass 
production.



21 The Need for Sustainable Agricultural Land-Use Systems: Benefits. . . 601

3. Parkland systems, for example, where F. albida is intercropped with crops. With 
its reverse phenology the tree-crop competition for resources is reduced, whilst 
enhancing crop yields and soil health (Barnes and Fagg 2003); The term fertiliser 
trees is premised on the impact of the various soil fertility improvement practices 
on key ecological functions including nitrogen fixation, soil fertility improvement 
and soil conservation (Sileshi et al. 2014). Essentially, these practices are 
modifications of the natural fallow and traditional shifting cultivation systems, 
which have become unsustainable in southern Africa (Akinnifesi et al. 2008). 
As indicated earlier, trees have the potential to improve soil fertility through 
nutrients contributed from decomposition of biomass or leaf residues, nutrient 
flow, atmospheric nitrogen fixation (legumes only), root turnover and nutrient 
cycling processes, as well as the influence on soil microclimate and associated 
faunal activities. 

4. Biomass transfer is essentially moving green leaves and twigs of fertiliser trees 
or shrubs from one part of a farm to another to be used as mulch or green manure 
(Kwesiga et al. 2003; Sileshi et al. 2020a, b). The effect of biomass transfer 
is also dependent on the amount and quality of leaf manure. To improve the 
system, appropriate nutrient-rich tree species have been selected. Amongst the 
legume species tested for biomass transfer, so far G. sepium has shown superior 
performance in southern Africa. Leucaena Leucocephala and T. vogelii have also 
been used in biomass transfer technologies (Place et al. 2003; Kuntashula et al. 
2004). 

5. Fodder banks, which are concentrated units of forage legumes established and 
managed to provide additional protein for selected cattle during the dry season. 
They involve the establishment of high-quality fast-growing leguminous trees or 
shrubs, and often leguminous species with an objective of providing supplements 
to livestock to achieve high productivity and are mostly used during the dry 
season to bridge periods of forage shortage. 

6. Alley cropping or hedgerow intercropping is an AF practice in which perennial, 
usually leguminous trees or shrubs are grown simultaneously with an arable 
crop. Alley cropping involves growing crops in alleys formed between planted 
hedgerows of widely spaced woody species that are regularly coppiced to reduce 
shading and below ground competition with companion crops, and to provide 
green manure and mulch (Kang and Wilson 1987). Tree species that have been 
tested in southern Africa include L. leucocephala and G. sepium (Kwesiga et al. 
2003). In general, alley cropping is more promising in the humid tropics than in 
the drier areas, mainly due to below- and above-ground interactions between trees 
and companion crops, and the climatic conditions. The literature on the effect 
of alley cropping on crop yields in southern Africa is generally contradictory. 
In northern Zambia, alley cropping with L. leucocephala increased the yield by 
90% compared to limed control after 6 years whilst G. sepium had no effect in 
the same trial (Matthews et al. 1992).
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7. Multi-story plantations, which are characteristic AFS that involve growing 
several (tree) crops in different layers of a shaded perennial cropping system. 
Multi-story cropping will alter the light and radiation environment of understory 
species more than their nutrient relations. 

8. Tree/Home gardens, where perennial agricultural crops and livestock are grown 
in association with seasonal multipurpose AF trees and shrubs within the 
compound of individual houses, under the management of family labour (Fig. 
21.1c). 

9. Shelterbelts, which are barriers that are erected to break down or slow down the 
ravages of wind which are placed on the windward side (Fig. 21.1d). Wind breaks 
consist of trees or shrubs maintained and arranged in such a way that they work 
as a protective measure against destructive winds and cold fronts. 

Several of these AFS have been adopted in southern Africa ranging from 
improved fallows, alley intercroppings, parkland systems, biomass transfer systems 
and shelterbelts amongst others. These have resulted in increased crop productivity 
through improved soil organic matter and soil physical properties, water storage, 
soil fertility and soil biodiversity at farm level and landscape scale (Akinnifesi et al. 
2010; Sileshi et al. 2014, 2020b). 

21.3.5 Benefits and Limits of Agroforestry 

AFS present the potential capacity to contribute to climate change mitigation and 
adaptation by enhancing agricultural landscape resilience, improving the microcli-
mate, sequestering carbon, and reducing greenhouse gas emissions. AFS are one of 
those few land-use systems that provide adaptation and mitigation services in an 
integrated and synergistic manner (Duguma et al. 2014). AFS provide the potential 
to adapt and modify existing land-use management strategies to external pressures 
providing a stable long-term solution that is able to meet environmental and socio-
economic needs as a replacement for unsustainable agricultural activities. AFS 
contribute to a wide range of important ecosystem services for protection of soils, 
optimise agricultural production systems, and provide additional income by forest 
and non-forest products (Sheppard et al. 2020b; Nair et al.  2021). 

Mechanisms for Soil Improvement in AFS 
AF practices have been demonstrated to increase soil fertility through benefits from 
fallowing using annual, biannual or perennial nitrogen fixing trees or ‘leguminous 
fertiliser trees’ which are either planted in rotation (e.g. improved fallows) or 
intercropped with crops (Kwesiga et al. 2003; Mafongoya et al. 2006; Sileshi et 
al. 2014). Leguminous trees such as G. sepium and Acacia angustissima and others 
such as S. sesban and C. cajan can fix nitrogen that can be of use to the crops 
that are grown after the fallow period (Sileshi et al. 2014, 2020a, b). Chikowo 
(2004) estimated that the total annual fixed nitrogen in A. angustissima (non-woody 
components + leaf litter) was 122 kg N ha−1 during the 2-year fallow period, whilst
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C. cajan, S. sesban and cowpea (Vigna unguiculata) fixed 97, 84 and 28 kg N ha−1, 
respectively. 

AF practices also sequester more carbon compared to other agricultural land-
use systems (Kumar and Nair 2011; Sileshi et al. 2014). However, the amount 
of biomass and SOC added is not the same between different systems and varies 
with tree species, soil type, rainfall and environmental conditions. Several studies 
have estimated biomass buildup in AFS. Nyamadzawo et al. (2008a) reported 
that improved fallows of A. angustissima and S. sesban accumulated 26.3 and 
25.4 Mg ha−1 in leaf litter and twigs after 2 years of fallowing and resulted in 3.7– 
9.1 Mg ha−1 more SOC compared to continuous maize cropping. Fallowing also 
improves soil structure, build-up of soil organic matter and its carbon stocks, thus 
contributing to carbon sequestration. Build-up of SOM is critical to soil productivity 
and generally corresponds to nutrient build-up. The increase in SOM increases the 
cation exchange capacity (CEC) of the surface soil, which is especially important 
in kaolinitic soils and other light textured soils with low CEC. The associated 
benefits of high SOM include reduced phosphorus fixation in soils with high iron 
and aluminium oxide contents, buffering of soil against pH changes, improved water 
retention and nutrient retention against leaching and reduced mineralisation rates 
(Nyamadzawo et al. 2009). 

In southern Africa and most of the tropical regions, the soils are acidic and 
deficient in phosphorus; hence, there is a need for inorganic P supplements. 
However, in most smallholder areas, mineral phosphorous is available but very 
expensive. In addition, in some soils, P may be present in the soil, but it is not 
available for plant uptake because of low bioavailability due to the high binding 
capacity of P to Al and Fe minerals in acidic soils. The use of AFS can be an option 
as some trees enhance P bioavailability to subsequent crops (Chikowo 2004; Mweta  
et al. 2007). Trees improve the P availability through secretion of organic acids and 
an increased mycorrhizal fungi population in the soil. 

Impact of Fertiliser Trees on Soil Improvement and Crop Yield 
Research has shown that the use of organic amendments may be a better and more 
sustainable option to improve soil health amongst resource-constrained smallholder 
farmers in SSA. However, the challenge of using organic amendments is that the 
range of the organic resources available to smallholder farmers is narrow, and 
in most cases, there are just animal manures and a few plant residues left after 
grazing and leaf litter collected from woodlands. The major challenge is to widen 
the range of organic nutrient resources in farming systems and increase quantities 
of those already in existence. Systems such as AF fertiliser tree systems, which 
mimic natural processes and make effective use of soil nutrients, rainfall, sunlight 
and natural resources are possible sustainable options. AF fertiliser tree systems 
encompass practices such as crop rotations, intercropping, no or low use of chemical 
fertilisers, composting, little or no tillage and direct seeding, maintenance of soil 
cover, maximisation of water infiltration, monitoring crop and water status (Garrity 
et al. 2010a, b; Sileshi et al. 2014). The application of these methods aims at
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using water, land, nutrients and other natural resources in a manner that prevents 
deterioration of the land and provides examples of sustainable farming systems that 
can be utilised in the smallholder farming sector. AF fertiliser tree system could 
potentially serve as a reliable and cost-effective alternative to increase soil carbon 
and nutrient stocks in southern Africa soils (Sileshi et al. 2014; Bayala et al. 2018). 

In southern Africa, traditionally farmers grow crops under scattered trees, and 
thus, the region has both, traditional fallow and mixed intercropping systems as well 
as improved AFS. These include parkland systems, improved fertiliser tree systems, 
and green leaf biomass transfer systems (Akinnifesi et al. 2008, 2010). 

Trees in the parkland are retained in order to improve the yield of understory 
crops. The most common species in the landscape in the drylands is F. albida 
(Box 21.2). According to a recent meta-analysis by Sileshi (2016), soil organic 
carbon (SOC) was increased by 46%, total nitrogen by 50%, available phosphorus 
by 21%, exchangeable potassium by 32%, and grain yields of maize and sorghum 
by 150% and 73% respectively, under the tree canopy compared to the open area. 
Larger increases in SOC and nutrients were observed on inherently nutrient-poor 
sites than on nutrient-rich sites (Sileshi 2016). The improved crop growth under 
tree canopies can be explained in terms of a combination of different factors: (1) 
increased nutrient inputs including those from biological nitrogen fixation, manure 
and urine from livestock grazing or resting under the tree, and birds that take 
shelter under or perch in search for food; (2) increased nutrient availability through 
enhanced soil biological activities and rates of nutrient turnover; and (3) improved 
microclimate and soil physio-chemical properties (Akinnifesi et al. 2008). The F. 
albida was promoted in Malawi (Amadu et al. 2020) Other traditionally systems 
include shifting cultivation such as “chitemene” in northern Zambia (Kwesiga et al. 
2003). 

Soil Biodiversity 
AF also increases the diversity and population of soil biota, thus ensuring a healthy 
ecosystem (Barrios et al. 2012; Muchane et al. 2020). Under improved fallow 
systems, the microbial biomass is higher (Nyamadzawo et al. 2009), the microbial 
community is much more diverse and the rate of plant material decomposition is 
much faster (Sileshi and Mafongoya 2006a, b), thus ensuring nutrient recycling 
and timely release of N and other nutrients as pointed out before. The fungi that 
are associated with increased P availability in agricultural soils are the arbuscular 
mycorrhizal (AM) (phylum: Glomeromycota). Reported that N-fixing legumes 
resulted in better colonisation of cereal roots and an increase in AM fungal 
populations in the soil in addition to alleviating P-deficiency whilst enhancing N-
fixation at the same time.
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Fig. 21.2 Anatrees (Faidherbia albida) embedded in a parkland AFS with maize fields in Malawi 
(Photo: Rebekka Maier) 

Box 21.2 The Anatree: A Key Species for Agroforestry in Africa 
As leguminous nitrogen-fixing anatree (Faidherbia albida syn. Acacia albida, 
Fabaceae) is common in the Sudano-Sahelian region of sub-Saharan Africa, 
forming “parklands” (Fig. 21.2; van Wyk and van Wyk 2013) and grows in a 
wide range of ecological conditions either scattered or gregarious, in closed 
canopy woodlands or open savanna It grows on the banks of seasonal and 
perennial rivers and streams on sandy alluvial soils or on flat lands. The tree 
species is the most promising utilised 19 tree species in southern Africa and 
is one of the most recognised trees utilised for intercropping. The species is 
widespread within millions of farmers’ fields throughout the eastern, western, 
and southern regions of Africa especially amongst low-lying areas (Barnes 
and Fagg 2003). It is highly compatible for cropping with food crops unlike 
other indigenous trees because it sheds its nitrogen-rich leaves during the 
early rainy season and remains dormant throughout the crop growing period, 
a phenomenon known as reverse phenology. 

These leaves will start growing again at the beginning of the dry season. 
This reduces tree crop competition for resources, whilst enhancing crop yields 

(continued)
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Box 21.4 (continued) 
and soil health (Barnes and Fagg 2003). F. albida creates a unique opportunity 
for increasing smallholder productivity by input of high-quality leaf residue 
for increased soil fertility (Garrity et al. 2010a, b; Sileshi 2016), thus reducing 
the amount of inorganic N fertiliser needed. The coincidence of litterfall and 
rainfall season ensures the timely decomposition of the tree leaves which 
releases nutrients, particularly N, one of the most deficient nutrients in the 
smallholder farming sector. However, when promoting this system, there is 
need for targeting certain areas, especially those places where the trees are 
naturally adapted. 

F. albida also increases livestock production through supplying high-
quality fodder and nutritious pods. The trees also produce seeds that can be 
used as food by humans during periods of food shortages (Barnes and Fagg 
2003). In addition, it enhances carbon storage in farmed landscapes through 
increased carbon sequestration (both above and below ground). It is drought 
tolerant; hence, it can be considered a keystone species for climate-smart 
agriculture in much of Africa (Garrity et al. 2010a, b). In Malawi, maize yields 
under F. albida trees increased by 50% compared with maize alone (Saka et 
al. 1994). F. albida trees also resulted in a yield increase of between 10% and 
100% for various other crops (Hadgu et al. 2009; Sileshi 2016). To show the 
importance of F. albida, for example the government of Ethiopia has launched 
an initiative to plant 100 million F. albida trees (Beedy et al. 2014). 

Soil Physical Properties and Soil Water Availability 
In most smallholder farming areas of southern Africa, conventional tillage is the 
most common method of land preparation before planting crops. The challenge is 
that conventional tillage has resulted in increased runoff losses and soil erosion. 
However, the use of fast-growing AF trees that fix nitrogen has been reported 
to increase soil organic matter, improving soil physical conditions. Improved soil 
physical conditions can result in better soil aggregation, lower bulk density, lower 
resistance to penetration (Lal 1989), improved soil porosity and reduced surface 
sealing. Improved soil structure also increases hydraulic conductivity, infiltration 
rates and water holding capacity (Lal 1989). Trees also break up plough layers 
and increase infiltration rates since they have deeper rooting systems (Nyamadzawo 
et al. 2008b). Nyamadzawo et al. (2003) reported that plots under A.angustissima 
maintained high infiltration rates of over 35 mm h−1 2 years after fallow termination, 
because of the addition of biomass from the re-growth of cut stumps in the second 
cropping season and the presence of an active tree root system. In addition, AF 
trees also reduced the raindrop impact on the soil and, hence, reduced structural 
degradation. Trees may affect soil water content by reducing its due to high water 
consumption or competition with another tree (Bayala et al. 2008). However, 
trees act as water “pumps” and “safety nets” through hydraulic lift mechanisms. 
Hydraulic lift means that trees with access to deeper soil layers lift water through
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their roots or capillary forces to higher soil layers where crop roots can access it 
(Sakuratani et al. 1999; Liste and White 2008). Hydraulic lift from trees ensures 
water availability and, thus, enhances productivity of crops in AFS (Sileshi et al. 
2014, 2020a). In general, available water can be used more efficiently in a tree–crop 
system than a sole crop system owing to favourable microclimate and improved 
water use efficiency (Beedy et al. 2014). Although trees can increase the potential 
soil-water-holding capacity, they can also have negative effects on the actual water 
volume available in the tree–crop–soil system. Tree roots can use water accumulated 
deeper in the soil profile, which can benefit crop growth, resulting in water deficit for 
shallow rooted crops and can use residual available water outside the crop growing 
season (Garcıa-Barrios and Ong 2004). Highly soluble nutrients such as N, K+ and 
Ca2+, which are leached into deep soil layers, can be brought to the surface through 
the deeper rooting habits of AF trees (Sileshi et al. 2020a). Beside the manifold 
positive aspects, root competition needs to be considered, for example in windbreaks 
where roots of Casuarina ssp. grow into the adjacent irrigated orchards and root 
pruning is often applied. 

Modification of Microclimate by Shelterbelts 
The improvement of the microclimatic growth conditions for crops is important 
especially in times of a changing climate. For that purpose, tree shelterbelts and 
AFS can be a suitable tool to mitigate climate change effects in agriculture. The 
coastal regions of the West Coast and the Overberg regions in South Africa as well 
as the Winelands of the Western Cape Province are characterised by high mean 
annual wind speeds of 5–8 m s−1 at 10 m above ground. High wind speeds are a 
threat for cultivated crops. Plantations of tree shelterbelts and hedges are traditional 
eco-engineering measures to reduce lee-side wind speed near the ground or near the 
crop canopy. In the Western Cape mainly, fast-growing tree species, including Alnus 
cordata, Casuarina cunninghamiana, Pinus radiata, Populus simonii and various 
Eucalyptus species, are used for the wind protection of fields, vineyards and fruit 
orchards (Fig. 21.3). The design and orientation of the windbreaks are arranged 
perpendicular to the prevalent wind directions and are modified by local topography. 

a b 

Fig. 21.3 Windbreak with (a) Casuarina cunninghamiana for the protection of a citrus orchard 
and (b) with  Populus simonii in a vineyard, Western Cape, South Africa (Photo Maik Veste)
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Fig. 21.4 Influence of a shelterbelt on microclimatic conditions 

Trees can improve microclimatic conditions by reducing air temperature and 
wind speed and reducing evaporation from soils by shading crops, thereby increas-
ing the availability of water in the soil. The microclimatic effects of linear 
windbreaks are summarised in Fig. 21.4. 

The reduction of wind speed on the downwind side of a shelterbelt is a 
function of distance, aerodynamic porosity and tree height. Since in wind-prone 
areas, wind disturbs the laminar layer of crop plants and leads to a significant 
increase in transpiration, wind shelter from trees is able to reduce transpiration and, 
consequently, soil water losses significantly (Veste et al. 2020). A poplar windbreak 
(see Fig. 21.3b) was demonstrated to reduce the mean wind speed at an 18 m 
distance from the hedgerow at 2 m canopy level (Fig. 21.5a) by 27.6% over the 
entire year and by 39.2% over the summer growing season compared to a reference 
in the open field. This effect leads to a parallel reduction of evapotranspiration of 
15.5% during the whole year and of 18.4% over the growing season (Fig. 21.5b). 

Furthermore, in the fruit growing regions of the Western Cape, shelterbelts are 
essential to minimise fruit damages of citrus and other wind-sensitive fruits. In 
a recent study, Geldenhuys et al. (2022) could show that the fruit quality was 
significantly affected by the presence of a windbreak, whilst it had no significant 
effect on citrus fruit yield. The increase of peel wind scar damage with increasing 
the distances from the windbreak resulted in a reduced export quality by 17.7% and 
the associated economic losses. In this case, the citrus orchard was protected by a 
windbreak built up by evergreen beefwood (C. cunninghamiana). Beside the wind 
effects, trees also reduce exposure to heat stress, which minimises tissue temperature 
to optimise the phenology and productivity of understory crops (Monteith et al.
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Fig. 21.6 Single trees providing shades for livestock (Western Cape, South Africa, Photo: Elbé 
du Toit) 

1991; Vandenbelt and Williams 1992). In AFS, shading of crops by tree crowns is 
an essential feature (Bohn Reckziegel et al. 2021, 2022) and beneficial for crop 
productivity due to delayed stomatal closure under shade. Shading can be also 
beneficial for livestock, preventing over-heating during the daytime (Fig. 21.6). 

21.4 Innovations of Land Management Strategies 

Sustainable utilisation and conservation of savanna ecosystems requires an urgent 
intervention. This can be accomplished by encompassing human land use via the 
formation of protected areas, the introduction of management systems in human 
land-use areas that guarantee the sustainable use of the natural resources and by 
improving agricultural efficiency in forest peripheries. Protected areas, according to 
Adams and Hutton (2007), have been the backbone of international conservation 
strategies since the beginning of the twentieth century, even if their history is much 
older. In spite of their spatial limitation, protected areas play a vital role, specifically 
in the tropics, in protecting ecosystems within their borders, precisely by preventing 
land clearing arising from various land-use activities (Bruner et al. 2001;). Evidence 
of high diversity of fauna and flora species has been observed in a number of 
regions. Such examples have been observed in Zambia (Banda et al. 2006) where 
communal areas are characterised by a high heterogeneity, the ultimate source of 
biodiversity (Pickett et al. 2003). Hence, the maintenance of traditional land-use
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Fig. 21.7 Different effects of mixing agricultural crops and trees in agroforestry systems on 
the total productivity of the land-use system (solid line) and the individual productivities of the 
participating agricultural crops and the trees (dotted/orange and dashed/green lines, respectively). 
The figure shows four scenarios (a-d) where one system component is gradually replaced by the 
other towards full forest cover or pure agricultural cropping (after Sheppard et al. 2020a) 

practices resulting in a mosaic-like distribution of various land units is the key to the 
maintenance of biodiversity in communal areas of the African Savannas (Augusseau 
et al. 2006). 

Figure 21.7 depicts a land-use system replacement series applied to a conceptual 
and vastly simplified two-component AFS. This applies the conceptual ideas of 
production ecology to AFS exploring the idea of plant community mixtures as 
presented by Harper (1977) and nowadays applied to different forestry systems 
(Pretzsch et al. 2017). Within this conceptual example, the density of the AFS 
tree component is the same as in the monoculture cropping system and always 
totals 100%. Figure 21.7 describes four scenarios where one system component 
is gradually replaced by the other towards either full forest cover by increasing the 
proportion of trees or pure agricultural cropping with an increase in proportion of 
agricultural crops. In the given example, it is assumed that the agricultural crop is 
more productive than the tree culture and productivity is independent of external 
variables such as climate and site characteristics.
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(a) The proportion of trees decreases at the same linear rate as that of agricultural 
crop increase. There is no interaction between the two AFS components. The effects 
of the inter-system competition (competition between the two systems) and the 
intra-system competition (within the two systems) are equal. Total productivity 
of this scenario results in an additive effect of the productivities of the individual 
components. This scenario is unlikely, as the interaction effect between trees and 
crops is generally proven to provide an influence on growth for one or more 
components of the system. 

(b) The change in component proportion is non-linear. The agricultural crop 
benefits from the interaction, for example, by means of facilitation or competitive 
reduction factors. The intra-system competition for the agricultural crop is higher 
than the inter-system competition with the tree culture; the reverse applies to the 
tree culture. However, these effects compensate each other so that the net effect of 
the combination is additive and equal to scenario (a). 

(c) Interactions between the two land-use systems are incompatible, decreasing 
proportion of one AFS component results in an opportunistic increase in the other. 
Intra-system competition is high, leading to an under-yielding scenario. This may 
be reflected by incompatible species choice or an influence of a biased management 
of individual components. 

(d) Interactions between the two land-use systems are synergistic or mutualistic 
and non-linear, a combination of components provides an increased yield. Intra-
system competition is higher than inter-system competition for both systems. This 
may result from facilitation, competitive reduction, and/or niche complementarity 
of both agricultural crops and trees (agricultural crops and trees utilising different 
soil resources). This leads to over-yielding at the level of the mixture and is the 
scenario that is most often touted as a benefit of AFS (i.e., increased land equivalent 
ratio (LER)). 

Nevertheless, applying a simplified concept does not fully reflect the complexity 
of the interactions that occur within functioning AFS. Figure 21.8 is based on the 
work by Van Ittersum and Rabbinge (1997) presenting both the yield potentials 
and yield gaps between agricultural production systems and AFS. This further 
conceptual description highlights the actual, achievable and experimental yields 
when compared to a potential yield which is limited by growth-defining factors 
including temperature, CO2, incoming direct solar insolation, individual plant 
physiology and phenology. This potential is further modified by site-based growth-
limiting factors such as water and nutrient availability, growth-reducing factors such 
as biotic (e.g. competition from weeds, diseases, pests) and abiotic (e.g. drought, 
storm) influences, and also highlights an experimental yield gap which accounts for 
yield differences between field trials and practice. 

In real life, such conceptual models must be tested and modified to provide 
elevated productivity over simple agricultural production methods accounting for 
species mixture and for limiting or reducing factors that prevent the full potential of 
AFS being realised. This is especially important within the southern African region 
where the effects of predicted climate change are multifaceted and far-reaching and 
are suggested to hit southern African communities hardest. The predicted instances 
of decreased rainfall can lead to loss of crops and land degradation and represent
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Fig. 21.8 Yield potentials, yield gaps and relationships amongst yield levels and growth-defining, 
growth-limiting and growth-reducing factors, as well as yield-increasing and yield-protecting 
measures (after Sheppard et al. 2020a) 

a real and serious growth reduction factor. Increased frequency and severity of 
extreme weather events can also affect the viability of crops and can bring disruption 
and loss of profitability widening the gap among actual, achievable and potential 
yield (Fig. 21.8). As discussed in the sections above, the increased support and 
employment of AFS within southern Africa can help increase sustainability and 
resilience of smallholder farmers, brought about by integrating the benefits of 
suitable multipurpose tree and shrub species and adequate AFS practices to existing 
subsistence farming systems. It is not just subsistence farms either; the integration 
of trees within general agricultural practices can boost the productivity of the land 
and thus the economy of an area, providing employment, security and prosperity, 
laterally reducing investment risks supplying supplementary food and a variety of 
raw materials to trade a benefit that can also filter down and benefit individuals 
within the community. 

21.5 Implications for Land Management Systems 
on the African Savannas 

Sustainable land management is commonly considered as the main approach to 
prevent, mitigate and reverse land degradation, but it can also serve as an integral 
climate change adaptation strategy, being based on the fact that the healthier and 
more resilient the system is, the less vulnerable and more adaptive it will be to
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external changes and forces, including climate. In that regard, sustainable land 
management can be considered a land-based approach, which includes the concepts 
of both Ecosystem-Based Adaptation (EBA) and Community-Based Approach 
(CBA) land management practices, if widely adopted, help to prevent, reduce or 
reverse land degradation in an area. Land-use and climatic changes may more 
strongly affect savanna vegetation and diversity patterns in future. Therefore, 
adapted management and conservation strategies in the communal as well as in the 
protected area are required to ensure the availability of natural resources for local 
people and to protect ecosystems and biodiversity in the long term. 

Overall, AFS have been shown to improve the productivity and resilience of 
farming systems. Specifically, integrated AFSs provide nitrogen-rich green manure, 
protein-rich fodder, fruits, nuts, firewood, flowers for foraging bees, microclimate, 
windbreak, timber, shade and many other ecological services. AF leguminous 
fertiliser tree systems are mostly managed for soil fertility improvement through 
nitrogen fixation, and production of copious amounts of nitrogen-rich leaf litter 
and green manure that is incorporation. When optimally established and managed, 
crop yields increase by between two and four times the yield of unfertilised plots 
(Garrity et al. 2010a, b). In Malawi, F. albida parklands, for example, enable an 
additional 150,000–300,000 metric tons of maize to be produced, thereby improving 
the food security of families farming under the systems and generating surpluses 
for sale. Besides direct benefits of increased crop yields, soil of AF plots shows 
a high diversity of soil biota (Sileshi and Mafongoya 2005), a highly desirable 
attribute of good soil. AF fertiliser trees also provide firewood which indirectly 
contributes to reduced deforestation. Other AFSs, for example coffee, can be used 
integrated with bee keeping and results in increased coffee yields. Fruit and nuts 
AFS provide nutrition and income generation from sale of fruits and nuts. The fruits 
and nuts contribute to family nutrition security and diversify farm income streams. 
In drylands, trees provide fodder, which is critical during the long dry season, whilst 
in smallholder dairy farming, trees provide cheaper but high-quality protein-rich 
fodder, enhancing milk production at lower costs. 

21.6 Agroforestry in Policy Implementation 

21.6.1 Challenges in Policy Coordination 

In general, policies play an essential role in human–environment interactions as 
they define priorities, remove barriers, create capacities and potentially ensure the 
availability of key resources for the implementation of different programmes.Within 
AF, clear policies are also a necessary precondition in ensuring its wide-scale adop-
tion and consequent harnessing of the proclaimed benefits. Over the last decade, 
there has been a growing interest in AF from a policy perspective. In a number of 
countries, national agencies are developing objectives and strategies that integrate 
AF into their policies and programmes. However, it is particularly important to note
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that despite a high-level policy recognition of AF, there is little knowledge on how 
policy aspects of AF are actually being integrated and implemented in different 
contexts. Policy and institutional factors with their connections have implications 
on how AF is approached. The cross-sectoral nature as well as the existing insti-
tutional dispositions can aggravate the difficulties for proper design, coordination 
and implementation of AF projects. These problems become more apparent and 
challenging to overcome when linked with complex issues such as land-use planning 
and administration, in particular issues such as land ownership and rights of use 
(including rights of possession, inheritance, use, usufruct and disposition). The 
cross-sectoral nature of AF also means that it is impossible for just one single 
institution or agency to implement proposed AF programmes without collaborating 
and coordinating with other sectors. Although coordination and collaboration are 
important ingredients for effective policy implementation, their potency is however 
fraught with challenges as they depend on contextual factors, such as the policy 
environment, existing policies, administration institutions, international pressure, 
the economy and other actors. Very few studies have detailed how these factors 
play out in AF implementation. Given that AF as a concept sits squarely between 
a number of complex policy fields, such as agriculture, forests and climate change, 
where coordination and collaboration play a huge part in its success, it is also worthy 
to focus on this strand of knowledge. 

In pursuit of this knowledge, 15 interviews with different actors who are in the 
forefront in implementing AF and related technologies in Malawi were conducted. 
A policy document analysis was carried out to establish the prominence of AF. In 
the following section, four key challenges that they have encountered whilst trying 
to implement AF are reported. These include the lack of a clear framework for AF, 
lack of trust amongst actors, lack of resources and political interference. 

1. Lack of harmonisation/no clear framework on agroforestry 
Malawi has different policies and strategies that incorporate AF, and to a 

greater extent most of these policies emphasise that policy coordination and 
collaboration is vital for policy implementation. For instance this is mentioned 
in 71% (10/14) of the policies that we reviewed. The Food Security Policy of 
2006 states, “If we are to guarantee the implementation of the policies and 
programmes of food security, it is necessary to guarantee the coordination, not 
only of government institutions, but also of all actors involved in the food 
economy.” 

Despite the existence of these policy documents, most interviewees expressed 
that in relation to the coordination of activities, the documents are vague and 
difficult to interpret. The interviewees mentioned that some of the policies are not 
sufficiently connected (integrated) across sectors and lack supporting instruments 
and resources to implement different activities. Additionally, there are no plans 
or measures to overcome these siloed coordination challenges. 

2. Lack of mutual trust amongst organisations 
Effective coordination and collaboration also depend on the level of trust 

amongst actors. Essentially, it improves relations, generates mutual understand-
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ing, legitimacy and commitment for a particular activity. One major reason for 
the lack of trust emanates from different philosophical and work approaches. 
These different approaches are usually related to donor organisations who exert 
influence in ideologies, power and resources. Although donors provide resources 
to supplement work efforts in AF, their influence consequently determines how 
each organisation engages with others. This eventually causes some projects to 
collapse, since they bring in new elements that might be different or contrary to 
what other actors are pursuing. 

Although there are existing platforms and systems that have been created 
by both state and non-state actors to overcome these challenges and coordinate 
activities, some organisations still bypass these platforms. This has also led 
to different challenges: for example the introduction of black wattle (Acacia 
mearnsii), a tree species that is considered an alien invasive species in Malawi 
and other parts of southern Africa. 

3. Lack of Resources/capacity for joint action 
There is a lack of an effective and sustainable financing mechanism for the 

implementation of AF activities. AF is rarely a priority in national or sectoral 
budgets and it competes with other activities for the same resources. Although 
the agriculture sector receives more budgetary support from the government 
and over half of this allocation goes towards subsidy programmes, particularly 
maize seeds and inorganic fertilisers for smallholder farmers. Consequently, 
other programmes have to share the remainder—this includes AF activities. The 
remaining budget is usually only sufficient to pay staff salaries with very little 
resources left for other projects. Without project resources, no one is willing 
to take up AF activities. Most of the resources that support AF usually come 
from bilateral and multilateral donor arrangements. However, because of the low 
uptake of AF innovations by farmers, it has become difficult to get funding that 
is solely directed to AF as most donors seem to prefer other strategies and ideas. 

4. Politicisation in agroforestry 
According to the respondents, politicians attempt to gain political mileage 

by ignoring sustainable and long-term projects in favour of those that offer 
immediate benefits to the populace. Usually, these politically motivated projects 
are masked as pro-poor development programmes and very appealing to the 
farmers who cannot wait to witness the benefits of AF over a long time. These 
political projects present significant barriers in attempts to scale up as they 
discourage farmers from implementing AF activities. One of the causes of this 
challenge is that AF does not get enough political support. This scenario can be 
contrasted with the European Union’s (EU) Common Agriculture Policy where 
AF enjoys EU-level recognition and support. 

21.6.2 Policy Research in Agroforestry 

Whilst supportive institutions and targeted policies are lauded as important towards 
upscaling and the wider adoption of AF, there is also a need to acknowledge
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that policies are not always implemented as envisioned and do not necessarily 
achieve intended results. It is therefore important to appreciate the role of policy 
research in policy implementation. Research can significantly contribute towards 
the development and implementation of effective policies for the adoption of AF 
technologies. Between August 2019 and June 2020, Ndlovu and Borrass (2021) 
conducted a literature review to assess the status of policy research in AF with a 
focus on the SADC region. Key to their findings was that most of the research has a 
strong bias towards the biophysical aspects and technical attributes of AF. However, 
in the last two decades, there is also a clear increase in studies that have a socio-
economic orientation: mostly those with the intention to address the challenges of 
upscaling and adoption of AF in different contexts. 

Whilst much literature is available, on the different barriers associated with 
adoption of AF, there is little research addressing policy and institutional aspects. 
There are few articles that have pursued to engage in understanding how different 
national and local policies influence the advancement of AF. In addition, the 
research community with a focus on policy issues is rather narrow and most articles 
are published by authors from specific institutions with a very direct interest in the 
propagation of AF. Critical perspectives are generally missing, and the variation of 
theoretical and conceptual approaches to the study of AF in the policy arena is very 
limited. Interestingly, none of these shortcomings have deterred scientific articles 
from presenting bold social scientific claims or defining institutional pre-requisites 
for a “successful” implementation or adoption of AF. 

21.7 Conclusions 

AF can make an important contribution to the diversification of agricultural 
landscapes and to increase resilience against a changing climate in southern Africa. 
The introduction of trees can also provide additional products, offering multiple 
ecosystem services, influencing crop production, and generates additional incomes 
for smallholder farmers. Protection against erosion and conservation of soil fertility 
are important arguments for the introduction of AFS. To optimise the benefits of 
AFS in terms of soil protection, the following critical factors must be considered: (1) 
selection of tree species that ensure maximum residual soil fertility beyond 3 years, 
(2) size of land owned by the farmer, (3) integrated nutrition management, where 
organic resources are combined with synthetic inorganic fertilisers and (4) tree–crop 
root competition for soil water. This is particularly important for the nitrogen and 
phosphate cycle, as it has a high savings potential and can contribute to sustainable 
soil development. The development of catch crop strategies in combination with 
the inclusion of N-fixing trees is important for closing the nitrogen cycle in AFS 
and enables an optimised nutrient cycle. This is an important aspect for the future 
development of sustainable agriculture in southern Africa. Furthermore, research 
can contribute to the adoption of AF by focusing on understanding the processes of 
policy interventions. Additionally, policy recommendations that actually reflect on 
the policy conditions of a particular context are likely to be accepted and actioned
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(Sikora et al. 2020). Research and analysis on AF should tackle this assertion 
more frequently with the aim of effectively communicating with policy actors. 
Consequently, this calls for a shift towards a context-specific policy research agenda 
on AF. 

In general, shelterbelts and alley-cropping systems are major eco-engineering 
measures to reduce water demands and influence directly soil evaporation and crop 
transpiration in the neighbouring fields. The redesign of the agricultural landscape 
by the introduction of specially designed obstacles to airflow will significantly influ-
ence the near-ground wind field. Further detailed information about tree water use is 
needed to optimise the water use efficiency and ecohydrological implications of the 
combined tree–crop interactions under climate change conditions. The integration 
of managed AFS, tree shelterbelt and hedges into climate-smart agriculture can 
mitigate the effects of climate changes to a certain extent and improve the growth 
conditions of crops and contribute to a resilient livelihood. Still an open scientific 
gap is the importance of AF for biodiversity and conservation. Not in all cases can 
the introduction of trees be seen as positive for the development and conservation 
of ecosystems in southern Africa. Invasive trees are of major concern for natural 
ecosystems, due to their drastic impacts on water resources and biodiversity. Further 
research and development of integrated landscapes combining different land uses 
and natural ecosystems are needed. 
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Abstract 

South Africa is the World’s largest producers of macadamia nuts, with about 
51,000 ha of land covered by macadamia. This leads to major farming chal-
lenges, as the expansion of orchards is associated with the loss of habitat 
and biodiversity, the excessive use of and resistance to insecticides, and an 
increased pressure on water resources. More frequent and severe droughts and 
heat waves are projected to worsen the situation and have already negatively 
affected harvests. Here we review current literature and recent work conducted 
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in the subtropical fruit growing area of Levubu, South Africa, which include 
catchment-scale assessments of ground water, landscape-scale studies on pest 
control and pollination services, through to evaluations of tree-level water use. 
Several biological control options are being developed to replace pesticides. 
Results suggest that bats and birds provide large and financially measurable 
pest control services, and interventions should therefore focus on maintaining 
functional landscapes that would be resilient in the face of global climate change. 
This would include a landscape matrix that includes natural vegetation and 
minimize water consumption by optimizing irrigation schedules. 

22.1 Introduction 

Macadamias are currently one of the most expensive nuts in the world, at nearly 
twice the price of almonds. The industry is projected to have a compound annual 
growth rate of 6.8% between 2020 and 2025 (APNEWS 2020). The macadamia 
nut’s ‘healthy whole food’ image has created a growing demand for macadamias 
as ingredients and processed products in the food and beverage but also cosmetic 
industry (Green and Gold Macadamias 2018). 

While the trees originated in north-eastern Australia, the first commercial 
cultivation of Macadamia integrifolia Maiden & Bechte started in Hawaii in 1931 
(De Villiers and Joubert 2003). Macadamia trees require a tropical to subtropical 
climate with high annual rainfall above 1000 mm. The trees grow well in soil with a 
high organic content but not on saline or sodic soils (De Villiers and Joubert 2003). 

According to SAMAC (2021), the largest producers of macadamia nuts in 
2020 were South Africa (48,925 tons) and Kenya (42,530 tons) followed by 
Australia (42,000 tons). However, China is projected to grow its production from ca. 
18,000 tons in 2018 to ca. 450,000 tons by 2025 (AGTAG 2018). Other macadamia 
growing countries include Zimbabwe, USA, Israel, New Zealand, Vietnam, and 
Brazil (DAFF 2019). 

In South Africa, macadamias have been one of the fastest growing tree crop 
industries in the last decade, providing seasonal and permanent employment for 
over 20,000 people. The value of the annual production was 4.8 billion ZAR or 
about 330 million USD in 2019 (SAMAC 2020). Main growing areas in South 
Africa are the provinces of Limpopo, Mpumalanga, coastal KwaZulu-Natal, and the 
Eastern Cape. South African macadamia orchards cover approximately 51,000 ha, 
of which around 6000 were planted in 2019 alone (DAFF 2019). This expansion 
is set to continue until 2030, with 1000 additional seasonal and permanent farm 
workers employed yearly (SAMAC 2020). However, the ongoing expansion of 
macadamia orchards also leads to farm and landscape management challenges. 
Monocultures, the excessive use of insecticides, and habitat loss at a local and 
landscape scale are associated with the loss of natural enemies of crop pests such 
as bats, birds, predatory insects as well as the loss of wild pollinators (Foley et al. 
2005; Tilman et al. 2001; Tscharntke et al. 2012; Weier et al. 2021). Furthermore,
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the increased and incorrect use of pesticides has led to resistance in pests such as 
stinkbugs (Hemiptera: Pentatomidae) (Schoeman 2018). Additionally, South Africa 
has experienced some severe droughts in recent years, with the combined effects 
of an El Niño event (Baudoin et al. 2017). Already one of the driest countries in 
the world, these droughts are predicted to worsen under future climate change and 
regularly impact harvests negatively throughout South Africa (Mogoatlhe 2020). 

This chapter is based on work conducted in the subtropical fruit growing 
area of Levubu in the Luvuvhu river valley, situated in the northernmost South 
African province Limpopo. Macadamia integrifolia has been cultivated here for 
over 60 years (Ahrens 1991). Levubu is one of the two main growing areas in the 
province, with about 10,000 ha of macadamia planted thus far. This sub-Saharan 
African region receives its main rain in the summer months between November 
and April with around 1000 mm of annual rainfall. Apart from macadamia, 
the main agricultural products farmed are banana (Musaceae), avocado (Persea), 
timber (Eucalyptus and Pinaceae) and to a lesser extent mango (Mangifera), pecan 
(Carya), lychee (Litchi), or maize (Zea). 

The Levubu area is on the south-eastern slopes of the Soutpansberg mountain 
range, part of the UNESCO Vhembe Biosphere Reserve (VBR). The Soutpansberg 
is a centre for plant endemism with a remarkably high animal biodiversity (Hahn 
2017; Joseph et al. 2019; UNESCO 2010; Taylor et al. 2013, 2015; Van Wyk and 
Smith 2001). Also see Chap. 23. 

Given the rapidly increasing demands on biodiversity and water-related ecosys-
tem services due to agricultural intensification and climate change in South Africa, 
the aim of this chapter is to review the current literature and synthesize a decade 
of research in the Levubu area and provide recommendations on the mitigation 
of agricultural intensification and climate change effects for more sustainable 
agricultural practices. 

22.2 Water Management 

22.2.1 Water Availability and Macadamia Irrigation 

The climatic conditions of the main macadamia cultivation area in Limpopo, are 
characterized by unevenly distributed annual rainfall that rarely exceed 1000 mm. 
Macadamia trees in the region therefore require supplementary irrigation for 
good yields and optimal quality (Carr 2012; Murovhi 2003). The South African 
Macadamia Growers Association (SAMAC) latest census in 2012 suggests that 80% 
of the macadamia growing area in Limpopo is irrigated, this figure has subsequently 
increased even further. The resultant growing demand for irrigation water increases 
pressure on the limited water resources of the province. 

Long-term flow monitoring (80 years) of the Luvuvhu river (the main tributary in 
the catchment), where it leaves the commercially irrigated agricultural area, points 
to significant decreases in stream flow (Ramulifho et al. 2021). These decreases 
are highly seasonal with significant reductions from November to February, periods

http://doi.org/10.1007/978-3-031-10948-5_23
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Fig. 22.1 Example of typical daily macadamia tree water requirements during the different 
phenological stages of trees, planted at a density of 312 trees per hectare and with a canopy 
coverage of 60%, as recommended by the South African Macadamia Growers Association 
(SAMAC) 

that coincide with peak water demands of macadamia (Fig. 22.1), and have already 
resulted in the cessation of flow of the Luvuvhu during certain parts of the year 
(Ramulifho et al. 2019). Regionally, climate change is predicted to result in 5–10% 
decrease in rainfall (Hewitson and Crane 2006; Conway et al. 2015; IPCC  2021). 

Groundwater levels measured from 2007–2013 in the Luvuvhu catchment show 
that the lowest groundwater level occurs between October and November and 
has decreased by around 2 m (23–25 m) (Makungo and Odiyo 2017). Although 
other land-use systems, such as gum (Eucalyptus ssp.) plantations, are less water 
efficient than macadamias per unit of land area (Botha 2018), commercial irrigated 
farming is one of the main sources of water consumption in the province (Shabalala 
et al. 2022). Finally, newly established macadamia orchards in the region (the 
fastest growing crop in the Soutpansberg in terms of its expansion) are increasingly 
located in more arid areas of the mountain and its surrounds, which is furthermore 
increasing the demand for ground water. 

Historically, the Limpopo growers strongly relied on surface water but a com-
bination of politics and poor maintenance of the water infrastructures leads to a 
major shift towards the use of groundwater in the early 2000s (Stephan Schoeman, 
personal communication). This is unsustainable given the slow recharge of the water 
table, which is around 4% of the mean annual precipitation and further evidenced 
by boreholes running dry in recent years. 

Very little is known about the status of groundwater in the province. This is 
particularly concerning within the context of climate change and the relevance to 
monitoring the allocation of water licences by Water boards (National Water Act 
1998). Licences for specific water volumes generally depend on the size of the 
production area and are legally allocated and verified through formal processes. 
Macadamia growers purchase water licences from local authorities, which also 
monitor on-farm water use. 

22.2.2 Sustainable Water Management Practices 

Given the circumstances, it is paramount for macadamia growers to increase the 
efficiency and sustainability of water use. This can be done by: (1) choosing 
the appropriate irrigation system, (2) meeting tree water requirements better with 
irrigation water supply, (3) using advanced technology for a better understanding
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Fig. 22.2 Percentage of adoption of different irrigation systems in the three main macadamia 
production areas of South Africa (Data from the 2012 SUBTROP Census) 

and monitoring of water dynamics in the orchards, and (4) adopting water-saving 
agricultural practices in the orchards. 

A reflection on the best water management options for macadamia is bound to 
start with the question on whether such trees need to be irrigated at all. About 
20% of macadamia producers in South Africa rely solely on rainfall as a source 
of water for their orchards (Fig. 22.2). Although irrigation is considered desirable, 
especially in areas where the average annual rainfall is less than 1000 mm (Carr 
2012), there is no experimentally sound quantification of yield reductions for rain-
fed macadamia production (compared to that under irrigation). Different studies 
show contradictory results and strongly depend on the specific climatic conditions 
of the growing areas and seasons considered (Trochoulias and Johns 1992; Searle 
and Lu 2002). Moreover, macadamia yields are cyclical and highly variable, which 
makes it somewhat difficult to establish cause and effect (Carr 2012; Huett 2004). 

Some critical phenological stages, i.e., periods during which lack of suffi-
cient water supply can strongly affect macadamia production, are the periods 
between flowering and nut set (August–October), and the premature nut drop 
period (November–December). Trees experiencing water stress during such periods 
produce less flowers, with an overall reduced nut set (Murovhi 2003) and increased 
nut drop (Carr 2012). 

Furthermore, water stress during the nut maturation stages decreases photosyn-
thesis rates at a time when energy demands for oil accumulation are highest. This 
consequently reduces yield and nut quality (Stephenson et al. 2003). Another major 
disadvantage of water deficits in the roots zone is that the tree cannot take up 
nutrients (including those supplied by fertilizers). Therefore, according to a local 
independent macadamia consultant (S. Schoeman, personal communication) rain-
fed macadamia production in Limpopo is not considered a generally viable option 
for the future, although some niche microclimates allow for it. An option which 
might receive more attention by macadamia growers in the future is deficit irrigation, 
in the form of nearly rain-fed production with supplementary irrigation during 
specific critical phenological stages or in case of prolonged droughts. At present, 
such an approach is still rather uncommon and would require thorough scientific 
investigation as well as commercial evaluation.
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Historically, there are two main irrigation systems for macadamias in South 
Africa, namely micro-sprinklers and drip irrigation (Murovhi 2003). Micro-
sprinklers, currently the most common irrigation system in South Africa (Fig. 
22.2), allow for a wide range of emitter flow rates, from as low as 15 L to more 
than 100 L/h. The large wetting radius matches the tree’s root surface area, thereby 
increasing water and nutrient uptake. At the same time, a large part of the applied 
water could be lost to evaporation or losses from the root zone (e.g. by deep 
percolation), or be taken up by grass and weeds growing around the trees, thus 
strongly reducing the system’s efficiency as well as water productivity. Due to the 
large amounts of water applied, this system is generally used at a low frequency of 
one to three times per week. 

Drip irrigation requires more frequent applications (up to 300 days/year) of 
smaller water amounts (emitter delivery rates commonly vary between 0.7 L and 
4.0 L/h). Dripper lines are placed close to the tree stems, with spacing’s of 0.6 m 
between drippers. Compared to the micro-sprinkler irrigation, this system requires 
less water, despite maintaining a continuous wetted strip along the tree line, thus 
having a higher system efficiency and water productivity. Therefore, the adoption 
of drip irrigation has increased in recent years (and since the 2012 Census) to about 
40% of the new installations, mainly at the expense of micro-sprinkler irrigation (S. 
Schoeman, personal communication). 

Recently, a new system is emerging, following the principle of applying small 
amounts of water at high frequency, with the aim of better matching irrigation 
water supply with the rate of plant water uptake. This is the centralized low-flow 
drip fertigation concept (or the ultra-low flow drip in its most extreme version). 
In comparison to the regular drip irrigation, these irrigation systems have lower 
emitter delivery rates of 0.6–0.7 L/h (0.4 L/h for ultra-low flow drip) and wider 
spacing between drippers of 0.9–1.0 m, leading to low system delivery rates, which 
require higher, almost daily, irrigation frequencies. The concept is to apply the daily 
irrigation requirement of the trees almost at the same rate that the tree uses the water 
(i.e. with system flow rates of typically 0.15–0.3 mm/h) and mostly rely on capillary 
water movement rather than mass flow in the soil, thus leading to significantly 
reduced risk of soil saturation and run-off. With 1–2 mm of water applied per 
day over several hours in a very efficient way, the irrigation of the entire farm at 
the same time becomes possible with a centralized and labour-friendly application 
management. This also allows for the coupling of irrigation and fertilization (the 
so-called fertigation), which can both be targeted to the tree’s daily needs year-
round. The limitations of this system include its requirement of a more complicated 
design with multiple dedicated mainlines to each field valve, the higher installation 
costs, mainly related to the fertigation injection systems, and the need of rearranging 
the scheduling of irrigation events. Furthermore, due to the low delivery rates, it is 
important to monitor and fully understand the soil water dynamics (e.g. the required 
filling time for the soil reservoir) and manage it accordingly. Nevertheless, it is 
currently considered as the most promising irrigation system by sector experts (S. 
Schoeman and Barry Christie—technical manager of Green Farms Nut Company, 
personal communication), allowing the achievement of the highest system efficiency
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and reducing water consumption to a minimum. Therefore, low-flow drip irrigation 
systems are expected to increase in the future, with large investments forecasted 
for their establishment, especially in large farms. Another less common irrigation 
system is the so-called floppy sprinkler irrigation, however, its very low efficiency, 
and large water volumes applied, preclude it from receiving considerable attention 
in the South African context. 

Despite the good intentions of most macadamia growers and consultants to 
improve water management there is still surprisingly little knowledge on the 
exact water requirements of macadamias. So far, growers have mostly relied on 
management guide charts based on accumulated empirical evidence on daily or 
weekly recommended water requirements for the different phenological stages of 
trees with different ages, planting densities, and canopy coverages (Fig. 22.1). 
However, these are merely used as guidelines, for example, for the planning of 
the irrigation system given a certain water allocation, and sometimes regarded as 
excessively high (Lee 2020). 

In one of the few well-known attempts to experimentally quantify macadamia 
tree water use amounts for Australian conditions, Stephenson et al. (2003) reported 
estimates of daily evapotranspiration ranging between 52 L (winter) and 80 L per 
tree (summer) for ‘HAES 246’ cultivars growing on sandy soils. In South Africa, 
Ibraimo et al. (2014) measured average daily water uses ranging between 27 L 
and 51 L/day in 6-year-old (intermediate bearing) macadamia trees (‘Beaumont’ 
cultivar). In a follow-up study, Taylor et al. (2021) attempted to distinguish between 
the water use of intermediate bearing and full-bearing ‘Beaumont’ macadamia trees, 
reporting comparatively lower average daily water use values of 22–35 L for the 
full-bearing trees, about 60% higher than for the younger trees. In general, they 
claim that such values are strictly depending on local environmental conditions, 
tree canopy size, and management factors, thus making it very difficult to provide 
precise estimates of macadamia tree water use without having additional on-field 
measurements of tree transpiration in a range of different orchards (Taylor et al. 
2021). Furthermore, different macadamia cultivars show different water require-
ments. For example, the widely popular variety ‘Beaumont’ (‘HAES 695’) is known 
to cope poorly with low water availability (S. Schoeman, personal communication). 
On the other hand, daily transpiration measurements in an Australian macadamia 
study (Searle and Lu 2003) showed almost double the water use by cultivar ‘HAES 
741’ compared to that of ‘HAES 344’. It would be therefore of great importance to 
get a better knowledge and understanding of the differences in transpiration between 
different cultivars, as well as of their specific performance in relation to the growing 
environment (Taylor et al. 2021). Common on-field strategies used by macadamia 
growers to determine the soil water status and to schedule irrigation accordingly 
include monitoring of the weather conditions (i.e. the variables that influence tree 
evapotranspiration) and using devices such as tensiometers and capacitance probes, 
which, respectively, measure soil water tension and soil moisture at different depths. 
However, oversimplified empirical norms are often followed to determine when it is 
necessary to irrigate. Yet an increased attention and investment by South African
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macadamia growers into monitoring the water status of their orchards has been 
observed in recent years (S. Schoeman, personal communication). 

One of the risks growers are increasingly aware of is that of over-irrigating. 
According to recent studies, this is often the case (Ibraimo et al. 2014; Botha 2020). 
In experiments conducted on Beaumont macadamia orchards in Mpumalanga, a 
conservative water use behaviour of macadamias was observed, with a halt of tree 
transpiration when a certain level of evaporative demand (typically at a leaf-to-
air vapour pressure deficit above 2 kilopascal) is reached (Smit et al. 2020). This 
climate-induced control is exerted through the closure of stomata (Lloyd 1991; Smit  
et al. 2020). This indicates that under hot and dry conditions, the trees will not 
necessarily use more water and the application of large irrigation amounts under 
these conditions would not lead to the desired outcome. On the contrary, excessive 
irrigation might lead to a reduction in soil aeration, especially in saturated soils, 
thereby further restricting water uptake and affecting tree health, growth, and nut 
yield (Botha 2020). Other negative effects of over-irrigation include iron deficiency, 
increased susceptibility to Phytophthora, and the loss of fertilizer by leaching, with 
the related economic and environmental impacts. 

A number of promising technological innovations could further help to improve 
the sustainability of water management in macadamia orchards. For instance, 
better weather forecasts through improved climatic models would help to plan 
irrigation accordingly. Similarly, the increasing availability of more affordable 
weather stations and soil moisture probes shall facilitate the on-field monitoring 
of climatic conditions and soil water dynamics. Remote sensing and especially 
aerial photography are likely to play an increasingly important role, since they are 
proving to be very useful and labour-friendly tools to detect problems in the orchard. 
Farm management apps and portals will facilitate sharing information between 
macadamia growers and consultants. Nevertheless, farming from remote is far from 
being a feasible reality. In fact, according to macadamia expert Barry Christie (per-
sonal communication), although increasing, the adoption by macadamia growers of 
most of the above-mentioned innovations is still low. Other sustainable management 
options to reduce orchard water consumption include the adoption of water-saving 
agricultural practices like mulching. The presence of organic matter (leaves, husks, 
or compost) on the soil surface is crucial for tree health and it reduces evaporation 
and conserves water within the soil (Botha 2020; Steyn  2019). Inorganic options 
(e.g. weed mat) also exist and are sometimes used mainly in young orchards, where 
soil evaporation is especially high due to the greater area exposed to solar radiation 
between the tree rows. Careful management of weeds and grass cover in the orchards 
can also help reduce water losses caused by their transpiration (Botha 2020). 

Recent droughts between 2015 and 2019 have increased the awareness of limits 
to water resources among South African macadamia growers, who are trying to 
decrease their water consumption, for example by switching to more efficient 
irrigation systems or by improving the monitoring of water use to avoid the 
risk of over-irrigating. Nevertheless, such efforts cannot fully counter-balance the 
overall increased water consumption, due to the continuous expansion of irrigated 
macadamia production areas. However, water availability and the impact of climate
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change on the local water resources are not yet perceived as major risks by 
macadamia growers. According to S. Schoeman (personal communication) and 
findings from a macadamia growers workshop held at Levubu in February 2019, 
major concerns include issues related to pest control, future political scenarios, 
energy prices, and industry developments. The general perception is that reduced 
water availability will increase production costs but growers will still prefer growing 
macadamias because of their high market value. However, under the projected 
drought scenarios and the stricter policing of water allocations, this might not be 
possible for much longer (Botha 2020; Shabalala et al. 2022). Therefore, the only 
solution lies in increasing the water use efficiency of macadamia orchards, making 
use of the best available knowledge, technologies, and practices to reduce non-
beneficial water losses to a minimum. 

22.2.3 Suggestions Towards More Sustainable Water Management 
in Macadamia Orchards by SALLnet 

Science has to play a distinct role in improving water management in times of a 
changing climate. More science-informed decision-making can be provided, for 
example, by delivering experimental evidence on the performance of different 
systems and management options. This should be based on a deep understanding of 
the relevant ecophysiological processes, which influence tree water requirements, 
the effects of management and by more robust climate projections at the local scale. 

In the framework of the SPACES II—SALLnet joint research project, an ongoing 
study of macadamia water use aims to increase our understanding and gain new 
insights into the processes determining the interactions of genotype, environment, 
and management in macadamia orchards, represented by different macadamia 
management systems in Levubu, with a focus on water dynamics. 

Fig. 22.3 Scheme of recorded weather and tree physiological parameters in the selected 
macadamia orchards (picture credits: Thomas Bringhenti)
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To this end, intensive field experiments monitoring the hourly tree transpiration 
rates, daily water use, and leaf water potential (an indicator of water stress) of 
two different macadamia cultivars (‘Beaumont’ and ‘HAES 849’) were set up 
and run for two consecutive seasons (Fig. 22.3). Additional measurements were 
made on tree phenological development (number of racemes and nuts per tree), 
tree morphology (e.g. tree height, canopy volume, leaf area density, etc.), and nut 
production. Moreover, microclimate, soil water dynamics, and orchard management 
(especially irrigation) were also recorded. 

That dataset contributes to a better understanding of the water use behaviour 
of macadamia trees in response to different water supply and environmental 
conditions, as well as the quantification of macadamia water use efficiency for 
contrasting management intensities. A related objective is the development of a 
macadamia growth and water use model to, among others, assist in setting the 
upper and lower limits of required water inputs for macadamia trees in different 
environmental conditions, and thus improving the precision of current empirical 
approaches to compute fruit tree water requirements (Orgaz et al. 2007; Villalobos 
et al. 2013) and to avoid wasteful over-irrigation. Eventually this will allow for 
upscaling of results from field experimentation across the whole region and for 
different climatic scenarios (e.g. by simulating the impact of future projections of 
long-term climate change on macadamia water use). 

22.3 Pollination 

In addition to abiotic and management factors, biotic factors such as pollination and 
biological control also determine macadamia production (Grass et al. 2018; Linden 
et al. 2019). Here we present management strategies that facilitate pollination in 
macadamia orchards in order to increase nut set and hence yield in a sustainable 
way. 

Pollination Requirements of Macadamia 
Macadamia is a mass-flowering crop of which one mature tree can produce up 
to 2500 inflorescences in one season (Moncur et al. 1985). The inflorescences 
are arranged in racemes of 10–35 cm length and each one bears 100–300 
flowers (Fig. 22.4) depending on the variety (Trueman 2013). The small white 
flowers (the Beaumont variety produces pink flowers) develop from several 
whirls on the stalk and form one conspicuous inflorescence. The flowers are 
open for 1 week (Ito and Hamilton 1980; Sedgley 1983) and given that the 
pollination was successful, they develop into initial nuts 3 weeks after anthesis 
(Trueman and Turnbull 1994a; Wallace et al. 1996). Many immature nuts 
abscise during the first 7–15 weeks after anthesis, whereas the time and extent 
of the drop depend on the site, cultivar, time since canopy pruning (McFadyen 

(continued)
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Fig. 22.4 Honeybee (Apis 
mellifera) sitting on a raceme 
with open macadamia flowers 
(picture credit: Mina Anders) 

et al. 2011, 2012; Sakai and Nagao 1985; Trueman 2010; Trueman and 
Turnbull 1994b) as well as pest damage (see Sect. 22.4.1). However, the nuts 
that remain on the raceme for around 15–20 weeks (final nut set) are likely 
to remain until maturation. The nuts are harvested from the orchard floor 
after they drop maturely off the tree, although the variety Beaumont must be 
treated with ethylene-generating compound (2-chloroethyl) phosphonic acid 
to induce the nut drop (Richardson and Dawson 1993). 

The flowers of macadamia show features that indicate dependence on insect 
pollination, namely the bright colour of the petals, a strong scent as well as resources 
like pollen or nectar. The most observed agents for pollen transfer are honeybees 
(Apis mellifera L.) and stingless bees (Tetragonula spp.), but beetles, flies and even 
birds have also visited flowers and been considered potential pollinators (Heard 
and Exley 1994; Howlett et al. 2015). Although wind pollination might be possible 
(Urata 1954), several pollinator exclusion experiments indicate a strong pollinator 
dependency (Grass et al. 2018; Tavares et al. 2015; Wallace et al. 1996). Grass et al.
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(2018) demonstrated that where insects were prevented from visiting flowers, initial 
and final nut set was reduced by 80% and by 54%, respectively. Further, Heard 
(1993) showed initial and final nut set in macadamia to be correlated with increased 
insect visitation to flowers. As macadamia is partially self-incompatible (Hardner 
et al. 2009; Urata 1954), self-fertilization is possible, but minimized through 
flower morphology (Sedgley 1983; Urata  1954). This underpins the dependency 
of macadamia on animal-pollination. 

22.3.1 Potential Pollinators of Macadamia Crops 

In their Australian native range, macadamias have two main pollinators, endemic 
stingless bees (Tetragonula spp.) and introduced honeybees (Apis mellifera) 
(Howlett et al. 2015; Vithanage and Ironside 1986). Both are commonly used 
for pollination in commercial macadamia orchards. 

A study by Heard and Exley (1994) in Australian macadamia orchards observed 
honeybees (60.5%), stingless bees (35.8%), while the remaining 4% were butterflies 
(Lepidoptera), hoverflies (Syrphidae), other Hymenopterans and even birds. Sting-
less bees mainly collect pollen and thus have intimate contact to the stigma; this 
is why they are considered to be very efficient. In contrast, honeybees first collect 
nectar and are considered less efficient, but compensate through high visitation rates 
(Heard 1994). 

In Hawaii, where macadamia has been cultivated since the 1920s (Shigeura 
and Ooka 1984), honeybees are considered to be the most important pollinators, 
although other pollinator taxa such as hoverflies have also been observed to visit 
macadamia flowers (Tavares et al. 2015). In Brazil, butterflies accounted for 50% 
of flower visits, ensuring initial nut set of inflorescences in the same magnitude as 
hand cross-pollination (Santos et al. 2020). 

In South African orchards, visual observations revealed that 90–99% of the 
flower visitors were honeybees, the remainder comprised of complemented by 
hoverflies, wasps, stingless bees, wild bees, and butterflies (Grass et al. 2018; 
Anders et al. unpublished data). Another study, in the same region, observed a lower 
ratio of honeybees (65%) associated and a higher frequencies of Diptera spp. (33%) 
(Ramotjiki 2020). In the macadamia region in Levubu, wild honeybee colonies are 
commonly found in natural or semi-natural habitat around the orchards, where they 
colonize suitable nesting sites. This means that besides managed honeybees, wild 
honeybees also provide pollination service in the orchards, as long as the landscape 
includes appropriate patches of natural habitat. Hence, both managed and wild 
honeybees must be taken into consideration as important pollinators for macadamia 
in this region. 

Although thrips (Thripidae) are considered a pest on macadamia (see Sect. 
22.4.1), their contribution to pollination remains unclear. They are found in vast 
numbers in flowers of a large range of plants. Whereas some species are pollinators 
(Mound 2005), individual thrips have been recorded consuming more than 1500 
pollen grains per day, depending on the pollen grain size (Kirk 1987). Because they
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move between the flowers of a macadamia raceme, they are very likely to transport 
pollen between flowers of the same raceme. However, a recent pollinator exclusion 
study has shown that thrips might have been largely overlooked as an important 
pollinator of macadamias, as the final nut set of macadamia was positively correlated 
with the number of adult thrips on flowers (Meyer 2016). 

22.3.2 Pollination Limitation 

Although macadamia is dependent on insect pollination, there is evidence for 
pollination limitation despite honeybee management. High nutrient demand of the 
nuts results in high abscission rates and only a small proportion of flowers (3%) 
develops into mature nuts (Evans et al. 2021; Grass et al. 2018). Even lower 
proportions are not unusual, with only 0.3% (Ito and Hamilton 1980) and 0.6% 
observed (Sakai and Nagao 1985). 

On the other hand, supplemental hand-pollination resulted in a significantly 
higher initial (66%) and final (44%) nut set than natural pollination in the study 
of Grass et al. (2018), corresponding with other studies (Howlett et al. 2019; 
Wallace et al. 1996). Further, recent studies showed that macadamia is much 
more self-incompatible than previously thought. Genetic analyses demonstrated 
that depending on the cultivar 80–90% of the harvested nuts were cross-pollinated 
while only up to 8% were self-pollinated (Richards et al. 2020; Kämper et al. 
2021). Grass et al. (2018) concluded that honeybees fail to deliver adequate 
pollination services, especially as increasing their colony density could even result 
in reduced final nut set. Higher visitation rates were neither related to higher bee 
density nor nut set. Intraspecific competition at high colony densities may have 
led honeybees to repeatedly exploit the same resources, reducing cross-pollination 
between macadamia trees and varieties. This means, efficient pollination is not 
simply determined by a high number of pollinators, but also by other factors, for 
example their foraging behaviour on the flower or their movement between the trees. 
Also, the landscape configuration, i.e. the cover of natural habitat is likely to affect 
pollinator behaviour and pollination services. 

In order to get a broader understanding of pollination limitation and services, 
we established another macadamia pollination experiment in the Levubu region in 
2019 and 2020, where we simultaneously observed different potential influences 
on pollination and yield, incorporating irrigation or rain-fed production as well as 
landscape factors such as altitude and amount of semi-natural vegetation in the 
landscape. Grass et al. (2018) did not detect higher pollinator visitation rates or 
nut set on trees close to natural habitat and hence no spillover effect from these 
to macadamia orchards. However, their study did not consider landscape effects. 
The surrounding landscape of macadamia orchards can provide additional nesting 
and foraging resources for wild bees and thus can influence pollinator diversity in 
macadamia orchards and consequently crop pollination services (Bänsch et al. 2021; 
Beyer et al. 2021a). The objective of the project is to gain a deeper understanding 
of the interaction between different management and landscape contexts, and
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Fig. 22.5 Map of the current study area of the SPACES project including study sites (farms) used 
for pollination experiments (black dots) and broad land cover classes (map credit: Mina Anders) 

pollination in order to improve pollination services in macadamia orchards (see Fig. 
22.5). 

22.3.3 Management Strategies to Facilitate Pollination Services 
in Macadamia Orchards 

Pollination of macadamia is important for nut production, but the provision of 
optimal pollination services is not attained by simply increasing managed honeybee 
colonies. One option is the enhancement of cross-pollination. For commercial nut 
production, a large number of different varieties are cultivated. The role of cross-
pollination between varieties has been explored in a couple of studies. Supplemental 
hand cross-pollination enhances not only fruit set (Herbert et al. 2019; Howlett et 
al. 2019; Trueman and Turnbull 1994a; Wallace et al. 1996) but also nut weight 
(Herbert et al. 2019). By manually cross-pollinating almost an entire tree, Trueman 
et al. (2022) achieved an increase of up to 109% of kernel yield. Empirical studies 
confirmed these results, identifying higher yield and nut mass in blocks where 
several varieties are grown than in single-variety blocks and a decrease in harvested 
nuts with distance to the cross-variety pollen source (Ito and Hamilton 1980; 
Kämper et al. 2020). However for individual varieties, recent genetic examination 
indicated unexpected high degrees of self-fertilization of up to 20–40% (Langdon 
et al. 2019). 

The planting of different and ideally well matching varieties in close distances is 
still a promising management strategy to increase cross-pollination.
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Another option to increase pollination service is the promotion of semi-natural 
pollinator habitat. Managed as well as wild pollinators profit from natural or semi-
natural habitat, which provides resources throughout the year (Beyer et al. 2021a, b; 
Dainese et al. 2019). The access to continuous and diverse food resources is essential 
for general pollinator community health (Alaux et al. 2017) and thus pollination 
performance. Wild pollinators additionally depend on nesting sites (Kremen et al. 
2007). For many crops, wild insects play an even bigger role for pollination than 
honeybees (Garibaldi et al. 2013). It has been shown that distance to natural habitat 
leads to a decline in pollinator abundance and visitation rate of native pollinators 
(Carvalheiro et al. 2010; Ricketts et al. 2008). A high proportion of semi-natural 
habitat, on the other hand, improves pollinator richness and abundance (Eeraerts 
et al. 2019; Beyer et al. 2021b). For example, in almond fields the percentage of 
natural area in the 2 km buffer zones increased both wild pollinator-species richness 
and honeybee visits (Alomar et al. 2018). To enhance provisioning of pollination 
service, access to natural or semi-natural habitat plays an important role for both, 
honeybees and wild pollinators. 

Pollinator distributions in orchards can be optimized by the spatial arrangement 
of beehives. The pollinators should be distributed evenly in the orchards and be able 
to transmit pollen between trees and varieties. Cunningham et al. (2016) showed  
that the pollination service was improved by changing the spatial arrangement 
of honeybee colonies in almond orchards. At any given colony density, fruit set 
outcomes were better when smaller placements (<100 colonies) were used which 
were more closely spaced (<700 m apart) than was standard (Cunningham et al. 
2016). 

Similarly, a study in macadamia orchards in Australia showed both honeybees 
and managed stingless bees did not distribute evenly in the orchard, but rather 
occurred in higher densities close to their colonies. This applied particularly for 
stingless bees, as >96% of the recordings were within 100 m of the stingless bee 
hives (Evans et al. 2021). 

An observational study during the first SPACES project, revealed a drastic 
effect of insecticide applications on honey bees (Linden 2019). Bee numbers 
observed in the macadamia orchards increased significantly with time after each 
chemical application. This indicates a negative effect of pesticide usage on honeybee 
activities inside the orchard, despite efforts of the farmers to minimize impacts 
on pollinators. Recovery of bee activities occurred faster at orchard edges next to 
natural vegetation. At these natural orchard edges bee numbers were in general 
significantly higher than at human-modified (e.g. continuous farmland, roads) 
orchard edges. Natural vegetation in and around orchards therefore seems to play 
a key role in the rehabilitation of pollinators in macadamia orchards and serves as 
source for wild bees as pollinators.
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22.4 Natural Pest Control with a Special Focus on Insectivorous 
Bats 

22.4.1 South African Macadamia Insect Pests 

The main insect pests in the South African macadamia industry are several 
Heteropteran and Lepidopteran species. Some species of thrips (Thripidae) are 
considered a minor pest, which can cause damages to flowers, while other thrips 
species are possibly beneficial in predating on other arthropods and in aiding 
pollination. Major thrips infestations in orchards have been cause for concern in 
several South African growing regions including Levubu in recent times (Hepburn 
2015; Schoeman 2009). 

The indigenous two-spotted stink bug Bathycoelia distincta Distant (Hemiptera: 
Pentatomidae) is by far the major pest on macadamias in South Africa and 
economically the most significant Heteropteran species (Schoeman 2018). However, 
damage is also caused by several Tortricidae (Lepidoptera) species (Schoeman and 
De Villiers 2015; Schoeman 2018). According to Schoeman (2009), over 10% of 
immature nut drop in macadamia is linked to the tortricid complex, making them 
economically important pest species. 

The competitive advantage of the two-spotted stinkbug over other Heteropterans 
is its extremely long mouthpart (±16 mm) compared to other species, enabling 
them to feed on all varieties of macadamia even after nuts have matured (Schoeman 
2018). This damage to the macadamia is called ‘late’ stinkbug damage, referring to 
damage occurring late in the season when the macadamia shell is penetrated while 
the mature kernel is undergoing oil accumulation (Schoeman 2018). 

The losses through direct insect damage to the macadamia kernel by early and 
late stinkbug damage, were estimated at 96 and 84 million ZAR, respectively, for the 
growing season of 2019 alone (SAMAC 2020). Additionally, there are also indirect 
effects of insect damage such as promoting immature nut drop, kernel germination, 
and fungus infestation, which were estimated losses of 52, 17, and 32 million ZAR 
for 2019, respectively (La Croix and Thindwa 1986; Nagao et al. 1992; Schoeman 
and de Villiers 2015; SAMAC  2020). 

22.4.2 Avoided Cost Models and Exclusion Studies of Vertebrate 
Predators 

The concept of ‘ecosystem services’, defined as the benefits that humans derive 
from biodiversity and ecosystems such as regulating, supporting, and provisioning 
processes (Wangai et al. 2016), has been increasingly appreciated and understood 
by the global community in the last decades (Millennium Assessment Board 2005). 
Although crucial in providing many of these services, bats have always suffered 
from unfounded negative public perceptions and have only received scientific atten-
tion as important ecosystem service providers in recent years (Voigt and Kingston 
2016). Probably the most significant early contribution to our understanding of the



22 Management Options for Macadamia Orchards with Special Focus. . . 641

Fig. 22.6 Vertebrate exclusion cages covering two macadamia trees each in Levubu, Limpopo 
(picture credit: Dr. Valerie Linden) 

economic value of bats to the agricultural industry was an avoided-cost model by 
Boyles et al. (2011), estimating that pest suppression by insectivorous bats has an 
annual value of about 22.9$ billion to the agricultural industry of the United States. 
Following other studies (López-Hoffman et al. 2014; Puig-Montserrat et al. 2015; 
Wanger et al. 2014) using this modelling approach, a study conducted as part of 
SPACES by Taylor et al. (2018) estimated the value of bats to the South African 
macadamia industry in suppressing stinkbugs alone at 57–139$ per hectare per year. 

However, a later exclusion study, also conducted as part of the SPACES 
programme, by Linden et al. (2019) shows that the values provided by the avoided-
cost model were likely an underestimation and that the combined value of ecosystem 
services provided by insectivorous bats and birds through pest predation even out-
weighs the disservice by crop raiding vervet monkeys (Chlorocebus pygerythrus). 

Using exclusion cages, the effect of the absence of birds and or bats as well 
as crop raiding mammals was tested, distinguishing between diurnal, nocturnal, 
or constant exclusions and comparing the yield, quality, and economic value of 
the exclusions at either natural or human-modified orchard edges (Fig. 22.6). The 
cages were erected in between macadamia crops, after the previous nuts had been 
harvested and before new flowers had started to develop, experiments were then 
running over three consecutive years.
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At the natural orchard edge, where crop raiding by monkeys occurs, the avoided 
cost by bats and birds suppressing insect pests was about $5000 per hectare per 
year. Whereas, crop loss through crop raiding was about $1600 per hectare per year 
(Linden et al. 2019). 

However, estimates based on exclusion studies cannot account for the total 
ecosystem service of pest suppression including open-air foraging bats (Monadjem 
et al. 2020), which feed in open spaces on certain pests such as moth before they 
descend into orchards. The open-air feeding guild of bats (families Molossidae and 
Emballonuridae in South Africa) generally hunt above the canopy of vegetation. 
McCracken et al. (2008, 2012) showed on the example of the open-air feeding 
Brazilian free-tailed bat (Tadarida brasiliensis) that these bats are not only able 
to exploit local pest infestations of the corn earworm but also hunt at altitudes up to 
900 m above ground level. Most importantly, McCracken et al. (2008) suggest that 
the high foraging activity levels of this species at 400–500 m above ground level are 
linked to the migration of insects such as certain moths. 

Similar to the diet analyses of McCracken et al. (2012), a study under SPACES 
conducted in the Levubu macadamia orchards showed that local bat population is 
presumably much more generalist and opportunistic in their foraging behaviour than 
previously assumed (Weier et al. 2019a). Testing for four pest insect species (B. 
distincta, N. viridula, T. batrachopa, and C. peltastica), the study showed that nearly 
all faecal samples analysed from four families of bats (Molossidae, Nycteridae, 
Rhinolophidae, and Vespertilionidae) contained genetic sequences of at least one 
stinkbug and one moth pest insect. 

22.4.3 Habitat Use of Bats in Macadamia Orchards 

Having established the importance of insectivorous bats in macadamia pest control, 
further research within the SPACES programme investigated habitat use of bats in 
order to guide agro-environmental management. By means of acoustic monitoring 
during active drive transects in Levubu orchards, Weier et al. (2018) found that bat 
activity increases with Hemiptera abundance but also with the amount of natural 
and semi-natural vegetation near orchards. Generally, the ecosystem service of pest 
suppression was higher at natural orchard edges in Levubu (Linden et al. 2019; 
Weier et al. 2021). 

Crisol-Martínez et al. (2016) found that the activity of the clutter and clutter-
edge guilds of bats decreased going away from natural orchards into macadamia 
monoculture in eastern Australia, while the most common species preferred the least 
fragmented and therefore the least isolated areas. As found by Weier et al. (2018), 
the abundance of insects and water availability had an influence on the abundance 
of species (Crisol-Martínez et al. 2016). Water availability, for both foraging and 
drinking, through artificial water sources such as dams can also increase the activity 
and diversity of bats in other agroecosystems (Shapiro et al. 2020; Sirami et al.  
2013). Bats seem to prefer polyculture or organic agroecosystems (Kelly et al. 2016; 
Wickramasinghe et al. 2003; Wordley et al. 2017).
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However, most of the agroecological studies on bats are currently focusing on 
common insectivorous species and it is worth mentioning that rare clutter feeding 
species such as the Rhinolophidae might also have a key role in suppressing certain 
pest insect species (Russo et al. 2018). From studies conducted in southern African 
agroecosystems these species seem to be already affected considerably by the 
ongoing land-use change and possibly also the competition and displacement by 
more generalist species as they have been recorded in very low numbers in more 
intensive agroecosystems (Linden et al. 2019; Shapiro et al. 2020; Weier et al. 2018, 
2021). While, many (but not all) species of the open air and clutter edge feeding 
guilds of bats do use anthropogenic structures (such as tunnels, bridges, and roofs) 
for roosting the rhinolophids most commonly require their habitat to provide caves 
or old hollow trees. Generally, bat species benefit from natural vegetation which 
provides a variety of roosting sites such as loose bark, large curled leaves, tree 
hollows, woodpecker holes, and more. 

In conclusion, a heterogeneous landscape in and around orchards, which pro-
vides connectivity, foraging, and roosting sites through natural and semi-natural 
vegetation promotes the activity and diversity of bat species and their ecosystem 
service provision. The same can be assumed for the ecosystem services provided by 
birds, therefore the diversity and richness of bird species in Levubu macadamias is 
currently investigated under the SPACES programme. The installation of bat houses 
is considered a way to buffer decreasing natural roost sites in many countries at the 
moment. However, it is unclear whether this has a positive effect on the overall bat 
communities and pest control service provision in general (Griffiths et al. 2017). 
Building on a previous study looking into the occupancy of bat houses in Levubu 
macadamia orchards under the SPACES programme (Weier et al. 2019b), a currently 
ongoing study conducted in the same area is investigating the effect of occupied bat 
houses on the surrounding bat species composition and activity in more detail. 

22.4.4 The Effect of Pesticide Application on Ecosystem Services 

The approach generally recommended for stinkbug pest control in southern African 
macadamia orchards is to base pesticide application on scouting for nymphs and 
adults, monitoring numbers using a knockdown method (Schoeman 2012). Scouting 
should focus on the edges of the orchards, where stinkbugs immigrate into orchards 
in the early season to ensure that the first application significantly reduces the first 
generation of nymphs, while another minimum of four applications of pesticides 
throughout the season are applied according to the life history of two-spotted 
stinkbugs (Nortje and Schoeman 2016). The use of pesticides in the winter months 
and over the flowering period is generally not recommended, as pest numbers are 
low, no crop on the tree, and pollination could be impacted by sprays affecting bee 
and other pollinator populations. While some stinkbugs overwinter in or near the 
macadamia orchards, others migrate into the orchards when food becomes available. 
Natural vegetation is seen both as a source of stinkbugs and a deterrent as it is 
serving as an alternative food source. Most recently it has been recommended and
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practised by many farmers to leave grasses and weeds to grow around the orchards 
and within the tree lines. Experience shows that this reduces the activity of stinkbugs 
on the macadamia trees, as they stay within these weed beds. Once these sections 
are mowed, stinkbug numbers were observed to increase on macadamia trees. While 
this is based on anecdotal evidence, many farmers are applying it in an attempt to 
minimize damages in a natural manner. 

The common threshold at which spraying is recommended is four stink bugs 
found per 10 trees. However, according to a sector expert an estimated 10–15% of 
farmers still rely on scheduled or the so-called calendar sprays against stinkbugs, 
meaning that pesticides are applied in regular intervals independent from the 
confirmed presence of pest insects or their abundance on trees. A particular concern 
with this approach, apart from ecosystem (service) degradation, is that it increases 
the likelihood of stinkbugs developing resistances to pesticides (Schoeman 2018), 
which can also be aided by tree height and shape. Stinkbugs prefer the dark and 
dense areas of the orchards for foraging and stinkbug damage increases with tree 
density (Schoeman 2014). Conventional sprays applied with tractors become less 
efficient if the macadamia tree height exceeds 6 m (Drew 2003). It is recommended 
that trees should not be taller than 80% of the width of rows between trees 
(Schoeman 2018). 

Another promising future alternative for the pest management of two-spotted 
stinkbugs is the use of semiochemicals especially alarm pheromones (Pal et al. 
2020). While trap crops such as Crotalaria juncea might help to decrease the kernel 
damage caused by other stinkbug species, no suitable trap crop has been found 
to attract the two-spotted stinkbug as it seems to be highly monophagous (Steyn 
2019). The other main pest for macadamias are lepidopteran species of the nutborer 
complex, namely the macadamia nutborer and the false codling moth. Monitoring 
of the nutborer complex is facilitated by means of species-specific pheromone 
traps, which can also be used to control them. Additionally, young nuts can be 
monitored for oviposition by the nutborer moths. Apart from pesticides there are 
several biological control agents including fungi, viruses, and bacteria registered 
for the use of these pests. 

In 2018, the worldwide average use of pesticides per hectare of cropland was 
2.63 kg (FAO 2018). While the average for African countries was much lower 
(0.3 kg/ha; FAO 2018), the bioaccumulation of pesticides in non-target species is 
generally of great concern and has been reported to negatively affect the behaviour 
and life history of invertebrates as well as vertebrates (Oliveira et al. 2021). 

Overall, the effect of pesticides on bat species has been vastly understudied 
and represents a large scientific research gap (Oliveira et al. 2021; Torquetti et 
al. 2021). In a review of studies published in English between 1964 and 2019, 
Oliveira et al. (2021) found only 28 studies on the effect of pesticides on bats 
worldwide. These studies showed that the ingestion of pesticides by bats through 
insects, fruits, or water can have serious negative consequences including impaired 
torpor and echolocation, liver pathologies, oxidative stress, and endocrine disruption 
as well as decreased energy reserves. In a review of declines in bird populations in 
agroecosystems, nearly half of the reviewed studies (N = 122) found pesticide use 
had a negative effect on local species (Stanton et al. 2018). Recent studies on the
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effect of neonicotinoids on birds, particularly insectivorous birds, in the USA and 
the Netherlands have linked its usage to a decline in bird diversities and populations 
of an average annual 3% and 3.5%, respectively (Hallmann et al. 2014; Li et al.  
2020). Given the high longevity of bats, it seems likely that the annual declines of 
bat populations due to the effects of pesticide usage are higher than those reported 
for birds, making it an urgent field for future research. 

Mostly, farmers tend to spray their macadamia orchards in the early morning or 
late evening hours. The recommendation is to spray while the maximum ambient 
temperatures are below <18 ◦C, at which stinkbugs are immobile and cannot fly 
out of the orchards. While insectivorous bats are active throughout the night from 
sunset to sunrise, their peak activity is for about 3 h after sunset. It is much harder to 
determine peak activities for birds in the area as there are both diurnal and nocturnal 
bird species active in the Levubu orchards (Linden et al. 2019). 

Linden et al. (2019) observed that hymenopterans took the longest to recover 
after a pesticide application event. Several beneficial insect species fall within this 
order, chief among which are parasitoids that are specialist predators of pest species. 
Spiders are the dominant invertebrate predator in these orchards and are some of the 
first taxa to recolonize trees after a spray event. Assemblages in macadamia orchards 
are dominated by wandering spiders (>90%) and mainly belong to family Salticidae 
(73%) (Dippenaar-Schoeman et al. 2001). Haddad and Dippenaar-Schoeman (2004) 
observed that a salticid species that dominates Pistachio orchard assemblages ate at 
least one lygaeid bug a day. However, calendar spraying over the long-term results 
in an almost complete collapse in spider assemblages, particularly if the surrounding 
vegetation is highly transformed. 

22.5 Conclusions

• To increase the efficiency and sustainability of macadamia water use, growers 
should adopt water-saving irrigation systems and reduce their irrigation water 
supply to small and targeted applications, aiming at meeting the specific tree 
water requirements. Research can help to determine such amounts for different 
environmental conditions.

• Technological innovations (e.g. soil moisture probes and remote sensing) allow 
for a better understanding and monitoring of water dynamics in macadamia 
orchards, which, combined with the adoption of water-saving agricultural prac-
tices (e.g. mulching), can considerably reduce the orchards’ water footprint in 
view of future water limitations.

• Recommendations for growers to maximize biodiversity services in macadamia 
orchards include retaining natural and semi-natural habitats in the landscape 
and enhancing agrobiodiversity, increasing wild pollinator abundances and 
optimizing the spatial arrangement of beehives. The installation of bat houses 
might be another option to improve natural pest control services. There is a range 
of alternative, ecologically friendly recommendations for natural pest control.
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Any successful long-term control of pest insect damage in macadamia requires 
an integrated pest management (IPM) approach.

• The timing and application of pesticide sprays should be modified based on 
ecological and biological principles, such as a day-degree models of stinkbug 
development, or based on scouting for threshold pest stinkbug numbers in 
orchards and taking peak activity times of bats and birds into account, to mitigate 
the ecological impact of pesticides. 

Generally, the research focus of industry bodies needs to shift from short-
term economic benefits for farmers, to focus more on the long-term security 
of the industry, identifying the threats deriving from a changing climate and 
developing corresponding risk management strategies to mitigate their impact (e.g. 
water availability). A priority should be to maintain sustainable agroecosystems 
which provide resilient biodiversity services under the predicted decrease in annual 
rainfall. 
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Abstract 

In this chapter, we explore how, in the face of increasing climatic risks and 
resource limitations, improved agro-technologies can support sustainable intensi-
fication (SI) in small-scale farming systems in Limpopo province, South Africa. 
Limpopo exhibits high agro-ecological diversity and, at the same time, is one 
of the regions with the highest degree of poverty and food insecurity in South 
Africa. In this setting, we analyze the effects of different technology changes 
on both food security dimensions (i.e., supply, stability, and access) and quality 
of ecosystem service provision. This is conducted by applying a mixed-method 
approach combining small-scale farmer survey data, on-farm agronomic sam-
pling, crop growth simulations, and socioeconomic modeling. Results for a few 
simple technology changes show that both food security and ecosystem service 
provision can be considerably improved when combining specific technologies 
in a proper way. Furthermore, such new “technology packages” tailored to local 
conditions are economically beneficial at farm level as compared to the status 
quo. One example is the combination of judicious fertilizer application with 
deficit or full irrigation in small-scale maize-based farming systems. Provided 
comparable conditions, the results could be also beneficial for decision-makers 
in other southern African countries. 

23.1 Introduction 

23.1.1 Background and Motivation 

Southern Africa has been identified as a hotspot for global change processes and 
biodiversity, whereby agricultural expansion is regarded as a key driving force for 
the declining species diversity (IPBES 2018). The projected doubling of the African 
human population by 2050 (as compared to 2010) and the climate change-induced 
increased frequency of extreme droughts underline the urgency of science-informed 
assessments in support of identifying sustainable land management options (IPCC 
2019; Rötter et al. 2021). About 70% of the population of southern Africa relies on 
agriculture. Most of them are smallholders, of which about 94% depend on rainfed 
agriculture. Around 16% of the rural population has been characterized as “food 
insecure” during the last 5 years (Sikora et al. 2020). 

In recent years, there has been growing attention and support for innovation 
for supporting sustainable agricultural production (e.g., Herrero et al. 2020) such 
as agro-ecology, sustainable intensification (SI), and climate-smart agriculture 
(Cassman and Grassini 2020; FAO  2010; Kuyah et al. 2021; Wilkus et al. 2021). 
Yet, there is some debate about which approaches should be applied in which 
contexts and to whose benefits. Site- and season-specific, knowledge-intensive 
agricultural management practices combined with advanced breeding tools hold 
promise to increase resource use efficiencies and crop performance considerably
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(e.g., Hoffmann et al. 2018; Hammer et al. 2020) and can be supported by digital 
technologies (Herrero et al. 2020; Von Braun et al. 2021). 

There exist a considerable number of socioeconomic constraints that need to 
be overcome to create a fertile ground so that technological innovations can unfold 
(Gatzweiler and von Braun 2016). Economic weaknesses have been sharpened since 
the start of the COVID-19 pandemic with considerable negative consequences for 
food security (Savary et al. 2020). Limited access to land, water, other resources and 
markets for smallholder farmers has negatively affected rural livelihoods. Moreover, 
recent shifts of a considerable proportion of agricultural production and land use 
away from human food-related activities toward animal feed, timber, and biofuels in 
some regions have presented trade-offs between food security and energy needs. In 
other regions, land use change from agriculture toward mining, nature conservation, 
or settlements has reduced the agricultural production area. 

Southern African savanna landscapes are composed of arable land, rangelands, 
and orchards/homegardens (Rötter et al. 2021). In this chapter, we focus on the 
potential of technological improvements on crop productivity and rural livelihoods 
of small-scale farmers who largely depend on the ecosystem services (ES) these 
three major land use types provide. Small-scale farmers in the region are highly 
diverse in terms of resource endowments such as land and water. The generally 
huge yield gaps (with yield levels at 20% of the potential), food insecurity, and 
shrinking land holdings call for radical changes in land use policies and management 
to avoid societal unrest growing in the future. In national plans on sustainable 
development, sustainable intensification (Cassman and Grassini 2020) of these 
systems, not surprisingly, has the highest policy priority (Sikora et al. 2020). It is 
seen as an important means to provide incentives to the younger farmer generation, 
boost agricultural development, and to set land aside for nature conservation. 

A broad range of management interventions has been suggested for promoting 
sustainable intensification (e.g., Kuyah et al. 2021; Vanlauwe and Dobermann 2020; 
Wilkus et al. 2021), including cereal intercropping with legumes, conservation 
agriculture, agroforestry, site-specific fertilizer application and irrigation. Most 
experimental studies on testing such interventions have just looked at impacts on 
dry matter production and yield, but a few also looked at other ecosystem functions 
such as carbon sequestration and water and nutrient use efficiency. Yet, to date, no 
study has looked in an integrated manner at the complexity of smallholder systems 
with a broad range of interacting ES at the landscape level. The SALLnet project has 
that ambition (Rötter et al. 2021), and here we present a few of the results of such 
integrated analyses across different scale levels, from field via farm to landscape 
level. 

23.1.2 Problem Statement and Objectives of the Chapter 

A key question for many smallholder-dominated agricultural landscapes in southern 
Africa is: “how can the multiple Ecosystem Services (ES) be enhanced through
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sustainable land management interventions and enabling policies?” (Rötter et al. 
2021). 

Limpopo province in the northern-most corner of South Africa combines most 
of the global change threats, and is also featuring several of the typical land 
use changes that have been observed across southern Africa over the last few 
decades (Chap. 20). High population growth, severe land degradation, and high 
climate variability in conjunction with low agricultural productivity and poverty 
have already led to a decline of essential ES in Limpopo province such as provision 
of food and feed, nutrient cycling, and habitat quality (Hoffmann et al. 2020; Pfeiffer  
et al. 2019). 

Against this background, the present chapter aims at investigating how agro-
technology improvements could support SI in small-scale farming systems in 
Limpopo province, South Africa. To do this, we suggest an integrated crop model 
APSIM (for applications in Africa, see, e.g., Whitbread et al. 2010) and downstream 
socioeconomic modeling by means of agent-based modeling. These models are 
calibrated to Limpopo province by using data from small-scale farmer surveys, 
on-farm agronomic sampling, and long-term crop experiments. To demonstrate the 
respective impact analysis of agro-technology improvements within our modeling 
framework, we use the example of improved soil nutrient and irrigation practices 
in combination. We also discuss further agricultural technology improvements and 
innovations that could be likewise assessed going forward. 

The remainder of the chapter is structured as follows: To provide a basis for 
our analysis, an overview of the small-scale farming sector in Limpopo province 
is presented in Sect. 23.2 by using the results of a large-scale survey conducted 
within the course of the SALLnet project. Section 23.3 then analyzes the current 
yield gaps and resource use efficiencies in small-scale farming systems in Limpopo 
province, on which basis improvements shall be worked out in the following. 
Accordingly, Sect. 23.4 first provides an overview of the methods and tools to be 
used to analyze the impacts of different technologies and innovations on small-
scale farming systems. Subsequently, these are calibrated to the study region in Sect. 
23.5. Finally, Sect. 23.6 provides a summary of the main findings and draws some 
implications. 

23.2 Farm Household Characteristics: Small-Scale Subsistence 
Versus Emerging Farmers 

Limpopo is one of the least developed provinces in South Africa and currently 
experiencing both strong population growth and a high poverty rate. A large 
share of the population (89%) is living in rural areas, and farming is the main 
occupation (Gyekye and Akinboade 2003; LDARD  2012). In order to understand 
the structure of the smallholder farming sector in Limpopo province of South Africa, 
five study areas were selected from Limpopo based on differences in climatic 
aridity, demography, and socioeconomic factors. The selected sites are located in 
rural areas of the Mopani district: Mafarana, Gavaza, Ga-Selwana, Makushane,

http://doi.org/10.1007/978-3-031-10948-5_20
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and Ndengeza. A comprehensive small-scale farmer survey was conducted between 
April and July 2019 after pretesting in selected villages; the interviews were 
conducted in person with farm household heads or individuals who are responsible 
for farm management. Permission to access farmers was obtained from tribal 
authorities of each village. The purpose of the survey was to collect information 
on socioeconomic, demographic, farm, and household characteristics as well as 
information on resource endowment and agricultural activities during the 2018/2019 
crop season. Using a purposive random sampling procedure, data were collected 
from 215 farm households across the five villages in Limpopo, of which three 
households had to be excluded afterwards due to incomplete information. Therefore, 
the final data set for the following analysis covered 212 households. 

Table 23.1 presents a summary of selected descriptive statistics regarding crucial 
farmer and farm characteristics, including farm performance, resource management, 
socioeconomics, as well as external incentives (e.g., agricultural extension services, 
access to credits and markets). Accordingly, we found that the average farm 
household in the survey sample has a household head who is on average 66 years 
old. The share of female-headed households was the same as the national general 
household survey in 2019 with 48.8% (Statistics South Africa 2019). The average 
household in the survey owned 4.4 ha land, of which 70% is left fallow during 
the winter (dry season). We found considerable variation in farm size, especially 
regarding their cultivated area. In terms of production systems, the small-scale farms 
in the sample were mainly characterized by mixed crop-livestock production. Our 
survey showed that maize (Zea mays L.) is most important to ensure household 
food security and cultivated by nearly all farms. The secondary major crops are 
legumes such as peanuts (Arachis hypogaea), Bambara nuts (Vigna subterranea L.), 
and cowpea (Vigna unguiculata) which are produced by 59% of farms. Horticultural 
crops such as fruits (e.g., mango, banana) are grown by 32%, and vegetables (e.g., 
tomato, onion, cabbage, paprika) by 15% of the surveyed farms. Maize and legumes 
were mainly grown for household consumption but vegetables contributed to both 
household consumption and income generation. With regard to livestock farming, 
cattle provided the main source of livestock income while farms also kept goats, pigs 
as well as chickens. On average, 41% of agricultural income stemmed from crop 
sales and 25% from livestock sales. Moreover, the degree of commercialization for 
crops was 39% and for livestock was 6%, indicating the proportion of selling value 
of the total value of the production, based on market prices in 2019. 

Agricultural products were mainly traded on informal on-farm markets (58%). 
Only 17% of the local farmers had access to formal off-farm markets. Social 
grants including old age and child support grants played an important role on farm 
household incomes for most smallholders. According to Statistics South Africa 
(2019), around 59% of the households received grants as their main sources of 
income in Limpopo. Direct support from the government as well as extension 
services mainly occurred in the form of input supplies, mechanization, livestock 
health services, and training. The number of visits of extension services on average 
was 1.32 times in a year. The field preparation was usually carried out by a rented 
tractor or donkey. Nevertheless, among these farmers, only 6% had their own private
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tractor. In this respect, merely 10% of the respondents had access to formal credits 
but 37% of the farmers invested in the last 5 years mainly in equipment for irrigation, 
fences, and machinery. Besides household members working on their own farms, the 
permanent and seasonal employed labor worked amounted on average to 48.5 and 
17.33 man-days per year (1 man-day = 8 h/person). Regarding irrigation, the most 
common source of water was tap water (41%) which was usually only available 
in the home garden next to their residential building. 34% of the sample was purely 
rain-dependent, while on average 9% and 16% of farmers had access to public water 
sources and private boreholes. Hence, 49% of the sample used primitive irrigation 
methods (e.g., buckets, furrows). 

According to the collected information described above, the smallholder farmers 
in the sample were found to be highly heterogeneous in terms of farm and 
farmer characteristics, resource management as well as external incentives such 
as agricultural extension services, access to credits, and markets. Moreover, the 
heterogeneous groups of smallholder farmers were reliant on different forms of 
government interventions and agricultural policies, depending on the objective and 
characteristics of each group. 

23.3 Yield Gaps and Current Resource Use Efficiencies 
in Small-Scale Farming Systems 

In Sect. 23.3.1, we give a brief account of the different yield gaps (see Kassie et 
al. 2014) as well as of current water and nitrogen efficiencies for maize cultivated 
by smallholders. Based on literature and simulation results, we show the scope 
for closing or narrowing down the yield gap between actual farmer’s yields and 
potential yields that could be attained under irrigated or rainfed conditions with 
best management. Next, we look at the efficiency gains that might be obtained 
by distinct management interventions—restricting ourselves to water and nutrient 
management, whereby in the latter with focus on the macro-nutrients nitrogen (N) 
and phosphorus (P). Furthermore, Sect. 23.3.2 presents the results of efficiency 
analysis of current maize-based small-scale farming systems in five villages in 
Mopani district, Limpopo province. As a consequence of this, we discuss the 
potentials of a number of alternative management interventions in enhancing farm 
income and other ecosystem services in Sect. 23.3.3. 

23.3.1 Current Resource Use Efficiencies for Different Small-Scale 
Farming Systems in the Region 

Regarding crop production in South Africa, maize is the major staple crop and 
mostly grown by smallholders under rainfed conditions. The yield of maize in 
the study regions within Limpopo province is fairly low—for small-scale farmers 
ranging between 1 t ha−1 and 2 t ha−1. This is mainly due to manual farming 
techniques together with low input provision such as no or little fertilization, lack of
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Table 23.2 Average water use efficiency under different treatments (in kg grain DM yield/m3 

water) 

Treatments Rainfed cultivation Deficit irrigation (100 mm) Full irrigation (200 mm) 

Applied amount 
(kg/ha) 
0N: 0P 0.35 0.39 0.31 
10N: 5P 0.41 0.47 0.35 
40N: 30P 0.71 0.79 0.62 
120N: 60P 1.09 1.15 0.95 

quality seeds, and no irrigation (FAO 2010). The observed increase in water scarcity 
and land degradation, and particularly poor soil fertility through nutrient mining 
in most smallholder farming systems poses a serious threat to crop production in 
southern Africa (Vlek et al. 2020). Therefore, a logical agricultural intervention 
measure is to produce more grain yield per volume of water used (“more crop 
per drop”) and replenish the nutrient-depleted soils with mineral and organic 
fertilizer. Water use efficiency (WUE) needs to be increased through appropriate 
water, nutrient, and crop management interventions measures to sustainably raise 
agricultural productivity. In a water management context, the term WUE refers to 
crop production per unit of water used, with units such as kg grain ha−1 mm−1 or 
kg m−3 (Sadras et al. 2012). 

The simulated WUE under different treatments was derived from simulated 
maize results for 35 years (1985–2020) at the experimental Syferkuil site within 
the Limpopo province (Table 23.2). The WUE varied between 0.1 kg m−3 and 
1.39 kg m−3 among treatments and years. Those different, predefined fertilizer 
treatments in maize production could also be mirrored by the farmer behavior 
observed within the small-scale farmer survey as presented in the second section. 
Accordingly, the two lower levels of 0N:0P and 10N:5P were approximately applied 
by the vast majority of the small-scale farmers within the survey, who were primarily 
producing for self-subsistence purposes. 40N:30P represents the level used by those 
small-scale farmers, who already emerged to a more market-oriented role. The 
highest intensity treatment of 120N:60P again approximates the level of intensity 
commonly used by commercial farmers in maize production in this region. 

The results showed that combined deficit irrigation and the 120N: 60P kg ha−1 

fertilizer application gave the highest WUE value of 1.15 kg m−3 (average over 
35 years). This finding is in agreement with the results of Kurwakumire et al. 
(2014) who found that WUE under rainfed conditions ranged from 0.038 kg m−3 to 
0.113 kg m−3 (control), while it improved from 0.3 kg m−3 to 0.8 kg m−3 for crops 
receiving 120N:40P:60K fertilization. 

NUE is here defined as the incremental maize yield per applied nutrient. The 
average NUE ranged from 23.67 to 45.51 kg grain yield/kg nutrient (Table 23.3). 
The highest NUE was obtained in the case of 40N: 30P (kg ha−1) fertilizer 
application under rainfed cultivation. The NUE values presented in Table 23.3 are
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Table 23.3 Average nutrient use efficiency (NUE) under rainfed cultivation (in kg grain DM 
yield/kg nutrient) 

Nutrient application rate (kg ha−1) Average grain yield (kg ha−1) NUE (kg/kg) 

0N: 0P (control) 1307.4 – 
10N: 5P 1544.1 23.67 
40N: 30P 3127.6 45.51 
120N: 60P 4751.5 28.70 

Fig. 23.1 Box plots of 
simulated yield among the 
treatments at the experimental 
Syferkuil location. Yields are 
simulated from 1985–2020 
(R, D, and F stand for rainfed,  
deficit, and full irrigation, 
respectively; N0, N10, N40, 
and N120 stand for the 
following N:P combinations: 
0N: 0P; 10N: 5P; 40N: 30P; 
and 120N: 60P, kg ha−1) 
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within the range of values for a similar study reported by Ngome et al. (2013) for  
smallholder farmers on three dominant soil types of Western Kenya. The values 
are also largely in agreement with findings from a national soil fertility program in 
Kenya tailored to the needs of smallholder farmers in agro-ecological zones with 
medium to high agricultural potential (Smaling et al. 1992). In an early review, 
van Duivenboden (1992) found for West Africa similar NUE values as presented in 
Table 23.3. 

The simulated maize yields presented in Fig. 23.1 show that maize yield 
increased with increases in the rate of fertilizer and irrigation applications at the 
experimental Syferkuil site. However, the increase in fertilizer rates had a stronger 
effect on maize yield improvement than the irrigation treatment. Increasing the N:P 
fertilization rate alone increased average annual maize yield of RN40 to 3.12 t ha−1 

(i.e., 144%) and FN120 to 4.75 t ha−1 (i.e., 271%) compared to that of RN0 which 
was 1.3 t ha−1, respectively. Considering irrigation alone, treatments of DN0 and 
FN0 increased maize yields only by 10.5% and 21.9%, respectively, compared to 
RN0. The combination of fertilization and irrigation application gave the highest 
average annual yields for the DN120 and FN120 treatments, achieving 5.4 t ha−1 

and 5.7 t ha−1, respectively. Note, that in these treatments it is further assumed that 
other nutrients are always in ample supply and the crop is well protected from pests 
and diseases.
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Fig. 23.2 Maize yield gap between commercial and small-scale farmers—averaged for 
South Africa—colored dots show farmers yields in four villages of Mopani district in 
2020 (a); Simulated average maize yields under different treatments in the Syferkuil, 
SA for period 1999–2020 (b) data source maize yield series: https://www.sagis.org.za/ 
historic%20hectares%20and%20production%20info.html 

Figure 23.2a illustrates the maize yield gap over the last 30 years between 
yields actually obtained by large-scale commercial farmers and those of small-scale 
farmers in South Africa. It shows that although maize yields fluctuated over time 
for both groups of farmers, the yield trend for commercial farmers significantly 
increased over the last 30 years. However, the maize yields for small-scale farmers 
did not exceed the level of 1.5 t ha−1. Based on the simulated maize yields at 
Syferkuil (Fig. 23.2b), yields for small-scale farmers can be increased considerably 
by applying different treatments combining fertilizer and irrigation. Yet, the highest 
yield increases that could be obtained come at very poor water and nutrient use


 25321 41438 a 25321
41438 a
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efficiencies—and thus high losses to the environment. The different yield gaps 
illustrated in Fig. 23.2a, b indicate the most effective interventions for raising yields. 

23.3.2 Results of Efficiency Analysis of Current Maize-Based 
Small-Scale Farming Systems 

Maize dominates the South African food system, being both the vital dietary staple 
crop and feed grain. Therefore, it is the most prevalent agricultural crop for small-
scale farmers in rural areas (Obi and Ayodeji 2020). As the majority of small-scale 
farmers cultivate maize mainly for subsistence purposes, the levels of production 
and supply of maize from small-scale farming are important indications of food 
security. Over the past century, South African maize production experienced some 
significant changes (Greyling and Pardey 2019). Small-scale farmers played an 
important role in producing maize in the country in previous years. 

In addition to environmental stress, agricultural production in general and maize 
cultivation in particular in southern Africa are both confronted with several macro-
and micro-structural constraints (Mpandeli and Maponya 2014). Some of these 
constraints are inefficient policies and extension system support, limited access to 
agricultural credits which results in reduced investment in the agricultural sector, 
inadequate infrastructural facilities such as transportation and communication, 
along with the lack of proper economic incentives (e.g., Baloyi et al. 2012). These 
constraints result in yield reduction and harvest failures in recent years (Hove and 
Kambanje 2019), which exacerbates food insecurity and poverty, especially among 
smallholder farmers who often practice subsistence farming. 

Despite government support and various strategies implemented to improve 
the productivity of the agricultural sector in South Africa in recent years (e.g., 
FAO 2017), small-scale farmers still perform considerably below their potential 
production capacity (Baloyi et al. 2012). Improving agricultural productivity and, 
thus, crop yields can generally be achieved by more efficient use of available farm 
resource endowments and by adopting new technologies (e.g., Ali et al. 2019). 

For agricultural productivity growth, the concept of technical efficiency (TE) 
plays a major role and is widely discussed in the literature. It provides information 
on the performance of the farmers and their potential to improve productivity 
and efficiency by utilizing existing farm resources and technologies. In addition, 
technical efficiency analysis allows identifying the main factors affecting the 
efficiency level of farms. According to various studies in the literature, improvement 
in the efficiency levels of agricultural production, which is the main component of 
total factor productivity (TFP) growth, can be regarded as key in alleviating food 
insecurity in developing economies (Ogundari 2014). 

To date, to our best knowledge, less attention has been paid to the analysis 
of efficiencies of small-scale maize farmers in South Africa and in particular the 
Limpopo province. To address this research gap, the aim of the present analysis 
is to evaluate the TE of smallholder maize farmers and the potential factors 
that lead to the deviations from the common production frontier. Accordingly,
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a parametric efficiency analysis [a single-step Stochastic Frontier Model (SFA)] 
considering a dual heteroskedastic production frontier is applied to 190 households 
cross-sectional survey data in 2019 from five selected study areas in the Limpopo 
province in South Africa. The model is designed to estimate TE of small-scale maize 
farmers by adopting a holistic approach of analysis that considers production inputs, 
perceived risks, and socioeconomic/socio-demographic characteristics to examine 
their joint influences on productivity and efficiency of the maize production among 
smallholders in the Limpopo province of South Africa. Moreover, by identifying 
the determinants of TE, the results of this analysis will offer policy implications to 
improve maize production, as well as to tackle food insecurity and poverty. 

Following the model specification tests,1 a single-step SF model with a Cobb– 
Douglas production function is implemented to estimate the stochastic frontier 
production function and the inefficiency function simultaneously using maximum 
likelihood estimation. Moreover, we considered heteroscedasticity in both error 
components (ui and vi), following the twofold heteroskedastic model of Hadri 
(1999). This implies that both variances of the inefficiency and idiosyncratic error 
terms (.σ 2

ui
and . σ 2

vi
) are depending on the explanatory variables with the half-normal 

distribution of inefficiency term .σ 2
ui

and independently normal distribution of . σ 2
vi

. 
For a more detailed description of the methodology, see Yazdan Bakhsh et al. 
(2022). 

Table 23.4 represents the summary of the results of the analysis. The dependent 
variable is maize output in kilograms. Considered production inputs include area 
under maize cultivation in ha, quantity of seeds and fertilizers in kg, pesticide 
in number of applications per year, labor used for maize cultivation in man-days 
unit, preparation costs (machinery and animal capital) in currency unit (ZAR), as 
well as the dummy of irrigating the maize fields. Furthermore, for the inefficiency 
component, the explanatory variables include: age, gender, and education level of 
household head, off-farm income, social grants, extension service support, credit 
access, member of the agricultural organizations, access to off-farm markets, having 
agricultural training, owning cattle, and total cultivated land. There is a wide 
variation in output and input use between farmers among selected villages. In this 
regard, the heterogeneity in production technologies is addressed by considering the 
geographical location of each village in the selected province, with the assumption 
that technology is homogeneous within the same geographical location but different 
across them. Therefore, dummies of location were included in the production 
frontier as a control variable. Since drought and pest were the two key uncertainties 
that the selected farmers perceived as the main reasons of the maize harvest 
failure in this year compared to previous years, we considered the dummies of 
farmers’ perceived risks (failure in crop production due to drought and pest) in both

1 These tests were implemented based on the likelihood ratio (LR) tests to specify the appropriate 
functional form for the production frontier model (Cobb–Douglas vs. transcendental logarithmic 
(Translog)), as well, to test the technical efficiency and production risks effects. 
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Table 23.4 Maximum likelihood estimates of the stochastic frontier analysis for maize produc-
tion of small-scale farmers in Limpopo, including the stochastic frontier function, the technical 
inefficiency function, and the production variability function 

Stochastic frontier Technical inefficiency 

Variables 

Coefficient 
(robust std. 
err.) Variables 

Coefficient 
(robust std. 
err.) 

Marginal 
effects 

Constant 2.91*** (1.09) Constant 2.28*** (0.91) 
ln_Land 0.34* (0.08) Age (<60) −1.81*** (0.72) −0.41 

Age (>60 and 
<74) 

−0.79*** (0.30) −0.18 

ln_Seed 0.17** (0.10) Age (>75) 0.25 (−) 0.06 
ln_Fertilizer 0.19*** (0.04) Gender −0.74*** (0.19) −0.17 

Education level 0.10 (0.10) 0.02 
Pesticide 0.26*** (0.05) Off-farm income −0.32 (0.64) −0.07 
ln_Labor −0.13 (0.10) Social grants −1.56*** (0.41) −0.35 
ln_Preparation costs 0.11 (0.08) Access to credits −2.94** (1.47) −0.66 
D_Irrigation 0.54* (0.33) Extension service 

support 
−0.26*** (0.10) −0.06 

Organization 
member 

−2.51*** (0.80) −0.56 

D_risk_drought −0.76*** (0.23) Access to market −0.92** (0.43) −0.21 
D_risk_pest −0.81*** (0.21) Own cattle −1.03*** (0.40) −0.23 

Training in 
agriculture 

−3.07* (1.75) −0.69 

D_risk_drought and 
pest 

−1.62*** (0.27) ln_Cultivated land 1.07** (0.51) 0.24 

D_Battese_Fertilizer 0.52*(0.31) Production variability (risk) 

Region (base:Gabaza) Variables 

Coefficient 
(robust Std. 
Err.) 

Marginal 
effects 

Ga-Selwana −0.48*** (0.08) Constant −0.81***(0.23) 
Mafarana −0.35*** (0.05) D_risk_drought 0.75 (0.48) 0.60 
Makushaneh −0.12 (0.08) D_risk_pest 0.78 (0.60) 0.65 
Ndengeza 0.17** (0.08) D_risk_drought 

and pest 
1.03*** (0.23) 0.90 

Number of 
observations 
Wald chi2 (6) 
Prob > chi2 
Log (likelihood) 

190 
179.24 
0.000 
−246.02 

Note: Statistically significant at levels of *0.1, **0.05, and ***0.01
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production frontier and idiosyncratic error, investigating their influences on both 
level and variability of the maize production. 

In the following, the results of the three functional components of the analysis, 
as can be seen in Table 23.4, are briefly described: 

Production Function 
The results of the stochastic frontier model indicate the main determinants of the 
productivity level of the respective small-scale farmers in maize production. Since 
the output and input variables in the Cobb–Douglas production frontier model are 
in logarithmic form, the estimated coefficients can be directly interpreted as the 
partial production elasticities. The positive signs of the coefficients for almost all 
included variables follow the monotonicity property of the production function, 
whereas labor shows a negative sign, which is however not statistically significant. 
Irrigation exhibits the greatest coefficient among the all production factors (0.62), 
indicating that smallholder farmers with access to irrigation were found to have 
substantially higher maize yields compared to those cultivating under rainfed 
conditions. Moreover, pesticide application (0.52), maize area (0.34), fertilizer 
(0.19), and seed (0.17) are also important technological factors. Furthermore, 
farmers’ perceived risks with regard to drought and pest have significantly negative 
effects on maize productivity. 

Technical Inefficiency 
The results of the technical inefficiency model indicate the main drivers of ineffi-
ciency of small-scale maize farmers. Since the dependent variable in the technical 
inefficiency part of the model is the technical inefficiency, a negative sign of 
the coefficients indicates the negative effect on the technical inefficiency, or in 
other words, a positive effect on technical efficiency (Kumbhakar et al. 2015). 
Accordingly, the results indicate that gender (male farmer), age of less than 
74 years, off-farm income, access to credits, social grants, member of agricultural 
organizations, extension services supports, access to markets, owning cattle, and 
agricultural training have positive effects on TE of the small-scale maize farmers. 
Education shows a negative but not significant effect on efficiency. On the contrary, 
the overall cultivated acreage of a farmer has a significantly negative effect on TE 
of smallholder maize farmers. 

The estimated coefficients of the technical inefficiency cannot be directly 
interpreted from the model, due to the non-linear relationship between E(ui) and 
each of the explanatory variables. Therefore, the marginal effects are calculated 
to investigate the magnitude of the exogenous factors on inefficiency (Kumbhakar 
et al. 2015). Based on the results, having access to credits, being a member 
of an agricultural organization, and receiving training in agricultural practices 
significantly reduce production inefficiency within the investigated sample of small-
scale farmers. The effect translates into achieving higher and more stable output. 
Following training in agricultural practices with 69%, having access to credits has a 
statistically significant effect on technical inefficiency, so that the level of technical 
inefficiency can be reduced, on average, by 66% with 1% increase in accessibility of
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Table 23.5 Estimated technical efficiency (TE) in the selected regions 

TE scores Obs. Mean Std. dev. Min Max 

Technical efficiency (all regions) 190 0.67 0.23 0.07 0.99 
TE_Gavaza 24 0.75 0.17 0.41 0.96 
TE_Ga-Selwana 44 0.68 0.25 0.07 0.99 
TE_Mafarana 27 0.78 0.13 0.43 0.99 
TE_Makushane 49 0.58 0.25 0.07 0.97 
TE_Ndengeza 46 0.64 0.25 0.13 0.97 

credits. This is followed by the factors organization members (56%), social grants 
(35%) and market access (21%). 

Production Variability 
The results of the production variability model indicate the determinants of the 
variability in maize production. Here, the perceived risks for pests and droughts, as 
well as an interaction term out of both variables were included in the analysis. The 
results indicate that drought and pests can be seen as the main drivers for production 
risk in small-scale farming in Limpopo, especially in regard to maize. 

Following the estimation of production frontier and technical inefficiency model 
and identifying the main determinants of technical inefficiency, we additionally 
investigated the technical efficiency scores of the smallholder maize farmers at both 
farm and regional level (Table 23.5). The results reveal that the mean estimated 
technical efficiency is 0.67, indicating that, on average, the smallholder maize 
farms produce 67% of potential output at given input levels and technology. The 
mean scores are relatively similar across the selected regions. This result suggests 
that there is opportunity to improve maize production by using current inputs and 
technology. 

Individual efficiency levels range from 0.07 to 0.99 and vary due to farm-specific 
characteristics (e.g., financial and agricultural supports, management practices, 
production specialization, etc.). According to the comparison of the main charac-
teristics of the farmers within the 10% upper and lower efficiency levels, efficiency 
is strongly influenced by agricultural training, membership in agricultural organi-
zation, and number of visits by extension officers. In terms of farm characteristics, 
the farmers within the 10% upper levels of efficiency have access to more land 
and cultivated area than the farmers with the 10% lowest efficiency level. Besides 
maize as their staple crop, the farmers with the 10% highest level of efficiency 
focus more on vegetables (e.g., chili, green pepper, okra, cabbage, spinach, tomato, 
and onion) and legumes (e.g., green bean, peanut, cowpeas, and Bambara nuts) and 
more cattle than the lowest levels of efficiency. Moreover, these farmers apply more 
endowments such as fertilizer, pesticide, and irrigation on their field.
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23.3.3 Potential of Different Types of Technological Improvements 

In spite of the fact that climate risks have been shown to be among the main 
sources of variability and uncertainty in crop production, quantified information is 
still scarce for sub-Saharan Africa and far from perfect. This concerns information 
on climate-induced yield variability (Rötter and Van Keulen 1997), climatic yield 
potential and its variability for a given location, and the magnitude of different 
types of yield gaps (e.g., Kassie et al. 2014). There is a need for localized yield 
gap analysis that can indicate the scope for yield increases through well-targeted 
management interventions and/or introduction of new technologies such as new 
breeds, micro-dosing of fertilizer, or gravitational drip irrigation. 

Yield gap analysis in the first place involves quantifying the differences between 
simulated potential yield and actual farmers’ yield level and identifying those factors 
most responsible for the yield differences (Van Ittersum et al. 2013). Factors that are 
most common in causing yield gaps include water stress, nutrient deficiency, pests, 
and diseases through sub-optimal agronomic management (Hoffmann et al. 2018; 
Kassie et al. 2014). The benchmarks for calculating yield gaps are yields under 
optimum management which are potential yield attainable under irrigation (Yp) or 
yield attainable under water-limited or rainfed conditions (Yw). These benchmarks 
are most commonly quantified by using crop simulation models (Van Ittersum et al. 
2013; Hoffmann et al. 2018). The potential yield is limited by climate conditions 
(temperature, solar radiation, CO2 concentration) and plant genetic characteristics. 
The water-limited yield, which is also known as water-limited yield potential, is 
additionally influenced by precipitation and soil water characteristics. 

Here we illustrate the current low agricultural productivity with a few examples 
from Limpopo, one of the least developed provinces in South Africa compounded 
by a high population growth rate and a relatively high poverty level of the rural 
population. About 89% of Limpopo’s population (5.8 million) lives in rural areas 
with farming as their main occupation. Most smallholder farmers have limited 
resource endowments and are still producing for subsistence purposes (see Sect. 
23.2). These farmers are particularly vulnerable to climate variability and other 
environmental stresses. 

While there is some debate surrounding the meaning of Sustainable Intensifica-
tion (SI) (Garnett et al. 2013), few would refute the necessity of yield increases 
for SI under typical smallholder conditions. Regardless of the socioeconomic 
scenario, few farmers would adopt technological innovations without thorough 
explanations or demonstration, and most will expect immediate benefits (Vanlauwe 
and Dobermann 2020). The spatial and time-wise variability, which is characteristic 
of the systems in question, mean that uniform “best practice” is usually not a 
solution (Rurinda et al. 2020). Crop simulation studies can be used to explore 
the potential benefits of different SI options and assess the ecosystem services of 
different management interventions (e.g., Hoffmann et al. 2020). Reviews, such as 
the recent one performed by Kuyah et al. (2021) can help to select promising options 
from technology packages that have shown to be successful in different smallholder 
environments of Africa.
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Table 23.6 Technology packages (or treatments) defined for the simulation runs 

Treatment name Fertilizer (urea N kg ha−1) Water 

Status quo Rainfed 
TMT 23N 25 at sowing Rainfed 
TMT 50N 50 at sowing Rainfed 
TMT 25N deficit 25 at sowing Deficit irrigation 
TMT 50N deficit 50 at sowing Deficit irrigation 

Deficit irrigation: 20 mm when fraction of alternative water supply (AWS) is half of capacity 
(0.5 from 0–1.0) down to 600 mm in soil depth 

Two undisputed problems for many smallholders in SSA are: (1) the general 
degradation of the soil (Vanlauwe et al. 2014) and (2) climate variability and change 
(Rötter and Van Keulen 1997; IPCC  2019). The latter include increased frequency 
of extreme weather events, such as heat-waves and prolonged droughts (IPCC 2019) 
and within-season dry spells (Rurinda et al. 2020). Such conditions are particularly 
treacherous for low input systems, as they exacerbate pest and disease problems 
(see, e.g., Rötter et al. 2018), such as the fall armyworm in crops like maize, which 
recently has been common in the study region. Poor soil and residue management 
also leads to low soil organic carbon (SOC) levels and nutrient mining, which is 
often aggravated in drier and more marginal soil regions (Lal 2004). Vanlauwe and 
Dobermann (2020) propose for sub-Saharan Africa that SI cannot happen without 
the use of fertilizer, and that its use needs to be combined with other agronomic 
improvements. In addition, the low-income nature of smallholder systems means 
that many cannot afford to waste fertilizer in seasons with unfavorable weather. 

Using crop model APSIM (for applications in Africa, see, e.g., Whitbread et 
al. 2010), we set-up simulation experiments for different management interventions 
meant to show agronomic pathways of how to help subsistence farmers to move onto 
the next step of the “ladder” of farming (see. Table 23.6). Two sites were chosen 
which are contrasting in terms of soil parameters as well as climate conditions— 
Gabaza is the more fertile and more humid site compared to the semi-arid Selwane 
site. Planting density and cultivar choice was as recommended by extensions officers 
for the selected villages in Mopani district. Simulation results for the main rainy 
season (with weather data from 1998 to 2019, i.e. 20 seasons: October–May) for 
each site are presented in Fig. 23.3. The treatments (thermo mechanical treatment 
(TMT)), as detailed in Table 23.6, were based on the current management (status 
quo) as observed throughout ground truthing field trips to the villages studied in 
2019. The so-called status quo technology consists of no input in terms of fertilizer 
or irrigation. Further TMTs explore urea N application at sowing under rainfed 
conditions (25 and 50 kg ha−1), as well as the implementation of deficit irrigation 
(based on rainwater harvesting). 

Results of this simulation experiments showed that overall, maize yields were, 
as expected, estimated to be distinctly higher at the more humid and fertile site, 
Gabaza, where, on average, maize yields were reaching well above 3 t ha−1 with 
the best available combination of technologies, whereas at Selwana the maize yield
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Fig. 23.3 Simulated maize yields for Gabaza and Selwane over 20 seasons [1998–2019; source: 
NASA POWER Data (https://power.larc.nasa.gov/)]. For scenario details, see Table 7. Maize 
cultivars are represented by shades of green and mean values by solid black points 

ceiling has not been exceeding 2 t ha−1. The deficit irrigation treatment reduced 
yield variability. Cultivar trends were similar in both sites, with the lowest yields 
from landrace Katumani, followed by SC601, and the hybrid H 614. 

23.4 Tools Required to Model Impacts of Different 
Technological Innovations on Sustainable Agricultural 
Land-Use (at Multiple Scales) 

In this section, the challenges of developing a framework for analyzing sustainable 
land management scenarios are firstly described in Sect. 23.4.1. Based on this, the 
used modeling techniques of agro-ecosystems (crop) modeling as well as agent-
based modeling are described in general in Sects. 23.4.2 and 23.4.3. 

23.4.1 The Challenge of Developing a Framework for Analyzing 
Sustainable Land Management Scenarios 

Establishing a framework that helps analyze sustainable land use and management 
options at multiple scales is multifaceted and complex as discussed by Rötter et 
al. (2021). In regions with a high climate variability and diverse agro-ecological 
conditions, site- and context-specific interventions are increasingly needed, but 
these must consider other connected land uses and the resources they share. A


 7160
23975 a 7160 23975 a
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suitable strategy demands a multidisciplinary approach. This is particularly the case 
for modeling multiple ecosystem functions and services, results of which require 
careful interpretation by a multidisciplinary team of scientists together with local 
experts (see Rötter et al. 2016). 

A typical case that can exemplify a complex land management scenario frame-
work for dry savannas in southern Africa is the crop-livestock system as found in 
the villages studied in the Mopani district of Limpopo province. From an arable 
crop production perspective, once the main maize crop has been harvested, leaving 
the maize biomass and stubble in the field would be one way to ensure the soil 
is not left bare throughout the dry season and soil integrity is maintained through 
biomass decomposition. Depending on the water balance of the soil and access to 
seed, there may even be an opportunity to implement the cultivation of a legume 
cover crop during this part of the season to add fresh biomass and fix nitrogen. It 
is only when looking into the livestock aspect of the broader landscape system that 
key limitations become clear. Post maize harvest, livestock herders graze their cattle 
on the remaining maize biomass for dry-season feed, removing any soil cover and 
chance of crop residue nutrient cycling and soil organic carbon development. This is 
one of the use cases examined by the SALLnet project (see, e.g., Rötter et al. 2021) 
where a well-designed, combined use of various ecosystem modeling approaches 
can play an important role in the development of sustainable land use management 
interventions. In our example of the villages in Mopani district, the crop model 
APSIM has been combined with the rangeland vegetation model A Dynamic Global 
Vegetation Model (aDGVM2) (e.g., Hoffmann et al. 2018 and Pfeiffer et al. 2019, 
respectively). 

While developing a usable land management framework is certainly a challenge, 
there are a number of suitable modeling components, existing data and tools upon 
which it can be based. With the digitalization and open-access nature of data, 
such new datasets as digital soil map (e.g., iSDA) and weather information (e.g., 
NASA Power, CHIRPS) are becoming increasingly accessible and reliable, as are 
the techniques and technologies to utilize these. For example, via the Internet of 
Things (IoT) and growth of smartphone ownership the world over. But, it needs 
pulling together, be managed by multidisciplinary teams and networks of scientists 
and other key stakeholders if it is going to be used to help implement sustainable 
land management options for current and future landscapes. This type of novel, 
multi-scale, and integrated approach promoted by the SALLnet project for southern 
African savanna landscapes is further described by Rötter et al. (2021). 

23.4.2 Agro-Ecosystems Modeling 

Agro-ecosystems models or crop simulation models (CSMs) are powerful tools 
to assess the risk of producing a given crop in a particular soil–climate regime 
and to assist in management decisions that minimize the risks to crop production. 
CSMs integrate knowledge from different disciplines and provide researchers with 
capabilities for conducting simulation experiments to either complement actual
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field experiments with additional outputs, link ecophysiological understanding 
to genetics for target crop improvement (Cooper et al. 2021), or to extrapolate 
experimental results in time and space (e.g., Rötter and van Keulen 1997). A pre-
condition is that models have been well calibrated and validated using pluriannual 
and multi-locational field data. For sub-Saharan Africa, there are only very few 
generic crop simulation models (for the main cereals and legumes) that have 
been evaluated thoroughly under different agro-ecological conditions and with 
comprehensive and complete soil-weather-crop data sets (Rötter and Van Keulen 
1997; Whitbread et al. 2010); The most widely applied and tested among these 
crop models are APSIM, Decision Support System for Agrotechnology Transfer 
(DSSAT), and World Food Studies (WOFOST) (see Rötter et al. 2018). 

The essence of these three dynamic, process-based crop simulation models 
(CSMs) is that they can take interactions between genotype (G), environment 
(E), and management practices (M) into account (Rötter et al. 2015; Cooper 
et al. 2021). Working on a daily time step, these models are driven by daily 
values of the most important meteorological variables for plant growth and yield 
formation such as temperature, global radiation and precipitation and are supplied 
by a range of soil and crop parameters (and initial system conditions) supplying 
information on soil physical and chemical properties and major characteristics/traits 
regarding physiological properties of different crops/crop cultivars and their canopy 
architecture. Last, but not least, usually management data on material inputs (water, 
fertilizer; biocides) and their timing can be specified (see Fig. 23.4). The three 
models APSIM, DSSAT, and WOFOST differ in the original purpose of their 
development that is reflected in the type/detail and number of input and output data 
(see, e.g., Pirttioja et al. 2015). 

Fig. 23.4 Schematic of a crop simulation modeling platform: input and output
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CSMs have been applied in various ways to support plant breeding, e.g. to design 
crop ideotypes for different environments aimed at minimizing resource use per 
unit of dry matter produced (Rötter et al. 2015), or to estimate yield potential of 
crop ideotypes designed for current and projected future climates (e.g., Senapati 
and Semenov 2020). 

The strength of process-based models (see Fig. 23.4) in ex ante evaluation of 
new technologies and in aiding ideotype breeding is because of their capability 
to describe causal relationships between crop growth and environmental and 
management factors driving them, and hence, to quantify the interactions between 
genotype (G), environment (E), and management (M). The models’ limitations 
relate to the accuracy of the process descriptions and uncertainties related to their 
parameters. Together these affect their usability for ideotype design and assessment 
of the effects of improved or new agro-technologies on biomass, final yield, water 
use, and emissions. 

23.4.3 Agent-Based Economic Modeling 

To integrate all biophysical and socioeconomic descriptive data and results gath-
ered so far and link them with behavioral economics aspects of the respective 
decision-makers, i.e. the small-scale farmers, an agent-based farm household 
model (ABFHM) has been developed and is presented in this section. The model 
determines improved decisions under different future scenarios at farm level and for 
policy impact assessment at regional level. 

The ABFHM presented in this section build upon the model in Feil et al. (2013). 
They develop and validate a generic numerical agent-based real options model 
that describes the simultaneous investment decisions of all firms, including their 
respective interactions, within a market under uncertainty. The uncertainty enters 
the model as one or more exogenous stochastic variables that represent uncertain 
exogenous demand, for instance. Based on this, the firms make investment and 
production decisions in each production period, which again form the sectoral 
supply of the respective product at the aggregate level. Accordingly, the endogenous 
equilibrium price process for the produced commodity can be derived directly. 
Hence, their model does not rely on some restrictive preconditions of other real 
options applications, which merely focus on one myopic firm and take market 
prices as exogenously given and deterministic. The numerical model is solved by a 
combination of stochastic simulations and genetic algorithms (GA) (for the detailed 
description of the numerical optimization procedure, cf. Feil et al. 2013). We adjust 
and enhance this generic model for application to the object of research at hand, i.e. 
small-scale farming in Limpopo. The basic structure of the ABFHM is illustrated in 
Fig. 23.5 and will be briefly explained in the following. 

Consider a number of N homogenous and risk-neutral competing small-scale 
farms, each having repeatedly the opportunity to adapt predefined technology 
packages up to their maximum acreage Xcap, on which they cultivate maize in this 
example, either now or at a later point with in the period under consideration T.
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Fig. 23.5 Basic structure of the agent-based farm household model (ABFHM) 

This technology package could, for instance, be the application of full irrigation 
combined with fertilizer application of 120:60 kg N:P per ha, which would cause 
additional investment and operational costs, on the one hand, but increasing maize 
yields and hence income on the other hand. Size, adaptation costs, and production 
are assumed to be proportional, i.e. there are no economies of scale. The production 
capacity of a farm n in t, resulting in a production output . Xn

t , can be adjusted via 
technology adoption just once in a period, resulting in an additional production 
output .�Xn

t+�t in the following period. If it is assumed that the adoption costs 
are sunk in total, there are no possibilities to reverse the technology adoption, i.e. 
the associated investment costs are perfectly irreversible. However, in every period 
the production output declines corresponding to a geometric depreciation rate. Then 
production follows: 

.Xn
t+�t = Xn

t · (1 − λ) + �Xn
t+�t (23.1) 

The stochastic demand process μt and the price elasticity η (e.g., for maize) are 
assumed to be known. Prices result from the reactions of all market participants 
on the exogenous stochastic demand process and, hence, need to be determined 
endogenously within the model. Without loss of generality, the relationship between 
market supply Xt and price Pt is defined by an isoelastic demand function according 
to Eq. (23.2): 

.Pt = D (Xt , μt ) =
(

μt

Xt

)�

with � = −1

η
(23.2)



23 Potential of Improved Technologies to Enhance Land Management. . . 675

Within the model, perfect competition is assumed. Accordingly, the farms are 
assumed to have rational expectations and complete information regarding the 
development of demand and the technology adoption behavior of all competitors. 
Because of this, it should be expected that in equilibrium all farms have the same 
critical price which triggers the adoption, in the following called the trigger price. 
However to derive this equilibrium by means of the GA approach, the competing 
firms need to interact, which they do by defining their (at first different) trigger 
prices. This interaction of the firms equals a second price sealed bid auction in 
which each farm can sell its product if it asks less or equal the market price. To 
derive the adoption decisions of the farms, it is assumed that firms with lower 
trigger prices have a stronger tendency to adopt. Thus, all farms can be ranked by 
their trigger prices, starting with the lowest, i.e. .Ṕ n ≤ Ṕ n+1. Consequently, firm 
n + 1 does not adopt if firm n has not already completely adopted the respective 
technology package on all of their available acreage. Likewise, if firm n has fully 
adopted the TP, firm n − 1 has fully adopted it also. Moreover, in every period t, a  
marginal (or last) firm exists which adopts to the extent that its trigger price equals 

the expected product price of the next period. For the size of investment of a firm . 
∼
n

in t, corresponding to its additional production output in t + �t, follows: 

.�Xñ
t+�t

(
P

ñ
)

= max (23.3) 

The goal of the model is to identify the optimal trigger prices of the farms, 
which can be expected to be (nearly) identical in equilibrium according to the 
above assumptions. For this, an objective function needs to be established which 
determines the investment behavior of the agents in the model. Each farm’s adoption 
decisions aim to maximize the expected net present value (NPV) of the future cash 
flows . Fn

0 , in the real options terminology also called option value, by choosing its 

farm-specific trigger price . Ṕ n: 

.max
pn

{
Fn

0 (pn)
} = max

pn

{∑T

t=0
(−k + Pt) ·Xn

t

(
P

n

t

)
· e−r·t

}
(23.4) 

k denotes the total costs of technology adoption per output unit and period, which 
are composed of the capital cost of the initial investment outlay I (e.g., for irrigation 
machinery) and all other relevant costs c (e.g., material costs for fertilizer, labor 
costs for running the irrigation system): 

.k′
t = I · {er·�t − (1 − λ)

} + c (23.5) 

The numerical model is solved by a combination of stochastic simulations 
and genetic algorithms (GA). Furthermore, policy interventions like investment 
subsidies, price regulations, or water use rights can be flexibly integrated into 
the model as needed. For the detailed description of the numerical optimization 
procedure, cf. Feil et al. (2013).
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23.5 Assessing Effects of Selected Technology Improvements 
on Ecosystem Services 

A number of promising, alternative agricultural management interventions in 
support of SI have been identified during the course of the SALLnet project. Apart 
from improved soil nutrient and water management practices, a whole range of 
new technologies could be very useful to increase agricultural productivity in a 
sustainable manner, including new plant seeds and breeds more resilient to climate 
variability and anticipated changes, mechanization and utilization of digital tools. 
However, while a few of such agricultural innovations were found among the most 
advanced farms in Limpopo, the vast majority of farms surveyed in the villages 
during the 2019 campaign showed only very basic management interventions— 
mostly relating to soil fertility and water management. 

Given that the status quo in terms of crop management can generally be 
considered as minimal, in the following section, we concentrate on improving those 
technologies that, according to Vanlauwe and Dobermann (2020) are considered 
as the most crucial building blocks for lifting subsistence farmers to the first step 
out of poverty and of increasing productivity, i.e. fertilizer application and water 
management. 

23.5.1 Example of Integrated Analysis of the Effects of Selected 
Improved Technologies and Agricultural Innovations 
on Rural Livelihoods and Other Ecosystem Services 
at Community Level 

In Table 23.7, the assumptions used for the simulations by means of the ABFHM 
as described in Sect. 23.4.3 are listed. Three technology packages (TP) for maize 
cultivation are investigated following Sect. 23.3.3. TP 0 represents the status quo 
treatment of no fertilizer application and rainfed irrigation, TP 1 combines deficit 
irrigation with a fertilizer application of 40 kg N and 30 kg P per ha, and TP 2 
combines full irrigation with a fertilizer application of 120 kg N and 60 kg P per ha. 
Therefore, irrigation technology has to be invested in and implemented for TP 1 and 
2, which causes capital costs. 

In the ABFHM, both TP 1 and TP 2 are each applied to 100 small-scale farmers 
(i.e., the agents), who are assumed to be in close proximity to each other in one 
region. According to the classification conducted in Sect. 23.2, at the start of 
the ABFHM simulations these small-scale farmers represent subsistence-oriented 
farmers with a sole focus on maize farming and, so far, no use of irrigation 
technology and fertilizer (i.e., they all start with TP 0). Without loss of generality, 
these farmers are assumed to have a standardized acreage of one ha for maize 
cultivation. Based on this, they make decisions in every consecutive production 
period starting with year one, whether or not they adopt TP 1 or TP 2, depending 
on which TP of both is exogenously available. On the one hand, this would imply
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Table 23.7 Parameters used in the agent-based farm household model 

Basic model parameters 

Total number of farms N 100 
Farm size 1 ha  
Period under consideration T Infinite, approximated by 30 years 
Time step length �t 1.00 (i.e., one period equals one year) 
Simulation runs 10,000 
Considered technology packages (TP) 

TP 0 Rainfed maize cultivation with no fertilizer 
application 

TP 1 Deficit irrigation (100 mm) combined with 
40:30 kg N:P per ha 

TP 2 Full irrigation (200 mm) combined with 
120:60 kg N:P per ha 

Maize yield related parameters (simulated from 1985 to 2019) a 

Mean maize corn yield TP 0 = 1.31, TP 1 = 3.35, TP 2 = 5.39 t per ha 
Standard deviation TP 0 = 0.28, TP 1 = 0.60, TP 2 = 0.64 t per ha 
Maize demand related parameters b 

Estimated stochastic process for the process of 
the demand parameter μt 

Geometric Brownian motion 

Price elasticity of demand η 0.99 
Drift rate α −0.42% 
Standard deviation σ 5.30% 
Cost related parameters c 

Fertilizer costs TP 1 = 1708, TP 2 = 5124 ZAR per ha and a 
Irrigation investment capital costs TP 1 = TP 2 = 11,616 ZAR per ha and a 
Irrigation running costs TP 1 = 860, TP 2 = 1232 ZAR per ha and a 

a Own simulations with APSIM 
b Source: South African Government (2021) 
c Source: own small-scale farmer survey conducted in SALLnet from February to May 2019 

higher expected yields and therefore additional expected revenues, as farmers would 
sell their excess maize corn on a local market at equilibrium market prices as derived 
within the ABFHM (cf. Sect. 23.4.3). On the other hand, this would also entail 
additional costs, in fact the investment and running costs of the irrigation machinery 
as well as the costs for purchasing and applying fertilizer. 

The results of the ABFHM simulations are presented in Table 23.8. Accordingly, 
for each TP 1 and TP 2, separate model runs are conducted over infinite time, 
approximated by a discrete time period in the numerical model of 30 years. For both 
these runs, the average resulting maize corn trigger prices of the farms for adopting 
the respective TP are provided in the third column. Furthermore, the share of farms 
out of the sample of 100 farms that adopt the respective TP over time within the 
respective ABFHM run (column four) is shown. Moreover, the resulting average 
maize corn yield within the overall sample of 100 farms (column five) as well as
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Table 23.8 Results of the agent-based farm household model 

Technology 
package 
(TP) 

Description 
of TP 

Trigger price 
for TP 
adoption (in 
ZAR per kg 
maize corn) 

Share of 
farms 
adopting TP 1 
or TP 2 over 
time (in %) 

Average 
maize corn 
yield within 
overall farm 
sample (in t 
per ha and 
year) 

Increase in 
maize corn 
production at 
village level 
(in %) 

TP 0 Rainfed, no 
fertilizer 

– – 1.31 – 

TP 1 Deficit irrigation 
combined with 
40:30 kg P:N/ha 

4.30 28.1 1.88 42.8 

TP 2 Full irrigation 
combined with 
120:60 kg P:N/ha 

3.10 55.9 3.60 174.7 

the resulting overall increase in maize corn production at community, respectively, 
village level (column six), is also displayed. 

Accordingly, the average maize corn trigger price of the farms for adopting 
TP 1 is 4.30 and for TP 2 is 3.10 ZAR per kg, respectively. Comparing this to a 
considerably higher observed actual average maize corn price of about 9.00 ZAR 
per kg in the villages at the time of the survey in early 2019 (cf. Sect. 23.2), 
it becomes obvious that it could be economically worthwhile for the small-scale 
farmers to adopt the described TP’s already now. This, of course, would require the 
technology to be available to small-scale farmers in the region in general, that is 
water access, irrigation machinery, and fertilizer, at the assumed conditions, which 
in reality is often not the case in the investigated villages (cf. section two). The lower 
average trigger price for TP 2 compared to TP 1 indicates that it is economically 
worthwhile for the farmers to adopt TP 2 sooner. Based on this, 28% of small-scale 
farmers would adopt TP 1 and even 56% would adopt TP 2 over time. The resulting 
increases in regional maize corn supply would be 43% in the case of TP 1 and as 
much as 175% in the case of TP 2 in the long run. 

23.5.2 Discussion of Other Promising Land Management 
Interventions 

The SALLnet farm survey campaign in five villages during 2019 revealed for 
some farmers a few other management interventions. Some farmers had started 
diversifying crops with the relatively drought-tolerant sorghum and the bambara 
groundnut legume—as had been promoted by local extension service providers. 
Farm machinery consisted of poorly maintained moldboard plows that were few 
in number and therefore shared by many. Instead of site-and season-specific crop 
cultivar selection, farmers were generally unknowledgeable about the cultivars they
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planted and tended to simply make do with what was available. This was largely 
dependent on what was saved from the previous harvest, what was available in local 
agricultural supply stores, and in some instances what was given to them by the 
University of Limpopo. Hence, clearly, there is a wide range of promising options 
that can be used to go beyond those currently found at the study sites and beyond 
moderate fertilizer application in combination with deficit irrigation. 

For many regions in the semi-arid tropics, including the Limpopo province, 
serious water-resource constraints are increasing and set to continue. Agricultural 
management needs to buffer such constraints, but not all interventions can be imple-
mented in every farming context. In terms of integrated soil-nutrient management, 
it must be recognized that soils in the region are poor and low in soil organic matter 
(SOM) and therefore water retention capacity. This in turn makes soils and their 
resources vulnerable to erosion. In South Africa, more than 60% of the soils are 
low in SOM, highly degraded and, furthermore, low in terms of productivity due to 
nutrient mining and erosion (Vlek et al. 2020). In addition, climate change effects 
such as warmer and drier conditions throughout most of South Africa are expected 
to increase the rates at which soil C mineralization occurs, along with associated 
losses in soil ecosystem functions. As taken into account through our modeling 
experiments, the application of mineral fertilizers (especially N and P fertilizer) is 
the major soil-nutrient/fertility replenishing option, which can lead to substantial 
yield gains—as shown by our analyses. However, in order to sustain any yield 
gains, the application of mineral fertilizer must be complemented with conservation 
agriculture (CA) techniques, organic inputs, and good agronomic practices (see 
Thierfelder et al. 2017). Moreover, meaningful soil management must focus on 
restoring soil health through stopping and reversing nutrient depletion and organic 
matter decline (Swanepoel et al. 2018). A few considerations when working toward 
such goals:

• Conservation agriculture (CA) is knowledge intensive. It not only does it require 
specialist skills, but it often necessitates special seeds (e.g., cover crops) and 
machinery (e.g., seed drills). While certainly key to sustainable farming systems 
design, CA is challenging in the smallholder context (see Baudron et al. 2015).

• Constraints to soil amendments arise from the scarcity of organic material due 
to multiple claims on biomass, i.e. crop residues, wood litter, cattle manure. For 
example, crop residues in the field, including stubble, can be used as animal feed 
or left to decompose and partially replenish the soil.

• In marginal, food insecure, high-risk environments, farmer advisory services 
and new technologies are often lacking. This makes it difficult to employ 
appropriate risk-management strategies that enable site- and season-specific 
input adjustments and the design of efficient cropping systems. This brings us to 
the reality that the benefits of digitalization have not yet reached the smallholder 
context, despite already benefiting larger scale producers and agribusiness (see 
Baumüller and Kah 2020).
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Kuyah et al. (2021) and Wilkus et al. (2021) described a whole range of 
promising options, i.e., innovative agronomic practices for SI in Sub-Saharan Africa 
(SSA), including doubled-up legume intercropping, CA, agroforestry practices, 
push-pull technology, etc. While these all can boost production, there are additional 
options for pushing small-scale production levels toward those of commercial 
operations and increasing the efficiency of the farming systems in the medium to 
long term (Baudron et al. 2015). Here are a just a few suggestions: 

Crop Improvement Programs Acceleration of crop improvement is increasingly 
difficult in highly variable climates of already risk-prone systems—as found 
in Limpopo. Basis for any targeted breeding program taking shifts in future 
environmental conditions into account, is ex ante evaluation of genotype-by-
environment-by-management (GxExM) interactions, as supported by CSMs. To 
make progress, crop improvement strategies need to develop crop varieties (G) and 
agronomic practices (M) specifically adapted to current and future local conditions 
(E) (Cooper et al. 2021). In a review on the bottlenecks of developing climate-
resilient maize for the stress-prone (sub-) tropics, Cairns and Prasanna (2018) 
present the benefits of tailor-made genotypes for well-defined target environments. 
One major hurdle in this context has been data availability (e.g., lack of high-
resolution soil and climate data). However, progress is being made, exemplified 
through the release of online and open-access databases such as the iSDAsoil (see: 
https://www.isda-africa.com), a mapping system for SSA at a resolution of 30 m, 
including 24 billion locations across Africa. Such resources could contribute toward 
site-specific recommendations for farmers in the near future. 

Mechanization of Farming Practices Farmers of Limpopo region shared tractors 
and plows and were therefore limited in terms of when they could prepare the 
fields and sow, often leading to poorly-timed cultivation with yield penalties. The 
region is also impacted by El Nino-Southern Oscilliation (ENSO) events, with 
marked inter-annual differences in soil moisture supply (Moeletsi et al. 2011). 
Future improvement for these systems is therefore likely to be centered around 
timing, i.e. the ability of farmers to adapt quickly to climate conditions. The use 
of scale-relevant, affordable machinery in general could enable farmers to react 
in a more agile manner, for example through implementing seedbed management 
independently without having to wait for the availability of shared tractors and 
plows. 

Digital Tools While digital tools can help connect agricultural stakeholders and 
spread information, also the digitalization of the agricultural systems themselves 
is also high on the research and development agenda. The German development 
organization “Welthungerhilfe,” for example, shows how a mobile phone-based app 
“AgriShare” helps connect farmers in Zimbabwe without assets with those who can 
supply it, such as commercial or private hiring services (Welthungerhilfe 2018). 
This includes services for production, processing, and transportation.

https://www.isda-africa.com/
https://www.isda-africa.com/
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23.6 Synthesis and Outlook 

In this chapter, we explored how, in the face of increasing climatic risks and resource 
limitations, improved agro-technologies could support SI in smallholder farming 
systems in Limpopo province, South Africa. We used the example of improved 
soil nutrient and irrigation practices in combination to perform an integrated bio-
economic analysis of the potential benefits for smallholder farmers and some 
essential ESs they rely on. From the perspective of technical feasibility, economic 
viability, and environmental benefits the selected technology packages clearly show 
that they can support SI pathways for small-scale farmers. However, for implement-
ing such technological improvements successfully at a larger (e.g., landscape and 
regional) scale in the near (short- to medium term) future, establishment of the 
required mandatory foundations for this will be necessary. That is, enabling policies 
as well as dissemination and training of farmers in new applying technologies. 

Policy Recommendations Solid foundations can be laid by adjusting national and 
local policies and resource management regulations at higher aggregation levels— 
in accordance with the scale targeted at. To achieve this, concerted actions for SI 
of small-scale farming systems will be required involving politicians, extension 
services, up- and downstream agribusinesses, and other supporting institutions. 
This includes in the first instance the gradual establishment of an appropriate 
infrastructure in the respective regions regarding transport routes to allow the access 
of input and output markets, specific packaging needs (for fertilizer) of small-
scale farmers as well as effective and knowledge-oriented and competent extension 
services. 

Research Challenges Regarding crop sciences and agro-ecosystems modeling 
there are a number of future research challenges. A very urgent one is to accelerate 
breeding of climate-resilient crop cultivars as needed under progressive climate 
change. For developing these, next-generation breeding technologies such as high-
density genotyping coupled to high throughput (precision) phenotyping and the use 
of crop simulation models is required. These methods can help untangle GxExM 
interactions and provide farmers with suitable genotypes, along with tailor-made 
management recommendations, informed by in silico experimentation (Hammer et 
al. 2020). Yet, an essential pre-requisite will be to improve agro-ecosystems for this 
task. That can be realized in various manners, e.g. modifying modeling routines for 
better capturing relevant processes at sub-daily scale, e.g. transpiration under low air 
humidity, collecting new phenotypic data to incorporate accurate information about 
genetic diversity, or linking genomic to ecophysiological information to improve 
model calibration (Rötter et al. 2015).
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Abstract 

Land degradation can be defined as a persistent reduction or loss of the biological 
and economic productivity resulting from climatic variations and human activi-
ties. To quantify relevant surface changes with Earth observation sensors requires 
a rigorous definition of the observables and an understanding of their seasonal 
and inter-annual temporal dynamics as well as of the respective spatial character-
istics. This chapter starts with brief overviews of suitable remote sensing sources 
and a short history of degradation mapping. Focus is on arising possibilities with 
the new European Sentinel satellite fleet, which ensures unprecedented spatial, 
spectral, and temporal monitoring capabilities. Synergistic retrieval of innovative 
degradation indices is illustrated with mapping examples from the SPACES II 
(Science Partnerships for the Adaptation/Adjustment to Complex Earth System 
Processes) SALDi (South Africa Land Degradation Monitor) and EMSAfrica 
projects plus South African contributions. Big data approaches require adapted 
exploration techniques and infrastructures—both aspects conclude this chapter. 

24.1 Introduction 

Land degradation (LD) is a global problem affecting approximately 70% of drylands 
with 73% of Africa’s agricultural lands already degraded (DFFE 2018). The 
narrative of land degradation, its location and causes are evolving over time (Scholes 
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2009; von Maltitz et al. 2019). From a government perspective, concerns such as soil 
erosion are being viewed as less important in the immediate time frame, compared 
to issues such as bush encroachment and the invasion of alien plants, which are 
becoming the most prominent current degradation concerns (von Maltitz et al. 2019; 
O’Connor et al. 2014). Since the middle of the twentieth century, the term land 
degradation in South Africa had been linked to veld and soil degradation and has 
been addressed by numerous measures (Hoffman and Todd 2000; Hoffman and 
Ashwell 2001). 

Target 15.3 of the Sustainable Development Goals (SDG) aims to achieve 
Land Degradation Neutrality (LDN) worldwide by 2030. Three global indicators 
for assessing land degradation are suggested in the LDN Scientific Conceptual 
Framework: land cover (physical land cover class), land productivity (net primary 
productivity, NPP), and carbon stocks [soil organic carbon (SOC) stocks] (Orr 
et al. 2017; Cowie et al. 2018). The South African LDN target setting process 
during 2017/2018 showed that these global indicators are not appropriate to fully 
describe the nature, extent, and location of degradation in South Africa (von 
Maltitz et al. 2019, see also Chap. 3). Global satellite-based NPP time series, for 
example, indicate areas of negative trends that clearly differ from perception-based 
assessments of land degradation. Reasons might be that some degradation aspects 
such as bush encroachment and invasive alien species can result in increased plant 
cover and NPP; also, high inter-season variability of rainfall and its impact on plant 
productivity impedes identifying management-related land degradation (Wessels 
et al. 2012). Thus, it is rather suggested to locate land degradation hotspots and 
respective target intervention areas based on the results of the perception-based 
assessments such as the Land Degradation Assessment in Drylands (LADA) Project 
(Lindeque and Koegelenberg 2015), in combination with issue-specific maps, even 
though currently such maps are hardly available (von Maltitz et al. 2019). 

Land degradation processes in South Africa are as complex as the country’s 
ecosystems and are intricately linked to food security, poverty, urbanization, 
climate change, and biodiversity. Therefore, South African authors contribute 
their experience and emerging tools. The chapter starts with a brief overview of 
Earth observation (EO) sensors suitable for degradation monitoring, followed by 
historic and emerging EO strategies for the following six LD topics: vegetation 
development and cover change, woody cover trends, bush encroachment, invasive 
species, drought and soil moisture assessments, and overall degradation. A sum-
marizing table to highlight the achievements and perspectives from the Copernicus 
programme and other international emerging technologies concludes the chapter. 
The SPACES II SALDi-project’s methodological implementations are described for 
representative regions in Chap. 29.

http://doi.org/10.1007/978-3-031-10948-5_3
http://doi.org/10.1007/978-3-031-10948-5_29
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24.2 Overview of Satellite Earth Observation Data Sources 
Suitable for Degradation Monitoring 

Until the mid-2010s, the most common satellite datasets used for degradation map-
ping were time series of Moderate Resolution Imaging Spectroradiometer (MODIS) 
(250–500 m−1 km), Satellite Pour l’Observation de la Terre-VEGETATION (SPOT-
VGT) (1 km), and Advanced Very High Resolution Radiometer (AVHRR) (1–8 km), 
as well as Landsat and aerial images which were usually not available in the form 
of time series but rather as mono- or irregular multi-temporal acquisitions. Even 
though important and highly valuable Earth-observation based analyses have been 
conducted based on these datasets, one major challenge remained: The relatively 
coarse spatial resolution of these time-series data and the irregular temporal 
availability of higher spatial resolution imagery resulted in general difficulties to 
assess degradation processes where small-scale landscape elements and patterns 
show distinct seasonal or multi-annual dynamic behaviour. 
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Fig. 24.1 Overview of EO-satellites with potential for degradation assessment. Satellites are 
shown which allow time-series assessments at medium to high spatial resolution (<=300 m) and 
where data can (partly) be accessed free of charge
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With the launch of the Copernicus Sentinel satellite fleet in 2015 freely available 
radar and since 2017 optical Earth observation data can be used (Aschbacher 2017), 
which fulfil the requirements of a reliable observation system as proposed by Main 
et al. (2016), e.g. Woody Cover mapping based on the data’s high geometric (10 m 
and 20 m) and temporal (5–12 days) resolutions, plus the guarantee of decades 
of data consistency due to the commitment of the European Commission to the 
Copernicus Programme (Article 4(1) of Regulation (EU) No 377/2014). As can be 
seen in Fig. 24.1, the increasing availability of free Earth observation data during 
recent years introduces new challenges and opportunities in the development of 
synergistic approaches combining optical and microwave information, e.g. Sentinel-
1/-2 and NASA’s Landsat-8. 

New lidar sensors, specifically NASA’s Global Ecosystem Dynamics Investi-
gation (GEDI), complement surface monitoring capabilities by adding a vertical 
component, thus making 3-dimensional monitoring of vegetation structure feasible. 
Figure 24.1 also illustrates the rich heritage of radar sensors in space, which are 
being continued and extended by an increasing number of space agencies. The 
Sentinel-1 fleet constitutes the break-through to operationalizing microwave remote 
sensing, known to deliver information about vegetation volume and soil moisture 
estimates. New hyperspectral sensors in space (the German EnMAP was launched 
on 1 April 2022) deliver a wealth of spectral signatures to support degradation 
monitoring as described, e.g., by Oldeland et al. (2010) or assembled by Cawse-
Nicholson et al. (2021). 

The need for analysis-ready data (ARD) in the optical and especially radar 
domain has been recognized and formerly complex information is increasingly easy 
to be used and applied (e.g. through companies such as SINERGISE and Google 
Earth Engine). Various processing tools are accessible without cost for large datasets 
(e.g. PyroSAR, SNAP). 

24.3 History, Opportunities, and Challenges for Degradation 
Monitoring in South Africa 

Von Maltitz et al. (2019) developed five major assessment goals for land degradation 
monitoring strategies: rangeland degradation, bush encroachment, degradation of 
croplands, vegetation cover change, and alien species. Accordingly, the SPACES II 
project SALDi defined a workflow to generate the necessary indicators by exploiting 
Sentinel-1 and -2 time series as well as additional products, e.g. rainfall estimates 
from rain gauge and satellite observations [i.e. Climate Hazards Group InfraRed 
Precipitation with Station data (CHIRPS)] (Fig. 24.2). 

The following sections explain the retrieval of EO products with further con-
tributions from South African authors leading to (1) vegetational development, 
(2) woody cover trends, (3) bush encroachment, (4) invasive species, (5) drought 
and soil moisture assessments, and (6) overall degradation, thus covering the 
degradation aspects exemplified in Sect. 24.1 and summarized in Sect. 24.5.
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Fig. 24.2 Workflow of deriving land degradation indicators from Sentinel-1 and Sentinel-2 time 
series with additional products to deliver maps of four major degradation aspects. How these maps 
contribute to von Maltitz’s assessment goals is indicated by coloured asterisks 

24.3.1 Vegetational Development 

Degradation processes related to vegetation development and productivity have 
been analysed in different studies based on EO data. A common way is the multi-
temporal analysis of vegetation index data as derived from multispectral sensors 
which can measure aspects of ecosystem health and changes (e.g. Higginbottom 
and Symeonakis 2014; Wessels et al. 2004). Multi-annual analyses usually include 
the identification of trends and/or of abrupt changes in a given temporal behaviour. 
Up to the release of NASA’s Landsat archive in 2008 and the computational 
advancements required to process it, the key optical sensor used for such analyses 
was AVHRR, due to its long temporal coverage and short repeat cycles, but also 
MODIS, SPOT-VGT, and Proba-V were used. These datasets allow for a large 
spatial and temporal coverage, but have clear limitations with respect to their 
spatial resolution of 250–1000 m. Early analyses though with 1 km AVHRR data 
from South Africa showed that Normalized Difference Vegetation Index (NDVI) 
growing season sums are in many cases lower than in non-degraded areas (Wessels 
et al. 2004). For Kruger National Park, these growing season sums were related to 
herbaceous biomass and its inter-annual variations, but sub-pixel heterogeneity of 
the coarse data as well as considerable scale differences to in situ data hindered the 
production of reliable biomass estimates (Wessels et al. 2006). 

In South Africa, large portions of rangelands have seen extensive modifications 
from centuries of livestock farming (Hoffman and Ashwell 2001), alien plant 
species have invaded extensively in mountainous, riparian, and coastal regions (Van 
Wilgen and Wilson 2018), and natural fire regimes have seen major disruptions in 
grassy biomes and the Fynbos (Slingsby et al. 2020a, b). The ecological condition 
in these modified areas ranges from near natural to heavily modified depending
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on the degree to which ecosystem structure, function, and composition have been 
altered. Unfortunately, mapping these degrees of degradation is not easy, because 
one is dealing with continuous variation in the degree of modification rather than 
relatively distinct classes. These difficulties have led to some distinction between 
land cover mapping and degradation mapping in southern Africa. 

A critical aspect when interpreting temporal changes of remotely sensed vegeta-
tion development with regard to human-induced degradation in arid and semi-arid 
areas is considering the influence of precipitation on observed vegetation trends 
and changes. This is particularly relevant for those large areas where rainfall is 
both highly variable and significantly influences vegetation productivity. The effect 
of precipitation can, for example, be considered in multiple regression analyses 
(e.g. Wessels et al. 2007a) or by comparing trends in time series of vegetation 
data and climate variables (e.g. Niklaus et al. 2015). Further prominent approaches 
are RUE (Rain-Use Efficiency) or RESTREND (Residual Trends). Using 1 km 
AVHRR-NDVI data and modelled 8 km NPP data, Wessels et al. (2007b) found 
RESTREND being better suited than RUE for the assessment of degradation in 
South Africa. However, several years later, Wessels et al. (2012) conducted a 
detailed study on the sensitivity of AVHRR-based trend and RESTREND analyses 
for degradation assessment and found these methods not capable of indicating land 
degradation with 1 km resolution NDVI data for a north-eastern study region in 
South Africa. Higginbottom and Symeonakis (2020) analysed changes in NASA’s 
Goddard Space Flight Center (NASA/GSFC) Global Inventory and Modelling 
Studies (GIMMS) NDVI and RUE time series for break points and trends using 
Breaks for Additive Season and Trend (BFAST). They concluded that in southern 
Africa, constant positive trends in RUE combined with varying trend types of 
NDVI may be indicative of shrub encroachment, but they likewise highlighted 
difficulties in correct interpretation of drivers and processes. High-resolution trend 
analyses for South Africa were conducted using a 30 m Landsat EVI (Enhanced 
Vegetation Index) time series (Venter et al. 2020). The authors revealed patterns of 
degradation (e.g. bush encroachment) and restoration for some landscapes and thus 
demonstrated the high potential of such trend analyses with higher spatial detail. 
But at the same time, they underlined that Landsat data scarcity in the 1980s is a 
potential source of error. 

Many approaches to time series analysis were developed in economics, social 
sciences, and engineering, and later found their way into phenology and thus remote 
sensing. While most models in the aforementioned disciplines try to come up with 
a prediction, many applications in remote sensing look for times when a break 
and change in a cycle (breakpoints) has occurred. The basic assumption of many 
methods is the notion that time series can be decomposed into three components: a 
seasonal, trend, and residual component. For land degradation issues, it is the trend 
component that provides information on whether fluctuations or even changes in 
the seasonal component are associated with a long-term change, or are just a one-
time event that settles back to the old cycle after a certain time. Such analyses can 
be performed using the BFAST (Breaks for Additive Season and Trend) algorithm 
(Verbesselt et al. 2010), a well-established method for characterizing break points
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Fig. 24.3 BEAST-based breakpoint determination of Sentinel-2 NDVI time series. The area 
displayed is characterized by intensive forestry and located near the southern border of Kruger 
National Park. Left: Google Maps Overview. Centre: BEAST classification with year of major 
breakpoints. Right: Location map, white square indicating position of sub-scene 

and associated trends. Considerations to reduce the computational effort led to the 
evaluation of a method capable of processing no-data values (reduction of pre-
processing) and a faster determination of breakpoints using a different approach. 
For the map displayed in Fig. 24.3, the Bayesian ensemble algorithm of Zhao 
et al. (2019) called Bayesian Estimator of Abrupt change, Seasonality, and Trend 
(BEAST) was chosen to establish break points in a Sentinel-2 NDVI and Bare Soil 
Index (BSI) time series. Evaluation of the BEAST products show that the accuracy 
of the results varies with land cover type. Changes in forestry or fire scars are picked 
up as homogenous areas, whereas patterns over open grassland with shrubs are 
irregular. This kind of analysis also requires very good data preparation, because 
results are sensitive to outliers (e.g. undetected clouds) leading to negative spikes in 
time series, which might be mistaken for real events. 

To evaluate Sentinel-1 time series to detect surface changes, irregularities in 
the radar backscatter and coherence time series were analysed. The processing 
procedure is based on the recurrence plot analysis (Marwan et al. 2007) followed by 
the detection of breakpoints using a Sobel filter. The aim is to identify regions where 
possible degradation processes take place, such as land-use changes susceptible 
for erosion (e.g. clearings for macadamia plantations), fallow farmland or shrub 
encroachment (compare Chap. 29 for slangbos mapping). The method for detecting 
breakpoints is initially based on a pixel-based smoothing procedure using a median 
filter over the period under investigation, here March 2015 to March 2020, followed 
by the identification of breakpoints in the time series using the Sobel filter. Figure 
24.4 shows examples of Sentinel-1 breakpoint maps for the SALDi project regions 
Ehlanzeni and Sol Plaatje illustrating the detection of surface changes. 

In addition to spatial and temporal resolution issues, several authors underlined, 
that degradation identified by EO-based vegetation products—even though cor-
rected for rainfall influences—can likewise result from other processes. Southern 
Africa is comprised of largely open vegetation with low tree cover, often a high

http://doi.org/10.1007/978-3-031-10948-5_29
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fraction of bare soil and complex natural dynamics due to fire, rainfall sensitivity, 
and seasonality (Bond 2019). Local investigations and expert knowledge are thus an 
indispensable complement to EO time-series analyses for correctly distinguishing 
degradation from other processes (e.g. Wessels et al. 2007b; Prince et al. 2009). 

Recently, Slingsby et al. (2020b) developed an approach that identifies degra-
dation processes in the Fynbos biome of South Africa by identifying anomalies in 
observed MODIS NDVI relative to the expected NDVI produced by a hierarchical 
Bayesian time-series model. The model predicts the natural dynamics (postfire 
recovery rate, seasonality, maximum NDVI) based on abiotic environmental data 
(climate, soils, topography) and fire history, allowing identification of alien species 
invasions, drought or pathogen driven mortality, vegetation cover loss or fire. Their 
proof of concept including Landsat and high-resolution satellite data leading to an 
operational near-real-time change detection system for land managers and policy 
makers is being implemented as “Ecosystem Monitoring for Management Applica-
tion” (http://emma.eco/). The same approach can be applied to other ecosystems if 
their natural dynamics can be suitably characterized with a time-series model. It is 
of great importance, that the dynamical features are based on factors such as fire and 
postfire recovery, a greater contribution of bare soil to observed vegetation indices, 
as well as high sensitivity to rainfall and a strong seasonality. This allows to monitor 
and detect abrupt or gradual changes in the state of an ecosystem in near-real time 
by identifying areas where the observed vegetation signal has deviated from the 
expected natural variation. 

Moncrieff (2022) focusses on a different degradation process: the complex 
landscape changes of the Renosterveld. This is a hyperdiverse, critically endangered 
shrubland ecosystem in South Africa with less than 5–10% of its original extent 
remaining in small, highly fragmented patches. His work demonstrates that direct 
classification of satellite image time series using neural networks can accurately 
detect the transformation of Renosterveld within a few days of its occurrence, and 
that trained models are suitable for operational continuous monitoring if based on 
daily, high-resolution Planet satellite data. The convolutional neural network was 
applied to Sentinel 2 data and indices and resulted in correct identifications of up 
to 89% of land cover change events. There is thus a great potential for supervised 
approaches to continuous monitoring of habitat loss in ecosystems with complex 
natural dynamics. 

24.3.2 Woody Cover 

Woody cover encroachment has increased throughout southern Africa, which led 
to substantial environmental, land cover as well as land-use changes (Eldridge et 
al. 2011; O’Connor et al. 2014; Stevens et al. 2016). Woody cover intensification in 
rangelands by slangbos (Seriphium plumosum), black wattle (Acacia mearnsii), etc., 
will result in enlarged pressure on open grassland areas, which become vulnerable 
to overgrazing thus increasing the potential of land degradation (Snyman 2012; 
Oelofse et al. 2016). In protected areas and national parks, the knowledge of woody 
plants abundance and change are essential information for park management and

http://emma.eco/
http://emma.eco/
http://emma.eco/
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conservation efforts. An intensification of woody plants will likely cause a reduction 
in grass and herbaceous biomass (Berger et al. 2019), which has direct influence 
on grazing animals, their territories, and migration as well as predators seeking 
herbivores (Munyati and Sinthumule 2016). 

The high potential of combining multispectral and radar data for woody cover 
assessments has been illustrated in several studies. As an often-referenced example, 
Bucini et al. (2010) utilized Landsat Enhanced Thematic Mapper (ETM)+ (2000– 
2001) and radar data Japanese Earth Resources Satellite (JERS-1, 1995–1996) 
jointly with field measurements to map woody cover for Kruger National Park at 
90 m spatial resolution. Skowno et al. (2017) combined Advanced Land Observing 
Satellite (ALOS) Phased Array L-band Synthetic Aperture Radar (PALSAR) data 
with national, Landsat-derived land cover maps to quantify changes in woodlands 
and grasslands of South Africa between 1990 and 2013. 

Another example of synergistic radar/multispectral analyses is the work of 
Higginbottom et al. (2018) who predicted woody cover at 30–120 m spatial 
resolution for the South African province Limpopo by fusing Landsat Thematic 
Mapper (TM)/ETM+ and ALOS-PALSAR data and aerial imagery. Urban et al. 
(2020) generated a woody vegetation cover map at four different spatial resolutions 
(10 m, 30 m, 50 m, 100 m) for Kruger National Park based on Sentinel-1 data 
in combination with airborne lidar measurements. Holden et al. (2021) mapped 
invasive alien trees in the Boland mountains of the Fynbos biome, a key driver of 
biodiversity loss and run-off reduction in the region, at 10 m using a combination of 
Sentinel-1 and Sentinel-2 data. Multispectral time series from multiple resolution 
sensors were used, e.g., in a multi-scale analyses of woody vegetation cover in 
Namibian savannas by Gessner et al. (2013), including MODIS, Landsat, and 
very high-resolution satellite data. As woody cover is considered as an essential 
biodiversity variable (EBV) (Pettorelli et al. 2016), EO time series are key to 
develop wall-to-wall monitoring strategies (Urban et al. 2020). However, current 
remote sensing techniques are not likely to replace field measurements completely, 
as sustainable validation strategies for EO-derived woody vegetation composition 
with in situ data is still of very high importance (Kiker et al. 2014). 

SALDI’s woody cover retrieval for Kruger National Park used an airborne Light 
Detection and Ranging (LiDAR) strip from 2014 with a 2 m spatial resolution, made  
available through SANParks Scientific Services. These LIDAR data were converted 
to a woody cover percentage map with 10 m resolution to match Sentinel-1 and
-2 pixel sizes and were then used in a random forest, machine learning (RF-ML) 
approach as training input. The resulting map products are shown in Figs. 24.5 and 
24.6, illustrating the advantage of joint radar-optical analyses and additionally— 
with the new Copernicus satellites—achieving at the same time greatly improved 
spatio-temporal resolutions. In order to compare different sites in the future and over 
time, a uniform training data set is necessary, as now being available with NASA’s 
Global Ecosystem Dynamics Investigation Lidar (GEDI), launched in 2018. This 
latter procedure has been applied to map woody cover changes illustrated in Fig. 
24.7. 

The woody cover estimates based on Sentinel-1 (radar) and Sentinel-2 (optical) 
data show generally similar patterns and overall agreement in Fig. 24.5. The radar
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Fig. 24.5 Woody cover for the southern Kruger National Park region derived from a single 
airborne Lidar strip (small stripe in centre) and (upper map) Sentinel-1 time series 2016–2019 
and (lower map) Sentinel-2 time series 2016–2017. The two products show complementarities 
and thus the need for radar-optical synergy. Waterbodies, built-up areas, and cultivated areas were 
masked using the National Land Cover 2017/2018 product (LRI 2018)
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Fig. 24.6 Detailed view of Sentinel-1 vs. -2 woody cover estimates (green maps on left) and 
very high-resolution images (Google Earth Pro [GU1]) for the red-framed subset in Fig. 24.5, 
exemplifying advantages and disadvantages of either method. See text for further information 
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Fig. 24.7 Deriving woody cover change between 2016 and 2019 of the southern Kruger National 
Park and surrounding areas using Copernicus Sentinel-1 data and NASA’s GEDI LiDAR at 50 m 
spatial resolution. Left side: box 1—woody cover decline due to harvested forest plantations, 
subimages: Google Earth (Maxar Technologies), right side: box 2—woody cover regrowth after 
fire, subimages: NASA Landsat-8, RGB = Bands 5-4-3 (EO Browser/Sinergise Ltd.) 

product, though, exhibits more contrast between areas of high and low woody 
cover in flat terrain, but is still more affected by topography despite radiometric 
corrections. This finding is exemplified in Fig. 24.6: Sentinel-1 shows more contrast 
in flat areas, where areas of high and low woody cover are better discernable 
than in the optical dataset (framed box on the right). Sentinel-2 better detects
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differences in mountainous areas (framed box on the left). Here, the Sentinel-1 map 
contains uniformly high woody cover, whereas in reality denser woody coverages 
are only found on slopes oriented towards west and south. This spatial pattern is 
well represented in the Sentinel-2-derived map. This example underlines the high 
synergistic potential of using optical and radar sensors jointly for taking advantage 
of the respective strengths of each EO method. 

When looking at change, it is feasible to explore either radar or optical products 
to not merge error sources and to rather cross-compare each change map to 
distinguish between consistent change areas and sensor-specific detections. Figure 
24.7 illustrates a Sentinel-1 SALDi change product. 

24.3.3 Bush Encroachment 

There have been a number of studies on bush encroachment in southern Africa based 
on Earth observation data. Aerial images have been employed for mapping bush 
encroachment in several projects (e.g. Hudak and Wessman 1998, 2001; Stevens 
et al. 2016; Ward et al. 2014; Wigley et al. 2010), sometimes also in combination 
with very high-resolution (<2 m) satellite data (e.g. Shekede et al. 2015). These 
datasets have the advantage of allowing detection of individual bushes (compare 
also Sect. 24.3.7), and aerial images often date back to decades where space-borne 
EO data were not available yet. At the same time, their analysis is hindered by 
the enormous efforts for data pre-processing and because quantitative inter-image 
comparisons are hardly possible or extremely time-consuming for large areas due 
to missing radiometric comparability (Hudak and Wessman 2001). Furthermore, 
the low temporal frequency of multiple years between airborne campaigns does not 
allow the needed temporal monitoring of bush encroachment processes. 

With respect to multispectral remote sensing analyses at spatial resolutions of 
30 m or less, usually selected radiometrically optimal acquisitions were analysed 
prior to the availability of dense satellite time series such as now being recorded by 
the two Copernicus Sentinel-2 satellites A and B since 2016 resp. 2018. Earlier 
examples are studies using SPOT (e.g. Munyati et al. 2011) and Landsat (e.g. 
Symeonakis and Higginbottom 2014; Ng et al.  2016) to identify spreading bush 
areas or for mapping the distribution of encroaching bush species in southern Africa. 
Cho and Ramoelo (2019) have developed a methodology for detecting increasing 
tree and bush cover in the grassland and savanna biomes of South Africa using 
MODIS data despite its coarser geometric resolution. The methodology is based on 
asynchronous NDVI phenologies of grasses and trees in these semi-arid systems. 
Using a 16-day NDVI time series generated from MODIS NDVI data between 
2001 and 2018, the authors first determined the best time for mapping tree cover 
in the region, which turned out to be a narrow period from Julian day 161–177 
(June 10–26). This is the period of maximum contrast between grasses and trees. 
Eight tree-cover maps (2001–2018) were generated using linear regression models 
derived from Julian day 161 for each year. 

In rarer cases, radar satellite data were applied: Main et al. (2016) combined 
time series of the European Space Agency’s (ESA’s) Envisat Advanced Synthetic
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Aperture Radar (ASAR) and airborne LiDAR data for 2006–2009 to analyse woody 
cover in Kruger National Park and surrounding areas with a spatial resolution of 
75 m, Urban et al. (2021) synergistically combined Sentinel-1 radar and optical 
Sentinel-2 time-series data to monitor slangbos encroachment, a woody shrub, on 
arable land (see Chap. 29). 

24.3.4 Invasive Species (Acaciamearnsii) 

The invasion of productive lands by alien plants is an important contribution to 
land degradation. Large monocultures of alien species have a negative impact on 
water resources, pasture and crop production and biodiversity. This is the case with 
Black Wattle, Acacia mearnsii, a prominent invasive alien species in South Africa. 
Remote sensing of invasive species is mainly aimed at mapping the extent of the 
invasion, quantifying their biomass, and highlighting invasion hotspots. Masemola 
et al. (2019, 2020a, b) conducted numerous studies to: (1) explore the utility of 
hyperspectral data to discriminate A. mearnsii from native species, (2) determine 
the optimal period to spectrally distinguish A. mearnsii from native plants, (3) 
determine if vegetation indices related to the unique biological traits of A. mearnsii 
have the potential to distinguish it from native species, (4) assess the potential 
of multispectral Sentinel-2 data to map the distribution at the landscape level, 
and (5) explore the applicability of radiative transfer model (RTM) simulations to 
characterize the differences between A. mearnsii and native species. Through this 
multi-step approach, Acacia mearnsii could be distinguished from native species 
with overall accuracies ranging from 75% to 90%. 

24.3.5 Drought and Soil Moisture 

Southern African biomes are particularly prone to drought because more than 65% 
of the area is semi-arid and thus environmental conditions alternate strongly in 
space and time. Monitoring and spatio-temporal assessment of drought impacts 
is a challenge due to a limited number of weather stations. In addition, drought 
monitoring is difficult, since effects can accumulate over time. Droughts have 
major impact on ecosystems, such as fire severity (Mukheibir and Ziervogel 2007), 
biodiversity and ecosystem functioning (Masih et al. 2014; Graw et al.  2017), and 
economy, e.g. food production (Verschuur et al. 2021). Therefore, analysing surface 
moisture dynamics is of high importance, as it is also highly correlated to vegetation 
and soil respiration, which represents both root and microbial respiration, and is one 
of the main ecosystem fluxes of carbon (Makhado and Scholes 2011). 

Various studies focus on the development of drought monitoring concepts using 
EO data from different sources (AghaKouchak et al. 2015) and for different 
applications—agriculture (Bijaber et al. 2018; Zeng et al. 2014; Winkler et al. 2017), 
grasslands (He et al. 2015; Villarreal et al. 2016), savanna ecosystems (Graw et 
al. 2017; Western et al. 2015). The majority of these applications utilized optical 
information with coarse spatial resolution (MODIS and AVHRR). Surface moisture

http://doi.org/10.1007/978-3-031-10948-5_29
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parameters and drought conditions were analysed using different ratios, e.g. NDVI 
(Normalized Difference Vegetation Index), EVI (Enhanced Vegetation Index), VCI 
(Vegetation Condition Index) as well as SPI (Standard Precipitation Index) (Graw 
et al. 2017). 

Marumbwa et al. (2019, 2020, 2021) conducted several studies to assess the 
impact of meteorological drought on southern African biomes. To achieve this 
objective, the authors first analysed spatio-temporal rainfall trends to establish 
trends at pixel-level and then assessed drought impact on biomes using VCI 
products. Further, they analysed drought and land cover interactions using land 
cover data and a novel land cover “village pixel” developed from livestock density 
data as a proxy for the type of rural community. Based on the 2015–2016 season 
analysis, the Kruskal–Wallis test showed significant difference in drought impact 
(mean VCI) among different land cover types. This study provided information 
to adapt usage to different ecosystems to enable communities to better cope with 
droughts. 

Recent microwave satellite missions for operational soil moisture retrieval are 
ESA’s SMOS (Soil Moisture and Ocean Salinity) and NASA’s SMAP (Soil 
Moisture Active Passive) sensors, which utilize L-Band passive radar data to 
estimate global soil moisture with coarse spatial resolution (10–25 km) (Entekhabi 
et al. 2010; Kerr et al. 2012). The most recent global dataset is ESA’s Climate 
Change Initiative (ESA-CCI) soil moisture product at 25 km pixel spacing (Dorigo 
et al. 2017), for which Khosa et al. (2020) found a correlation greater than 0.6 
with in situ measurements for two sites in Kruger National Park. Soil moisture 
applications with higher spatial resolution have been carried out since the launches 
of ESA’s radar sensors on-board the European Remote Sensing (ERS-1/-2) satellites 
(e.g. Bourgeau-Chavez et al. 2007; Haider et al. 2004) and ENVISAT ASAR 
(e.g. Paloscia et al. 2008; Zribi et al. 2005), Canada’s commercial RADARSAT 
(e.g. Glenn and Carr 2004; Leconte et al. 2004), and are continued with the 
recent Copernicus Sentinel-1 data (e.g. Alexakis et al. 2017; Lievens et al. 2017). 
The potential of a synergetic combination of Sentinel-1 and Sentinel-2 has been 
addressed by only a few studies so far (e.g. Gangat et al. 2020; Gao et al. 2017; 
Urban et al. 2018), indicating that the high repetition rates of the Sentinel-scenes 
offer good determination rates for surface moisture estimates. 

The open SPACES II SALDi-project data cube offers—amongst many other 
data sets and products (see Chap. 29)—analysis-ready Sentinel-1 radar time series, 
which allow application of multi-temporal change detection methods for surface 
moisture retrieval. A sample sequence of six such surface moisture maps derived 
for December 2020 are shown in Fig. 24.8. The maps begin with dry surface 
conditions indicated by reddish tones. After December 14, surface moisture gen-
erally increases, as indicated by yellow to blue tones. These model results illustrate 
the heterogeneity of surface conditions (vegetation structure, soil features) and 
precipitation effects over time and space. The model is briefly explained in Chap. 29. 

To validate Sentinel-1 radar-retrieved products, it is essential to consider type and 
status of vegetation and relate to moisture conditions either through information 
about precipitation or in situ soil moisture measurements. Therefore, the SALDi-

http://doi.org/10.1007/978-3-031-10948-5_29
http://doi.org/10.1007/978-3-031-10948-5_29
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Fig. 24.8 Relative surface moisture derived from Copernicus Sentinel-1 radar data for December 
2020 for the south-east corner of Kruger National Park (KNP) (black line indicates park-border). 
The Surface Moisture Index is sensitive to water content of vegetation and the underlying soil 
surface. It therefore highlights structural differences (e.g. fire scars with in KNP), land-use 
practices (agricultural patterns in southern territories), and effects of precipitation. The cross 
indicates the location of SALDi’s surface moisture in situ instrument. Times are in UCT 

project deployed one SMT100 Time Domain Transmission instrument, which 
measures volumetric soil moisture, in each of the six project areas. At each site, 
a total of eight sensors take continuously every 5 min measurements in a depth of 
6–10 cm. Figure 24.9 gives geographic information and illustrates the harsh surface 
conditions. 

Figure 24.10 illustrates the temporal behaviour of Sentinel-2 NDVI and the two 
complex retrievals ESA CCI Soil Moisture and SALDi Sentinel-1 Surface Moisture 
(SurfMi) product. Precipitation data combined with local knowledge and in situ 
soil moisture is the key for interpretation: the NDVI-lag in October and November 
2020 was caused by a severe fire; thus the smooth surface (see photo in Fig. 24.9) 
results in specular scattering of the Sentinel-1 signals, keeping SurfMi to Zero 
(except during rain) although the in situ moisture is increasing. These important 
insights are needed for a synergistic savanna monitoring tool to map simultaneously 
vegetation status, realistic surface moisture conditions and even time and location 
of local precipitation events.
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Fig. 24.9 Left: Map of SALDi’s project area Ehlanzeni stretching 100 × 100 km2 south from 
Skukuza and west from Komatipoort. Green line: southern border of Kruger National Park, black 
cross: location of SALDi’s soil moisture instrument near Lower Sabie. Instrument site after 
flooding in February 2022 (upper right) and fire in September 2020 (lower right) (Photographs: 
Tercia Strydom, KNP) 

24.3.6 Nation-Wide Assessments 

The first national survey, conducted by Hoffman et al. (1999) and based on expert 
interviews at the district level, concluded that about 26% of the surface of South 
Africa was heavily degraded (own calculations). Fairbanks et al. (2000) calculated 
on the basis of Landsat satellite images for the years 1994 to 1996, that 80% of 
the country is covered by “natural” tree and grassland vegetation and only 20% 
were transformed by humans. Using a similar approach, Schoeman et al. (2013) 
identified for the year 2005, 16% as being transformed and corrected the value for 
the year 1994 to 14.5%. For the period from 1981 to 2003, Bai and Dent (2007) 
identified a degradation process for nearly 30% of the country using NASA/GSFC 
GIMMS NDVI remote sensing time series. 

The first national-scale, remote-sensing based land cover map was produced in 
the late 1990s using 1994–1995 Landsat 5 data (Fairbanks et al. 2000). Thirty-one 
classes were mapped manually on hardcopy space maps at approximately 1:250,000 
scale. In the early 2000s, a semi-automated land cover classification was produced 
using Landsat 5/7 imagery based on 2000–2001 data (van den Berg et al. 2008). 
Both datasets were widely used in research and conservation planning. In 2013, the 
national government began a programme to regularly produce national-scale land 
cover maps using a standardized classification scheme.
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The company GeoTerra Image, on behalf of the national government, produced 
a 1990 national land cover map retrospectively (using Landsat 5 data) and a 
2014 national land cover map (using 2013–2014 Landsat 8 data) (GeoTerraImage 
2015). A process then began to automate the production of a national land cover 
and bring the capacity to undertake the work into the government (Department 
of Forestry Fisheries and the Environment). The new system, referred to as the 
Computer Aided Land Cover (CALC) uses Sentinel-2 data and the same nationally 
accepted classification scheme as the 2013 map. A 2018 and 2020 CALC based 
national land cover product has been produced subsequently (available at https:// 
egis.environment.gov.za/). These land cover maps have allowed for more robust 
time series analysis of land cover change (Musetsho et al. 2021) and habitat loss 
(Skowno et al. 2021). Skowno et al. (2021) estimated that 22% of South Africa 
has been transformed by humans, and 78% is natural or degraded. Natural and 
degraded areas could not be reliably separated using the NLC 2018 methods. The 
uncertainties are thus still large due to a missing systematic definition of the term 
land degradation considering land cover categories and validated assessment. 

24.3.7 Integrated Modelling 

The ARC developed a Land Degradation Index (LDI) to guide the SA govern-
ment with setting up priorities for remedial action (DEA 2016). This index was 
generated by exploiting Landsat time-series and integrating water erosion, wind 
erosion, aridity index, salinity, and soil pH data. The findings showed that: (a) 
most parts of the country experiences low to moderate degradation, whereas large 
parts of Northern Cape, Western Cape, Eastern Cape, and North West province 
experience high degradation levels; (b) parts of Northern Cape experience very 
high degradation of which the drivers are wind erosion and soil pH; (c) areas of 
severe degradation and desertification correspond closely with the distribution of 
communal rangelands, specifically in the steeply sloping environments adjacent to 
the escarpment in Limpopo, KwaZulu-Natal, and the Eastern Cape provinces (DFFE 
2018). 

In a case study of the Greater Sekhukhune Municipality, Limpopo Province, 
Nzuza et al. (2020) focused on various mechanisms to assess and map land 
degradation using in situ, ancillary, and remote sensing data. The first component 
was the use of an integrated modelling approach that combines environmental 
and remote sensing variables (Sentinel-2 bands and vegetation indices) through 
machine learning techniques. Leaf Area Index (LAI), Soil Adjusted Vegetation 
Index (SAVI), Normalized Difference Vegetation Index (NDVI), and rainfall were 
significant variables to predict potential land degradation risk, explaining over 80% 
of the variation.

https://egis.environment.gov.za/
https://egis.environment.gov.za/
https://egis.environment.gov.za/
https://egis.environment.gov.za/
https://egis.environment.gov.za/
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The second component (Nzuza et al. 2021) was to evaluate a triangulation 
approach consisting of remote sensing products, Sustainable Land Management 
(SLM) practices [using the World Overview Conservation Approaches and Tech-
nology (WOCAT) mapping questionnaire (Gonzalez-Roglich et al. 2019)], and a 
participatory expert assessment. The climatic variability, overgrazing, poor gover-
nance, and unsustainable land management practices were cited as major causes of 
land degradation. Perceived types of land degradation were soil erosion and loss 
of vegetation cover. The study demonstrated that complementary information from 
various sources is crucial for monitoring and assessing land degradation (see Fig. 
24.11). 

24.3.8 High-Resolution Validation 

Land degradation monitoring relies on precise in situ information. Reference data 
to be used to estimate parameters linked to degradation status need to follow 
specific requirements in terms of temporal and spatial precision. In order to map 
the extent of, e.g., erosion patterns or woody plants, greater spatial resolution is 
essential. Here, a product is presented, that has been generated in the context of 
the SPACES II Ecosystem Management Support for Climate Change in Southern 
Africa (EMSAfrica)-project to support research and management in SANParks’ 
Kruger National Park and serves as a reference data set for validation of EO-
retrieved surface products (Heckel et al. 2021). The necessary aerial imagery 
is freely available from the archives of the Chief Directorate, National Geo-
spatial Information (CDNGI), Department of Agriculture, Land Reform and Rural 
Development (DALRRD). The derivation of the surface models was accomplished 
by (a) metadata preparation (definition of flight parameters and input of camera 
specific information), (b) ingestion of data to the bulk processor, (c) selection of 
tie points (epipolar pairing of stereoscopic imagery), (d) semi-global matching to 
derive the Digital Surface Model (DSM), (e) surface height removal to retrieve the 
Digital Terrain Model (DTM), and (f) orthorectification of the initial aerial imagery 
using the derived DSM. Processing of the extensive data set was carried out using 
the CATALYST Enterprise software environment. The data sets were modelled 
with a ground sampling distance of 0.25 m, 1 m, and 5 m and tiled according to 
CDNGI standards. Free download of the wall-to-wall terrain data coverage (large 
map in centre of Fig. 24.12) is possible through the Centre for Environmental Data 
Analysis (CEDA) platform of the British National Centre for Atmospheric Science. 
For challenges and limitations, see Table 24.1.
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Fig. 24.11 Spatial distribution of land degradation severity based on (a) a remote sensing derived 
map, (b) participatory assessment workshop, and (c) triangulation approach severity map (Nzuza et 
al. 2021). Map c illustrates how observations and social aspects diversify degradation classification 
and thus remedial needs
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Fig. 24.12 Centre: First wall-to-wall, 25 cm posting terrain model of Kruger National Park. 
Numbers indicate the locations of the four subsets 1 (upper left), 2 (lower left), 3 (upper right), 
4 (lower right). Each subset contains the orthomosaicked airphotos (top), digital surface model 
(middle), and digital terrain model (bottom). The subsets illustrate the great detail of cover types 
and subtle topographies: single trees and larger bushes can clearly be recognized, dry riverbeds and 
channels are reconstructed including run-off features (Background data: Environmental Systems 
Research Institute (ESRI), Maxar, GeoEye, Earthstar Geographics, Centre National d’Etudes 
Spatiales (CNES)/Airbus Defence and Space, United States Department of Agriculture (USDA), 
United States Geological Survey (USGS), AeroGRID, Institut Geographique National, and the 
Geo-Information Systems user community)
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24.4 Big Data Challenges and Insight into SALDi Process Flow 

Remote sensing data as provided by various satellites has proven as a useful tool 
to monitor the environment and its changing land use and cover through time (e.g. 
Wulder et al. 2008). It provides the potential of a synoptic view of an explicit spatial 
extent. 

Since the launch of the Sentinel-1 and Sentinel-2 satellites in 2015, the tem-
poral and spatial resolution of freely and open available earth observation data 
has significantly increased (Gómez et al. 2016). The volume of data is quickly 
growing especially in the earth observation domain. Multiple scientific projects 
have produced an exorbitant amount of data in recent years. In the era of big data, 
information retrieval is increasingly gaining importance. There is an emerging need 
for developing tools that are able to face the challenge of big data. The methods 
are expected to be precise and tolerant to noise. The results are expected to be 
interpretable in order to provide a better understanding of data structures (Giuliani 
et al. 2019). 

One of the areas of research in which great progress has been made in recent 
years to address the aforementioned big data challenges are earth observation data 
cubes. Earth Observation Data Cubes (EODC) are known as a promising solution 
to efficiently and effectively handle big Earth Observation (EO) data generated 
by satellites and made freely and openly available from different data repositories 
(Giuliani et al. 2019). So far various EODC implementations throughout the globe 
are currently operational: (1) Digital Earth Africa and Digital Earth Australia (Dhu 
et al. 2017), (2) the Swiss Data Cube (Giuliani et al. 2017a, b), (3) the EarthServer 
(Baumann et al. 2016), (4) the E-sensing platform (Camara et al. 2017), (5) the 
Copernicus Data and Information Access Services (DIAS) (European Commission 
2018), or (6) the Google Earth Engine (Gorelick et al. 2017). These initiatives 
are paving the way for broadening the use of EO data to larger communities of 
users, thereby supporting decision-makers with timely information converted into 
meaningful geophysical variables and ultimately unlocking the information power 
of EO data (Giuliani et al. 2019). 

24.4.1 General Big Data Situation 

Since the start of continuous satellite observations in 1972, EO data exceeded the 
petabyte-scale and has been made available to a broad audience by increasingly 
open access options from different platforms. Big data analysis challenges besides 
data storage include searching for the data, downloading it, data pre-processing, 
conducting data analysis, and finally decision-making based on the data analysis. 
Nevertheless, the full potential of EO data is still not exploited due to the lack of 
(1) scientific knowledge, (2) difficult to access, (3) lack of expertise, (4) particular 
structure, and the (5) effort and storage costs. As Laney stated (2001), in the 
future, there will be no greater barrier to effective data management than the
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variety of incompatible data formats, non-aligned data structures, and inconsistent 
data semantics. Surely, one of the most demanding aspects is the need to develop 
cross and multidisciplinary applications and integrating heterogeneous data sources 
(Nativi et al.  2015). Therefore, the big five of the big data challenges could be named 
as (1) volume, (2) variety, (3) velocity, (4) veracity, value, and validity as well as (5) 
visualization. To address these challenges within the SALDi project, the SALDi 
data cube was established. Digital Earth Africa and Digital Earth South Africa were 
established by national entities to address the above challenges on a national level. 

24.4.2 Necessary Big Data Exploration Methodologies 

Conventional technologies in the EO context have limited storage capacity, rigid 
management tools and are cost expensive. Besides, they often lack scalability, 
flexibility, and performance which are urgently needed in the context of big data. 
Therefore, big data management requires new methods and powerful technologies. 
Local processing of big data will be limited due to the steadily growing amount 
of data. The solution to overcome these problems is cloud computing, especially 
in terms of data processing and usage. It can provide the possibility to make large 
volume of EO data available to a wide range of users, as it provides an environment 
which is designed for easy EO data handling and visualizing without a need of 
downloading and pre-processing them beforehand, but with a strong focus on 
data analyses and decision-making based on large spatio-temporal datasets in an 
analysis-ready format. 

This is especially handy when it comes to time series analysis. As remote sensing 
satellites revisit a given location on the earth’s surface in regular time steps, image 
sequences of the same areas over time are generated (Ferreira et al. 2020). Time 
series derived from these sequences can be utilized for analysing land cover change 
and soil degradation. 

To simplify the workflow of time series analysis which have been derived from 
satellite images, analysis-ready data (ARD) can be produced and organized in 
multidimensional earth observation data cubes (EODC). ARD can be defined as 
“satellite data processed to a minimum set of requirements and organized into 
a form that allows immediate analysis with a minimum of additional user effort 
and interoperability both through time and with other data sets” (Siqueira et al. 
2019). Thus, ARD implicates processing satellite imagery from data acquisition to 
radiometric calibration, and through additional conversions, to top-of-atmosphere 
(TOA) reflectance, and finally surface reflectance (Giuliani et al. 2017a, b). 

The term data cube refers to a set of image time series associated with spatially 
aligned pixels (Appel and Pebesma 2019). Each element of an Earth observation 
(EO) data cube has two spatial dimensions and one temporal dimension, and 
is associated with a set of values (Giuliani et al. 2019). The SALDi data cube 
from optical and radar satellite data includes all necessary pre-processing steps 
and is generated to monitor vegetation dynamics of 5 years for six focus areas 
within South Africa. Intra- and inter-annual variability in both, a high spatial and
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temporal resolution will be accounted for to monitor land degradation. Therefore, 
spatial high-resolution Earth observation data from 2016 to 2021 from Sentinel-
1 (C-Band radar) and Sentinel-2 (optical) are integrated in the SALDi data cube. 
Additionally, a number of vegetation indices as well as the Bare Soil Index (BSI) are 
implemented to account for explicit land degradation and vegetation monitoring. A 
national land cover classification (South African Department of Forestry, Fisheries 
and Environment) with 72 various land cover classes as well as a digital elevation 
model in a spatial resolution of 30 m (based on Copernicus DEM with global 30 
m resolution (GLO-30) is available. Thus, the SALDi data cube builds a platform 
which can be utilized for an efficient data analysis of various multi-temporal land 
surface products (cf. Fig. 24.13). 

All current developments in the context of big (EO) data would not have been 
possible without Free and Open Data policies to facilitate access to data and open 
source code to efficiently develop software solutions (Ferrari et al. 2018). Open 
Science is not only a new approach to research but also to educational processes, 
which seeks to make scientific research more collaborative and transparent. It makes 
knowledge accessible by using digital technologies and new collaborative tools 
(European Commission 2016). The open data practice enables scientific research 
to be reused, redistributed, and reproducible. 

24.4.3 Available Infrastructures 

To ensure the long-lasting availability and permanent access to EO data and results 
including the ability to continuously develop and adapt data processing chains 
a so-called EO-Data-Repository was established for the six research sites within 
the SALDi project. It allows flexible data management and furthermore provides 
an analysis environment for earth observation data. Through an interactive user 
interface all partners are empowered to actively participate in data handling. 

Therefore, an Earth Observation Data Cube (ODC) was set up for the six research 
sites within the SALDi project (SALDi data cube). It allows the handling of large 
data amounts from various data sources and different data types. The SALDi data 
cube is used for data download, storage, and pre-processing of the Sentinel-1 and 
Sentinel-2 satellite data which can be used for further remote sensing products and 
methods. The users can access the data cube through an interactive user interface. 
The SALDi data cube serves as a central infrastructure for geospatial data and thus 
forms the interface between remote sensing data-based data provision and method 
development. 

The added value of the SALDi data cube is making earth observation data easily 
accessible to end-users who do not have in-depth expertise in the evaluation of 
remote sensing data. The data cube considerably simplifies the access and use of 
satellite data, since complex and time-consuming steps such as (1) the download, 
(2) the storage, and (3) the pre-processing are already implemented in the SALDi
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Fig. 24.14 Simplified basic remote sensing workflow. The SALDi data cube is capable of easing 
this workflow by automating the first three to four processing steps 

data cube1 and the user (via an interactive user interface) has direct access to gridded 
data sets ready for analysis and decision-making (Fig. 24.14). 

24.4.4 Digital Earth Africa 

There are various initiatives in Africa and South Africa that have been estab-
lished. The Digital Earth Platform provides access to near real-time analysis-ready 
medium- to high-resolution data and products for various applications derived from 
the USGS datasets such as Landsat and Copernicus Sentinel-1 and -2 for the 
entire African continent. The production of analysis-ready data (ARD) derived from 
Sentinel-1 is currently underway. The South African National Space Agency hosts 
the programme management office (PMO) for Digital Earth Africa. The PMO will 
ensure that various users in the continent have access to earth observation data and 
products that address their needs. 

The development of the Digital Earth South Africa (DESA) platform is a 
collaboration between South African National Space Agency (SANSA) and the 
South African Radio Astronomy Observatory (SARAO). DESA will provide users 
with access to very high-resolution analysis-ready data (ARD) and products derived 
from Satellite Pour l’Observation de la Terre (SPOT) 1–7. It will also provide a 
common and consistent platform for data and product access, and sharing which 
will enable users to focus on application-driven algorithms. This reduces the burden 
of downloading and pre-processing data for the end-users. The ARD is developed 
according to Committee on Earth Observation Satellites (CEOS) definition. DESA 
uses the Open Data Cube architecture and utilizes a variety of open source tools 
such as the Jupyter Notebooks, Python libraries, Open Data Cube Stats, PostgreSQL 
database, Open Data Cube Explorer, Command Line Tools, and Open Geospatial

1 https://datacube.remote-sensing.org/projects/saldi/. 

https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
https://datacube.remote-sensing.org/projects/saldi/
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Fig. 24.15 Overview of the Digital Earth South Africa Platform 

Consortium (OGC) web services (Mhangara and Mapurisa 2019). The tools allow 
users to access and analyse big datasets and products in a cloud environment. The 
overview of the DESA platform is shown in Fig. 24.15. 

24.4.5 International Cooperation and Knowledge Exchange 

Regional-scale data cubes like the SALDI data cube and the data within this 
cube are easier to handle—compared to conventional earth observation data— 
especially for those users who are not explicit remote sensing specialists. To ensure 
both, a successful international cooperation and efficient knowledge exchange, it 
is essential that data and processes within the data cube are consistent and well 
documented. 

In addition, to realize the full potential of the ODC products to address local 
and regional decision-making and policies, it is important to increase research and 
gather in situ ground data for proper algorithm and product validation. Over time, it 
is expected that open data products will increase, their accuracy will improve, and 
data access and usage will become easier and more efficient for everyone.
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24.5 Moving Forward 

Land degradation, as defined by the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services (IPBES) Global Assessment of Land Degrada-
tion and Restoration (2018) includes both habitat loss and varying degrees of decline 
or loss of biodiversity and ecosystem function and services, thus encompassing the 
full range of ecological conditions. Degradation is slight to severe modification 
of natural ecosystems due to factors like overgrazing, erosion, inappropriate fire 
regimes, invasive species, etc., but some vestige of the natural ecosystem remains 
(see also Chap. 3). Hence, EO monitoring tools have to suit very heterogeneous 
thematic, spatial, and temporal requirements. A single sensor, a single methodology, 
a “mono”-approach will not suffice. This chapter gave an insight of what can be 
achieved with state-of-the-art procedures based on the new wealth of space- and 
airborne observational data. It has to be acknowledged, however, that we are only at 
the start of data exploration and what we can learn about spatio-temporal dynamics 
of our precious land surfaces. Table 24.1 is an attempt to summarize achievements, 
constraints, and emerging technologies as a quick reference for further scientific and 
programmatic actions. 

Figure 24.2 depicts which optical and radar EO products can lead to surface 
parameters aiding in degradation monitoring. This chapter contains a selection 
of derivables, such as woody cover and surface moisture, to support monitoring. 
But the examples also illustrate limitations, if only one data set or one approach 
is applied or if in situ data is missing. The presented key EO indicators, which 
are treated as correspondent to relevant degradation processes, consist of poorly 
validated surface products with respect to savanna vegetation state, structure, 
dynamics, and surface moisture conditions. They are, e.g., called “woody cover”, 
but they strictly rather represent a “spectral product”, not an “information product” 
(analogue to unsupervised and supervised classification). The most promising meth-
ods therefore are based on a better physical understanding of spectral responses, thus 
enabling a knowledge-based interpretation of annual and inter-annual variations. 
Understanding spatio-temporal patterns lead to meaningful machine learning (ML) 
approaches—or vice versa, ML-retrieved results can then be associated with either 
experience or with discoveries. Having the Copernicus Sentinel-fleet and Landsat 
time-series for the future decade(s) available and thus an unprecedented wealth 
of spectral and spatial data sets, multi-temporal characteristics on the pixel-level 
(statistics, trends, break points, etc.) are assets, which still need to be associated 
with relevant surface features. Possibly, a new product nomenclature can be drafted, 
which is closer to spectral characteristics, including radar, and thus to the true 
nature of EO observations: e.g. radar water clouds and their relevance for structural 
changes, spectral indices and their significance for pixel-unmixing strategies for 
complex savanna biomes. 

To accomplish break-throughs in the exploitation of EO big data sets, it needs 
the respective technical infrastructure as described in Sect. 24.4, and it needs 
experienced natural scientists from the regions. The methods and EO products
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developed during the SPACES 2 projects were only accomplished based on the 
strong cooperation that grew between the South African and German team partners 
and colleagues. Regular conferences, such as SANParks’ Savanna Science Network 
Meeting, where interaction is yearly greatly fostered, have tremendously improved 
mutual methodological understanding beyond project concepts. Dedicated Summer 
Schools are a further important asset to develop strong scientific grounds for 
implementation of the achieved procedures and to educate the next generation of 
responsible Earth observation experts. 
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25The Marine Carbon Footprint: Challenges 
in the Quantification of the CO2 Uptake 
by the Biological Carbon Pump in the 
Benguela Upwelling System 

Tim Rixen, Niko Lahajnar, Tarron Lamont, Rolf Koppelmann, 
Bettina Martin, Luisa Meiritz, Claire Siddiqui, 
and Anja K. Van derPlas 

Abstract 

Quantifying greenhouse gas (GHG) emissions is essential for mitigating global 
warming, and has become the task of individual countries assigned to the 
Paris agreement in the form of National Greenhouse Gas Inventory Reports 
(NIR). The NIR informs on GHG emissions and removals over national territory 
encompassing the 200-mile Exclusive Economic Zone (EEZ). However, apart 
from only a few countries, who have begun to report on coastal ecosystems, 
mostly mangroves, salt marshes, and seagrass meadows, the NIR does not cover 
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or report on GHG sources and sinks of the 200-mile exclusive economic zone 
which, for Namibia and South Africa includes the Benguela Upwelling System 
(BUS). Based on our results, we estimated a CO2 uptake by the biological 
carbon pump of 18.5 ± 3.3 Tg C year−1 and 6.0 ± 5.0 Tg C year−1 for the 
Namibian and South African parts of the BUS, respectively. Even though it is 
assumed that the biological carbon pump already responds to global change 
and fisheries, uncertainties associated with estimates of the CO2 uptake by the 
biological carbon pump are still large and hamper a thorough quantification of 
human impacts on the biological carbon pump. Despite these uncertainties, it 
is suggested to include parameters such as preformed nutrient supply, carbon 
export rates, Redfield ratios, and CO2 concentrations measured at specific key 
sites into the NIR to stay focussed on the biological carbon pump and to support 
research addressing open questions, as well as to improve methods and observing 
concepts. 

25.1 Introduction 

The implementation of the Paris agreement to keep global warming below 1.5– 
2.0 ◦C is accompanied by a variety of measures such as the compilation of the NIR 
to monitor the emission of CO2 and other greenhouse gases in order to review the 
realization of climate pledges at national levels (e.g. UNEP 2019). The National 
Greenhouse Gas Inventory Report (NIR) splits CO2 emissions into four sectors: 
(I) energy, (II) industrial process and product use (IPPU), (III) waste, as well 
as (IV) agriculture, forestry, and other land use (AFOLU). In order to achieve a 
comparability of greenhouse gas emissions among different countries, the IPCC 
provides guidelines to quantify greenhouse gas emissions within these sectors 
(IPCC 2006). According to the South African, Namibian, and German NIR’s the 
first three sectors are net sources of CO2, while AFOLU acts as a CO2 sink to the 
atmosphere in all three countries (Table 25.1, German Environment Agency 2020; 
Department of Environmental Affairs 2019; Government of Namibia 2021). 

AFOLU quantifies CO2 emissions caused by land use and land cover changes and 
is based on the quantification of net changes in carbon stocks. It considers six land-
use categories. Among them are wetlands including also coastal ecosystems such as 

Table 25.1 CO2 Emissions from South Africa, Namibia, and Germany according to the NIRs of 
these countries 

Country South Africa Namibia Germany 
Reference year 2015 2015 2017 

(Tg C year−1) (Tg C year−1) (Tg C year−1) 

Total CO2 emissions 117.6 −29.6 213.0 
Sector (I–III) 125.2 1.0 221.4 
AFOLU −7.5 −30.6 −8.4 
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mangrove forests, tidal marshes, and seagrass meadows (IPCC 2014). Carbon stocks 
of these coastal wetland reservoirs are named ‘blue carbon’ due to the colour of the 
ocean (e.g. Nellemann et al. 2009). Despite being linked by name to the marine 
environment, blue carbon ignores the CO2 uptake by phytoplankton and its storage 
within the ocean’s biological carbon pump. 

In terms of carbon fixation, phytoplankton in the ocean are as productive as 
terrestrial plants with a global rate of about 50 Pg C year−1 (Field et al. 1998), 
but the storage of carbon differs in systems dominated by terrestrial plants and 
marine phytoplankton. Terrestrial plants are the world’s largest reservoir of living 
biomass with a reservoir size of 450 Pg C, whereas phytoplankton represent, with 1– 
2 Pg C, a relatively small carbon stock (Bar-On et al. 2018; Falkowski et al. 1998). 
Instead of building-up a huge biomass, carbon fixed by phytoplankton is exported 
into the deep ocean where the vast majority of the exported biomass is respired and 
stored as dissolved inorganic carbon (DIC). This results in a strong gradient between 
low DIC concentrations in surface waters where carbon is fixed via photosynthesis 
into biomass, and high DIC concentrations at greater depth where the exported 
organic matter is remineralized. The transfer of DIC into the deep sea favours the 
CO2 uptake by the ocean by decreasing the CO2 concentration and therewith the 
partial pressure of CO2 (pCO2) in surface waters. A hypothetical collapse of the 
biological carbon pump is assumed to increase the atmospheric CO2 concentrations 
by 200–300 ppm, representing a doubling of the pre-industrial atmospheric CO2 
concentration (Heinze et al. 2015). 

The CO2 uptake efficiency of the biological carbon pump is linked to the global 
thermohaline circulation of the ocean (Heinze et al. 1991; Tschumi et al. 2011) 
and believed to have played a significant role in controlling atmospheric CO2 
concentrations during glacial/interglacial transitions (Broecker and Barker 2007; 
Bauska et al. 2016; Schmitt et al. 2012). Even though it is widely assumed that the 
biological carbon pump also responds to the current climate change (e.g. Laufkötter 
et al. 2017; Duce et al. 2008; DeVries and Deutsch 2014; Riebesell et al. 2007) and 
fisheries (Bianchi et al. 2021), neither the magnitude nor the direction of change 
is predictable (Passow and Carlson 2012; Laufkötter et al. 2017; Laufkötter and 
Gruber 2018). Considering their potential impact on the CO2 concentration in the 
atmosphere and the Paris goals, it appears as a necessity to strongly reduce these 
uncertainties. This means that variations of the CO2 uptake by the biological carbon 
pump should be quantified and respective drivers should be identified, which, in 
turn, provides background to the discussion on responsibilities (national versus the 
international community). Here we use data obtained within the BMBF (Federal 
German Ministry for Education and Research) funded project TRAFFIC (Trophic 
tRAnsfer eFFICiency) to develop concepts that help to describe the status of the 
biological carbon pump and to quantify changes of the CO2 uptake within the BUS.
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25.2 Study Area: The Benguela Upwelling System 

The BUS stretches from the Angola Benguela Frontal Zone (ABFZ) at ~15◦S to  
Cape Agulhas (~35◦S, Fig. 25.1). The south-easterly trade winds emanating from 
the interplay between the South Atlantic Anticyclone and the continental low-
pressure trough, cause the emergence of distinct upwelling cells along the coast 
(e.g. Kämpf and Chapman 2016; Veitch et al. 2009; Shannon and Nelson 1996). 
The Lüderitz Upwelling Cell at 26◦40′S is the strongest of these cells and divides 
the BUS into a northern (NBUS) and southern (SBUS) subsystem (e.g. Hutchings 
et al. 2009; Duncombe Rae 2005; Shannon 1985). 

Sub-Antarctic Mode Water mainly feeds upwelling (Marinov et al. 2006; 
Sarmiento et al. 2004), but its properties vary due to regional differences at sites of 
its formation and mixing with other water masses. The South Atlantic Central Water 
(SACW) is comprised of Sub-Antarctic Mode Water that originates as mixture of 
mainly Antarctic Intermediate Water and Subtropical Mode Water (Souza et al. 
2018; Karstensen and Quadfasel 2002; McCartney 1977). It is subducted beneath 
subtropical surface waters north of the Sub-Antarctic Front at about 36◦S–54◦S 
and is fed via the South Atlantic Current into the Benguela Current (e.g. Gordon 
1981; Donners et al. 2005). In the southern part of the SBUS, the Benguela Current 
follows the shelf break towards the equator, while the Benguela Jet, also known as 
the Cape Jet, flushes the SBUS shelf and carries Indian Ocean Central Water into 
the SBUS (Durgadoo et al. 2017; Tim et al. 2015). The mixture between South 
Atlantic Central Water and Indian Ocean water creates a new water mass, which 
is referred to as the Eastern South Atlantic Water (ESACW, e.g. Liu and Tanhua 
2021). The ESACW as well as the SACW which largely encompasses the SBUS 
along with the Benguela Current, feed the complex equatorial current system. It 
comprises a number of east- and westward flowing currents and undercurrents (e.g. 
Pitcher et al. 2021) and finally feed the Angola Current from where modified SACW 
enters the NBUS as a poleward undercurrent at the ABFZ (Fig. 25.1). During its 
voyage through the south and equatorial Atlantic Ocean the SACW gets enriched in 
nutrients and depleted in oxygen (Mohrholz et al. 2008). 

South of Lüderitz, the interplay between the Benguela Current, the Benguela 
Jet, and coastal upwelling creates a complex and temporally varying frontal system 
starting with the Oceanic Front (e.g. Veitch et al. 2010; Hardman-Mountford et 
al. 2003). This front is considered as the outer boundary of the SBUS (Barange 
and Pillar 1992; Shannon and Nelson 1996) whereas the Shelf Break Front and 
Upwelling Front develop in response to the variable nature of upwelling across the 
wide shelf regions (Shannon 1985). 

During the last two decades, satellite data indicate no significant trends in 
productivity (Demarcq 2009; Lamont et al. 2019; Verheye et al. 2016), although
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Fig. 25.1 Southeast Atlantic Ocean with its main currents as adopted and simplified from Verheye 
et al. (2016) and Hardman-Mountford et al. (2003) as well as annual mean sea surface temperatures 
(Smith et al. 2008). ABFZ (Angola Benguela Frontal Zone) and ‘Subtropical Convergence’ (dotted 
line) mark major oceanographic fronts. SECC South Equatorial Counter Current, PUC Poleward 
Under Current 

there is a tendency towards an intensification of upwelling in the SBUS (Lamont et 
al. 2018, 2019; Tim et al. 2015; Wang et al. 2015; Sydeman et al. 2014). Associated 
with this trend are shifts in the ecosystem structure such as an overall decrease 
in zooplankton abundance and a shift from larger to smaller zooplankton species 
(Lamont et al. 2019; Verheye et al. 2016; Jarre et al. 2015; Hutchings et al. 2012).
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25.3 Background 

25.3.1 Nutrient Recycling and Productivity 

The recycling efficiency of nutrients strongly influences the productivity whereas in 
general one can distinguish between two different nutrient recycling machineries in 
pelagic ecosystems. One recycling machinery operates in the seasonal thermocline, 
while the other one is located in the sunlit surface ocean (euphotic zone) where it 
directly affects primary production. Eppley and Peterson (1979) divided primary 
production (CO2 fixation via photosynthesis) into new and regenerated production. 
Upwelled nutrients impel new production, while the recycling of nutrients which 
have been introduced from the dark deep ocean into the euphotic zone fuels the 
regenerated production. The ratio between new production and primary production 
defines the f -ratio. An increasing f -ratio indicates a higher contribution of new 
production to the primary production and hence, a less efficient recycling of 
nutrients in the euphotic zone. Vice versa, a decreasing f -ratio reflects an enhanced 
regenerated production and thus a more intense recycling of nutrients. Nevertheless, 
nutrient recycling does not prevent the loss of nutrients via the export of organic 
matter from the euphotic zone. Over an annual cycle this so-called export production 
is assumed to equal new production. Even though export production represents a 
loss of nutrients from the euphotic zone, the exported organically bound nutrients 
are not necessarily lost to the pelagic ecosystem as export production drives a 
secondary recycling machinery in the seasonal thermocline. 

The seasonal thermocline defines the subsurface layer from which water is 
introduced into the euphotic zone on the seasonal times scale which means that 
the more exported organic matter is remineralized within this subsurface layer, 
the more formerly exported nutrients return into the euphotic zone and can be 
recycled (Rixen et al. 2019a). In a coastal upwelling system which is characterized 
by onshore flowing subsurface waters (upwelling source waters), upwelling at the 
coast and offshore flowing surface waters, the secondary recycling machinery is part 
of the nutrient trapping system provoking new production by increasing nutrient 
concentrations in the upwelling source waters (Dittmar and Birkicht 2001; Tyrrell  
and Lucas 2002; e.g. Barange and Pillar 1992; Flynn et al. 2020; Rixen et al. 
2021). Hereby, the utilization of upwelled nutrients and the associated development 
of plankton blooms in the offshore flowing upwelled waters initiate the nutrient 
trapping by exporting the formerly upwelled and now organically bound nutrients 
into the subsurface waters. This reduces their advection into the open ocean 
along with offshore flowing surface waters and keeps them within the upwelling 
system. Although these nutrients increase new production they come from the 
remineralization of organic matter as those nutrients which drive the regenerated 
production in the euphotic zone. Hence, these subsurface nutrients are also called 
regenerated nutrients. Since in addition to nutrients, CO2 is also released during 
the remineralization of organic matter, primary production driven by the utilization 
of regenerated nutrients consumes the associated regenerated CO2 and creates no 
need for additional CO2 as long as the Redfield carbon to nutrient uptake and
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remineralization ratio is constant. Hence, even though recycling of nutrients in the 
euphotic zone and the seasonal thermocline contributes to an elevated productivity 
of upwelling systems through their impact on regenerated and new production, 
respectively, it hardly affects the CO2 storage of the biological carbon pump. This 
differs with the utilization of preformed nutrients. 

25.3.2 Preformed Nutrients and the CO2 Uptake Efficiency 
of Biological Carbon Pump 

In contrast to regenerated nutrients which are released during the remineralization 
of exported organic matter, physical processes carry preformed nutrients into the 
deep ocean. This also occurs during the Sub-Antarctic Mode Water formation 
in winter when the lack of light prevents the utilization of regenerated nutrients 
in surface waters. During the subduction of mode water, the biologically unused 
preformed nutrients are transported into the deep ocean (Knox and McElroy 1984; 
Sarmiento and Toggweiler 1984; Siegenthaler and Wenk 1984; Duteil et al. 2012; Ito  
and Follows 2005). The regenerated CO2 formerly associated with the regenerated 
nutrients, is, in turn, released from the biological carbon pump. Vice versa, the 
biological carbon pump takes up CO2 by the utilization of preformed nutrients and 
their retransformation into regenerated nutrients at sites such as the BUS where 
upwelling introduces mode waters into the euphotic zone. To which extent the CO2 
release and uptake affects the CO2 flux across the air–sea interface depends on its 
influence on the solubility pump. It could absorb CO2 released from the biological 
carbon pump or favour its emission into the atmosphere. 

25.3.3 Solubility Pump and Upwelling from a Carbon Cycling 
Perspective 

The solubility pump is an abiotically driven carbon pump which responds to the 
partial pressure difference of CO2 (�pCO2) between the surface ocean and the 
atmosphere. The net flux of CO2 follows the pressure gradient, which means that 
CO2 invades the ocean if the pCO2 in the atmosphere exceeds the oceanic pCO2 
and vice versa the ocean emits CO2 into the atmosphere if the pCO2 in the ocean 
is higher than it is in the atmosphere. The CO2 concentration and its temperature-
and salinity-controlled solubility determines the pCO2 in the ocean (Weiss 1974). 
Hence, CO2 concentrations link the biological carbon pump and the solubility 
pump, which gains strength in cold waters due to an increased solubility of CO2 
at low temperatures. If, for example, ocean currents carry warm tropical waters 
with a pCO2 exceeding those in the atmosphere into polar regions, the pCO2 could 
fall below those in the atmosphere. Consequently, the water takes up CO2, simply 
due to decreasing sea surface temperatures. Vice versa, if water masses which are 
formed in the Southern Ocean such as the SACW, upwell in the BUS, they warm 
up and release CO2 that was previously taken up in the Southern Ocean. Hence,



736 T. Rixen et al.

the opposing impacts of the biological carbon pump and the solubility pump on the 
CO2 concentrations during the Sub-Antarctic Mode Water formation and upwelling 
of mode waters in the BUS are parts of one system. 

25.4 Data and Methods 

In order to study the biological carbon pump within the framework of TRAFFIC, 
two cruises were carried out with the German research vessels Meteor (M153: 
February, 19th–March 31st 2019) and Sonne (SO285: August 20th–November 2nd 
2021, Fig. 25.2). Mooring operations were additionally carried out during the RV 
Sonne cruise SO283, the RS Algoa cruise ALG 269, and other pre-TRAFFIC 
cruises with the German RVs Meteor and M.S. Merian. In addition to sediment 
trap samples, we analysed water samples to characterize source water masses and 
the chemical composition of plankton. This allows us to quantify the supply and 
utilization of preformed nutrients as well as Redfield ratios, which are crucial 
to translate nutrient consumption into carbon uptake. Furthermore, satellite data 
were evaluated and linked to sediment trap data in order to estimate the reliability 
of export production rates. Satellite-derived sea surface temperature (SST) and 
primary production rates (PP) were downloaded from the MODIS-Aqua website in 
August 2021 (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/ 
4km/sst/) and the ocean primary production website in August 2020 (http://www. 
science.oregonstate.edu/ocean.productivity/). 

25.4.1 Particulate Matter 

Particulate matter was collected by moored and drifting sediment traps, as well as 
through the filtration of water samples and by net catches. 

A sediment trap mooring was deployed off Walvis Bay (14.04◦E/23.02◦S) and 
equipped with a Hydrobios MST-12 sediment trap at water-depths between 65 m 
and 75 m (~74 m above the sea floor). Since the moored TRAFFIC traps have yet 
not fully been recovered, we focus on the pre-TRAFFIC deployment periods. This 
includes seven deployment periods, which are in part not time-coherent. The first 
deployment started in December 2009 and the last deployment ended in November 
2017. Furthermore, four short-term drifting sediment trap systems were deployed in 
the NBUS and SBUS for about 41–83 h during the cruise M153 (Fig. 25.2). These 
systems were equipped with four to five single sediment traps and a Hydrobios 
MST-12 trap at the bottom of the drifter at water-depths of down to 500 m. In total, 
24 drifter samples were collected and analysed in Germany. 

According to common sediment trap processing procedures, sediment trap 
samples were split into fractions of >1 mm and <1 mm (Haake et al. 1993; Honjo 
et al. 2008). The >1 mm fraction contained larger swimmers and the <1 mm 
fraction was assumed to represent the gravitationally driven export of particles (= 
particle flux). In addition, the 24 drifter samples were additionally macroscopically
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Fig. 25.2 Working area and sampling sites during the two TRAFFIC cruises M153 and SO285. 
EEZ = 200-mile Exclusive Economic Zones, CT indicates Cape Town. Please note that the timing 
of the cruises indicates the time within the working area
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and microscopically examined and the picked zooplankton was divided into three 
genera, namely copepods, amphipods, and euphausiids. Furthermore, we obtained 
zooplankton and fish samples from net catches at the deployment stations during the 
cruise M153 (Fig. 25.2). These samples were fully homogenized and analysed. 

Water samples (5 L and 30 L) obtained from the CTD rosette water sampler 
were filtered (WHATMAN GF/F; ~0.7 μm; 47 mm diameter) and rinsed with 
deionized water. Subsequently, filters were dried, shipped to Germany, and analysed 
in accordance to the sediment trap samples. A detailed description of the sediment 
trap sample procedure including the biogeochemical analysis is given by Haake et 
al. (1993) and Rixen et al. (1996). The analysis included the determination of total 
carbon and nitrogen and organic carbon. The phosphorus content was additionally 
determined in zooplankton samples according to a method modified from Aspila et 
al. (1976) and Grasshoff et al. (1999). 

25.4.2 Water Sampling 

The profiling SEABIRD ELECTRONICS (SBE) 911PLUS CTD system was equipped 
with a DIGIQUARTZ pressure sensor, a SBE3 temperature and SBE4 conductivity 
sensor within a double sensor setup, and a SBE43 dissolved oxygen sensor. 
Additionally, water samples were taken from the CTD rosette water sampler 
to analyse DIC concentrations as well as the total alkalinity (TA) and nutrient 
concentrations. Therefore, we used a cavity ringdown spectrometer (PICARRO 

G2201-I, 1510CFIDS2047_v1.0) attached to a Liaison A0301 (DIC), a VINDTA 
2C analyser (MARIANDA, Kiel, Germany, TA), and a continuous flow injection 
system (SKALAR SAN PLUS SYSTEM). Detection limits for nitrate/nitrite (NOx) 
and phosphate were 0.08 μM and 0.07 μM, respectively (Flohr et al. 2014). 
Both the PICARRO and the VINDTA 2C analyser were calibrated using Certified 
Reference Material (CRM, batch #177) provided by A. Dickson (Scripps Institu-
tion of Oceanography, La Jolla, CA, USA). The accuracy was ±12 μmol kg−1 

and ± 4.3 μmol kg−1 for DIC and TA, respectively. 

25.5 Results and Discussion 

25.5.1 CO2 Concentrations 

Within the BUS, CO2 concentrations were high in a narrow belt along the coast 
(Emeis et al. 2018) where ESACW and SACW enriched in nutrients and CO2 reach 
the surface. Plankton blooms developing in response to the nutrient input consume 
nutrients and CO2. Thereby they decrease the concentration of both components 
in the offshore flowing surface water until nitrate is consumed and phosphate 
concentrations drop to values of ~0.2 μmol kg−1 (Flohr et al. 2014). This so-called 
excess phosphate is assumed to be the result of a nutrient uptake which follows the 
Redfield ratio and a relative enrichment of phosphate over nitrate due to anaerobic
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processes within the Oxygen Minimum Zone (OMZ) on the shelf and surface 
sediments (Flohr et al. 2014; Mashifane 2021; Nagel et al. 2013; Goldhammer et 
al. 2010). However, after the consumption of nitrate within offshore flowing surface 
waters, a balance between nitrate consumption and release during the respiration 
of organic matter prevents nitrate accumulation in the euphotic zone. Since such 
a regenerated nutrient cycle hardly affects CO2 concentrations, the variability of 
pCO2 is strongly reduced at approximately 340 km from the coast. This can be seen 
in the BUS (Siddiqui et al. 2023) as well as in the California Upwelling System 
(Chavez and Messié 2009) and marks in addition to nitrate concentrations below the 
detection limit, the diminishing influence of upwelling on the pelagic ecosystem. 
At these outskirts of the upwelling-driven ecosystem, CO2 concentrations reflect 
the balance between the CO2 uptake via the utilization of preformed nutrients 
(biological carbon pump) and the warming of the upwelling water (solubility pump). 
Vice versa, changing CO2 concentrations at such sites indicate varying intensities 
of these two pumps within the upwelling system. Hence, moored CO2 observing 
buoys, including oxygen, nitrate, and pH sensors could help to detect long-term 
changes in the balance between the biological carbon pump and solubility pump. 
Since the region influenced by upwelling varies and is fragmented by mesoscale 
eddies and filaments (e.g. Rubio et al. 2009), it is suggested to deploy such CO2 
observing buoys along transects perpendicular to the coast encompassing the region 
in which nitrate depletion and low variability of pCO2 indicate the diminishing 
effect of upwelling on pelagic ecosystems. 

25.5.2 Export Production 

Export/new production can be used in conjunction with satellite-derived primary 
production rates to characterize the recycling efficiency in the euphotic zone as 
indicated by the f -ratio. Combined with the supply of preformed nutrients along 
with upwelling source water masses, it is also a parameter that allows us to 
estimate the CO2 uptake by the biological carbon pump as we will discuss in the 
following sections. However, so far there are no reliable methods to measure export 
production directly. Due to uncertainties involved in methods commonly applied 
to determine export production, estimates of global mean export production rates 
reveal a wide range with values between 1.8 and 27.5 Pg C year−1 (Lutz et al. 
2007; del Giorgio and Duarte 2002; Honjo et al. 2008). A widely accepted global 
mean export production is centred around 10 Pg C year−1 (Emerson 2014: and 
references therein) resulting in a mean area normalized export production rate of 
28 g C m−2 year−1 (area of the ocean 360 1012 m2) and a global mean f -ratio of 
0.2. 

25.5.2.1 Export Production: A Top-Down Approach 
In contrast to the bottom-up approach in which nutrient concentrations are multi-
plied by upwelling velocities to quantify new/export production (e.g. Chavez and 
Messié 2009; Messié et al. 2009; Waldron et al. 2009), other methods address
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the issue of export production from a top-down approach by looking at primary 
production. Thereby, export production is described as a simple function of primary 
production. Eppley and Peterson (1979) introduced one of the first functions which 
assumes that export/new production (POCExport) contributes 50% (f -ratio 0.5) to 
the total primary production (PP) in high productive systems (see Eq. 25.1). Laws 
et al. (2000) and Henson et al. (2011) additionally considered impacts of sea water 
temperatures (SST) on the link between export and primary production as shown in 
Eqs. (25.2) and (25.3). 

.POCExport=0.0025·PP2, if PP<200
0.5·PP, if PP>200 (25.1) 

.POCExport = (−0.02 · SST + 0.63 ) · PP (25.2) 

.POCExport = 0.23 · exp(−0.08·SST) · PP (25.3) 

In the BUS, SSTs vary in general between <20 ◦C at the ABFZ and about 10 ◦C 
at sites where upwelling source waters reach the surface. Within this temperature 
range, f -ratios (= POCExport/PP) as derived from Eqs. (25.2) and (25.3) are far  
below 0.5, with means of 0.3 ± 0.06 and 0.07 ± 0.02, respectively (Fig. 25.3). This 
implies a much stronger nutrient recycling in the euphotic zone and a lower export 
production at the same primary production. We used these equations in addition to 
satellite-derived primary production rates and SST to calculate export production 
rates, which were compared to organic carbon fluxes measured by a sediment trap 
deployed in the NBUS (Figs. 25.2 and 25.4). 

The sediment trap was deployed in a water-depth of 60–75 m close to the 
Namibian coast within the narrow belt along the coast where CO2 concentra-
tions and primary production are high. According to satellite data, the mean 
primary production rate over the period of the sediment trap experiment from 
2009 to 2018 was about 3000 mg m−2 day−1. This is high, but within the 
upper range of primary production rates measured in situ during expeditions 
(Barlow et al. 2009; Wasmund et al. 2005). Export production rates derived 
from the three equations vary (Eq. 25.1 = 1794 ± 426 mg m−2 day−1; Eq.  
25.2 = 1101 ± 295 mg m−2 day−1) due to the different f -ratios, whereas results 
obtained from Eq. (25.3) (229 ± 64 mg m−2 day−1) are similar to organic 
carbon fluxes measured by sediments traps (136 ± 90 mg m−2 day−1). However, 
since the sediment trap was deployed at a water-depth of 60–75 m within the 
thermocline where exported organic matter is respired as indicated by low oxygen 
concentrations, trap results do not reflect export production rates but only the 
export of organic matter at water-depth 60–75 m. Hence, the difference between 
the export production and the measured organic carbon flux indicates the organic 
matter remineralization between the base of the euphotic zone and the trap-depth. 
Data obtained in the SBUS allowed us to study organic matter decomposition at 
such low water-depths in more detail.
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Fig. 25.3 f -ratio versus sea surface temperatures according to Eqs. (25.1), (25.2), and (25.3) as  
well as in comparison to the global mean f -ratio (dotted line) and those determined by our SBUS 
drifter study (grey shaded area) 

During the cruise M153 (February, 19th–March 31st 2019) a drifter was deployed 
close to the South African coast, with sediment traps attached at four different water-
depths (20, 30, 50, and 75 m) at one of our 24 hour-stations. At this station in 
situ primary production was also determined by using measured photosynthesis-
light-curves (PE curves) in combination with incubation experiments at in situ 
temperatures and different light intensities. Furthermore, CTD casts were conducted 
four times a day in order to capture a diurnal cycle and during the cruise SO285 
(August 20th–November 2nd 2021) this site was revisited (Fig. 25.5). The drifter 
traps showed that the total flux of organic carbon was highest just below the surface 
mixed layer at a water-depth of 20 m (1588 mg m−2 day−1) and decreased step-wise 
with increasing water-depth. At a water-depth of 75 m, the ‘20 m-flux’ had already 
decreased by 78% to 358 mg m−2 day−1. Measured in situ primary production 
reached values of about 2430 mg m−2 day−1 and were similar to monthly mean 
satellite-derived primary production rates of 3428 mg m−2 day−1 (March, 2019). 
Primary production of 2430–3428 mg m−2 day−1 and an export production of
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Fig. 25.4 Export production rates derived from Eqs. (25.1)–(25.3) (top-down approaches) as well 
as from bottom-up approaches (this study and Messié et al. 2009) which are based on upwelling 
velocity, nutrient concentrations in source waters, and a fixed carbon to nutrient ratio. Open circles 
indicate organic carbon fluxes measured by moored sediment trap off Walvis Bay in the NBUS at 
water-depth between 60 m and 74 m (Trap, see Fig. 25.2) while black circles indicate the corrected 
sediment trap data. The sediment trap data have been corrected for remineralization below the 
surface mixed layer by assuming that 78% of the exported organic matter is decomposed between 
the base of the surface mixed layer and the trap (Trap 78%) 

1588 mg m−2 day−1 result in a f -ratio of 0.65 and 0.37, respectively. f -ratios used 
in Eq. (25.1) and obtained by Eq. (25.2) partly fall in this range whereas f -ratios 
derived from Eq. (25.3) seem to be too low (Fig. 25.3). 

Assuming that 78% of the export production is decomposed between the base of 
the surface mixed layer and a water-depth of about 75 m implies that the measured 
mean organic flux of 136 ± 90 mg m−2 day−1 at our NBUS trap site represents 
only 78% of the export production which, in turn, suggests an export production 
of 618 ± 410 mg m−2 day−1. If one applies this 78%-correction to all measured 
sampling intervals, it shows that there are several periods at which the corrected 
organic carbon export rates are similar to those derived from Eq. (25.1) and partly 
even Eq. (25.2) (Fig. 25.4). This by far does not solve the dilemma of determining 
export production rates nor the accuracy of sediment trap measurements, but merely 
increases the reliability of Eq. (25.1) and (25.2) as well as our drifter experiment. 

The revisit of the SBUS drifter site during the cruise SO285 showed that the 
seasonally varying mixed layer depth is another factor that needs to be considered 
when comparing shallow water sediment trap results and satellite data. Even though 
a similar situation was observed during the cruises M153 and SO285 at this 
site (Fig. 25.5), the comparison of data obtained during these cruises also shows 
some pronounced differences. For instance, the surface mixed layer was about
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Fig. 25.5 Temperature and oxygen profiles obtained at the near shore drifter site in the SBUS (see 
Fig. 25.2) at different times of the day during the cruise M153 (March 2019, station 7) and during 
the cruise SO285 (September/October 2021, station 43) at 06:00 in the morning (S: 6:00). The red 
circles indicate the ratio between exported organic matter and primary production (Corg/PP, a) and 
organic carbon fluxes determined by the drifter study in four different water-depth. The dark and 
light grey shades indicate the depth of the surface mixed layer during the cruises M153 and SO285 

14 m deeper, while bottom water oxygen concentrations were higher in September 
2021 (SO285) than in March 2019 (M153). The intensity of the bottom water 
OMZ is known to reveal a pronounced seasonal cycle with decreasing oxygen 
concentrations during the main upwelling season in austral summer and increasing 
oxygen concentrations during the austral winter (Pitcher et al. 2014). Hence, the 
bottom water OMZ was more intense in March at the end of the upwelling season 
than in September at the beginning of the upwelling season. Vertical mixing is, 
in turn, assumed to supply oxygen to the intermediate water layer so that this 
layer maintains nearly constant oxygen concentrations over the years. Nevertheless, 
spatial variations of the Upwelling Front cause temporally limited events during 
which the oxygen concentration drop by up to ~150 μM (Rixen et al.  2021). 

However, the 14 m winter deepening of the surface mixed layer could have 
strongly influenced results obtained by sediment traps which are deployed at a fixed
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water-depth. Assuming a trap-depth of 75 m, a winter deepening of the surface 
mixed layer by 14 m could have reduced the distance between the trap and the 
base of surface mixed layer by 30% from 60 m in March to 42 m in September. 
Considering the rapid decomposition of organic matter as observed in the drifter 
experiment, such a shortening of the distance between the trap and the base of 
surface mixed layer should have had a significant impact on the organic carbon 
fluxes. Hence, measurements of the mixed layer depth should be integrated into 
shallow water sediment trap studies to correct fluxes for changes in the distance 
between base of surface mixed layer and the sediment trap. Respective information 
could, e.g., be obtained by combining sediment trap studies with the deployment of 
CO2 observing buoys as discussed before. 

25.5.2.2 Export Production: A Bottom-Up Approach 
In accordance with Eppley and Peterson (1979) and their Eq. (25.1), Messié et al. 
(2009) determined with their bottom-up approach a f -ratio of 0.5 for the BUS and f -
ratios of 0.4–0.7 for the other eastern boundary upwelling systems. This agrees with 
results obtained from a comprehensive regional model study suggesting a mean f -
ratio of 0.58 (Emeis et al. 2018; Schmidt and Eggert 2016). This regional model 
was also used to quantify the amount of water (0.9 × 106 m3 s−1) which upwells in 
the NBUS off Namibia between 16◦S and 28◦S (Müller et al. 2014). Following the 
bottom-up approach we primarily used the M153 and SO285 data to determine the 
mean nutrient concentrations in the upwelling source waters (Table 25.2), which, 
subsequently multiplied with upwelling velocities derived from the model, results 
in the new/export production rate for the BUS. 

Table 25.2 Mean properties of the upwelling source water between 18–28◦S during the cruises 
M153 and SO285. Please note that nutrient concentrations have been measured in discrete samples 
during the cruise M153 and nitrate concentrations by the SEASCAN SUNA Deep Nitrate Sensor 
during the cruise SO285. Other nutrient data from cruise SO285 are not yet available since this 
cruise was still on-going while this paper was written, n = number of samples and Std = standard 
deviation 

M153 SO285 
March, 2019 September, 2021 
Mean Std N Mean Std N 

Density (g cm−3) 1.028 0.153 8249 1.028 0.156 9454 
Sigma-theta (sθ) 26.69 0.15 8249 25.95 0.16 9454 
θ (Tpot) (◦C) 10.36 1.63 8249 10.13 1.77 9454 
Salinity 34.93 0.17 8249 33.97 0.20 9454 
O2 (μmol kg−1) 64.84 33.18 8249 86.29 43.23 9454 
NOx (μmol kg−1) 22.59 6.14 141 24.39 4.95 8214 
PO4 (μmol kg−1) 1.75 0.38 141 
PO4-r (μmol kg−1) 1.21 0.36 141 
PO4-p (μmol kg−1) 0.53 0.14 141 
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Fig. 25.6 θ-S-diagrams including concentrations of dissolved oxygen derived from CTD casts 
in NBUS and SBUS during the cruises M153 (February/March 2019) and SO285 (Septem-
ber/October 2021). The red and blue straight lines indicate the θ -S characteristics of the ESACW 
and SACW according to the equation given by Flohr et al. (2014) 

SACW and ESACW, the principal source waters in the BUS, can be identified 
in θ -S-diagrams as they fall on distinct straight lines within a density range of 
27.3 to 26.4 (Fig. 25.6). The comparison between cruises M153 and SO285 shows 
pronounced differences in the surface water properties. Summer warming decreased 
the density of surface water and increased the density gradient between surface and 
upwelling source waters in March, whereas winter cooling had an opposing effect 
(Fig. 25.6). It decreased the density gradient between surface waters and upwelling 
source water masses. In contrast to the surface water, the physical properties of 
upwelling source waters with this density horizon showed hardly any variations 
except in concentrations of dissolved oxygen (Table 25.2). In the NBUS, they were 
lower in March than in September due to an enhanced inflow of oxygen-poor SACW 
between March and May (Mohrholz et al. 2008). 

In comparison to oxygen the seasonal variability of nitrate was low (Table 25.2). 
A mean nitrate concentration of 23.5 μmol kg−1 (= (22.59 + 24.39)/2) and a 
phosphate concentration of 1.75 μmol kg−1 multiplied by the mean upwelling 
velocity of 0.9 × 106 m3 s−1 (~0.93 × 106 kg s−1) suggest nutrient inputs
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into the surface layer of 52.5 × 109 mol phosphate and 718.5 × 109 mole 
nitrate. Multiplied by a carbon to nitrogen and carbon to phosphorus ratio of 
7.6 and 106, which will be discussed in the following sections, these nutrient 
inputs suggest a new/export production rate of 65–67 Tg C year−1. Considering 
an area of 0.16 × 1012 m2 these values imply export production rates of 1113– 
1147 mg m−2 day−1. which is within the range of export production rates derived 
from Eq. 25.2 (1101 ± 295 mg m−2 day−1) and below those (1416 mg m−2 day−1) 
obtained by Messié et al. (2009). Multiplied by an area of 0.16 × 1012 m2 the 
export production of 1416 mg m−2 day−1 amounts to 83 Tg C year−1 which we 
will consider as upper estimate for the export production in the BUS between 18◦S 
and 28◦S in the following discussion. 

25.5.3 Redfield Ratio 

In 1934, Redfield introduced the concept of a constant carbon to nutrient ratio in 
the year 1934 and provided further support in a couple of follow-up publications 
(e.g. Redfield 1934, 1958; Redfield et al. 1963). He discovered that changes in the 
concentration of DIC, nitrate, phosphate, and oxygen in the water column reflect the 
stoichiometry of plankton. Today a C/N/P/-O2 ratio of 106/16/1/−138 is considered 
as the classical Redfield ratio. During the last 60 years, the number of observations 
increased enormously showing that the Redfield ratios derived from correlations of 
dissolved components reveal a remarkedly low variability (Anderson and Sarmiento 
1994; Takahashi et al. 1985) in comparison to those derived from the elementary 
composition of plankton (Boyd and Trull 2007; Planavsky 2014; Martiny et al. 
2013). Hence, we are again confronted with a discrepancy between bottom-up 
(dissolved components) and top-down (plankton stoichiometry) approaches. 

25.5.3.1 Redfield Ratio: A Top-Down Approach 
A main factor controlling the Redfield ratio is the ratio between cyanobacteria 
and eukaryotic plankton as cyanobacteria often show enhanced and highly variable 
Redfield ratios (Karl et al. 1997; Bertilsson et al. 2003; Sanudo-Wilhelmy et 
al. 2004). Hence, C/N/P ratios in oligotrophic subtropical gyres dominated by 
cyanobacteria are high, with C/N/P values of 195:28:1 (Martiny et al. 2013; Teng 
et al. 2014). However, in addition to variations in plankton community structure, 
environmental changes such as temperature and pH variations as well as nutrient 
stress could influence the carbon to nutrient ratios in individual plankton clades 
(Boyd and Trull 2007; Planavsky 2014; Martiny et al. 2013; Geider and La Roche 
2002; Riebesell et al. 2007). Hence, organic matter in nutrient-rich environments 
and at high latitudes often reveal lower Redfield ratios (78/13/1, C/N = 6) than in 
nutrient-depleted regions (138/18/1, C/N = 7.7) at lower latitudes (Martiny et al. 
2013; Teng et al. 2014). 

This compilation also shows that in comparison to C/P ratios, the variability of 
C/N ratios is quite low (6–7.7) and hardly deviates from the classical Redfield ratio
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Table 25.3 Mean C/N and C/P ratios with corresponding standard deviations (std) and n number 
of samples measured. The samples were obtained from net catches at locations marked as ‘M153 
Zooplankton’ in Fig. 25.2 

C/N C/P n 

Mean Std Mean Std 

Fish 4.6 0.5 61.6 15.6 13 
Squid 4.5 0.5 106.8 10.5 5 
Zooplankton 5.1 0.7 82.0 11.5 15 
Jelly fish 4.0 0.2 110.0 16.3 4 

of 6.6. We obtained a similar result from plankton samples which were collected 
within the chlorophyll maximum during the cruise M153. The chlorophyll maxi-
mum is the zone within surface waters where the highest chlorophyll concentration 
occurs. C/N ratios determined from these samples vary between 5.6 and 8.6, with 
a mean of about 6.7 in the NBUS and SBUS. Zooplankton, fish, squid, and jelly 
fish samples collected by net catches during the cruise M153 reveal, in turn, lower 
C/N ratios of about 4.7 ± 0.7 (n = 37), suggesting an enrichment of nitrogen within 
higher trophic levels of the food web (Table 25.3). 

Our zooplankton samples include euphausiids, amphipods, and decapods, but 
excluded copepods. Copepods are abundant in the BUS as well as in our drifter 
samples and are known to reveal highly variable C/N ratios of 3.6–10.4 (Bode 
et al. 2015; Schukat et al. 2014). In order to study the role of zooplankton in 
more detail, we also deployed drifting sediment traps during the cruise M153 as 
mentioned before. The results show that the zooplankton carbon contributes on 
average 65 ± 21% to the total organic carbon collected by the traps with a mean 
C/N ratio of 7.8 ± 1.1. Considering the total organic carbon flux (zooplankton and 
the <1 mm fractions) results in a mean C/N ratio of 8.1 ± 1.8. This is similar 
to the mean C/N ratios of 8.7 determined by other sediment trap experiments in 
the region including traps deployed at water-depths down to 2500 m (Vorrath et 
al. 2018) and those C/N ratios measured in the moored NBUS traps (8.4 ± 1.3). 
Compared to phytoplankton (5.6–8.6, mean: 6.7), these slightly enhanced C/N ratios 
could be caused by a preferential decomposition of organically bound nitrogen in 
the water column or inputs of organic matter from land and resuspended sediments. 
On the other hand, we discovered in line with an earlier study along the European 
continental margin (Antia 2005) a preferential leaching of phosphorus containing 
organic components, which raised C/P ratios to values of >400. Hence, C/P ratios 
measured in trap samples have been ignored in this discussion. Along the European 
continental margin where traps had been deployed at water-depths between 600 and 
3200 m, leaching of organically bound nitrogen raised the C/N ratio on average from 
8.1 to 11.3 (Antia 2005). Even though a mean C/N ratio of 8.1 ± 1.8 as measured 
by our traps at a water-depth of 60–75 m implies a comparably low leaching of 
organically bound nitrogen, it could suffice to explain the slightly enhanced C/N 
ratio in the trapped exported organic matter. To which extent C/N ratios derived from
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concentrations of DIC, phosphate, and nitrate reflect those of particulate matter will 
be discussed in the next section. 

25.5.3.2 Redfield Ratio: A Bottom-Up Approach 
In the NBUS and SBUS, nitrate and phosphate concentrations are correlated, while 
the slope derived from the regression equation suggests mean N/P ratios of 13.7– 
14 (Fig. 25.7). The slightly lower N/P ratio in the NBUS (Fig. 25.7b) is most  
likely a consequence of nitrate reduction (Tyrrell and Lucas 2002). This occurs in 
the NBUS OMZ (e.g. Nagel et al. 2013), which is more intense than the SBUS 
OMZ. However, C/N and C/P ratios are more difficult to determine since the 
solubility pump accounts for the majority of the carbon dissolved in ocean waters. 
The y-axis intercept of the regression line derived from the correlation between 
phosphate and DIC concentrations indicates the DIC background concentrations of 
2144 μmol kg−1 in the NBUS and 2085 μmol kg−1 in SBUS. These differences 
could be caused by the dissolution of carbonates, as well as varying pCO2 disequi-
libria between surface waters and the atmosphere and the uptake of anthropogenic 

Fig. 25.7 DIC versus phosphate concentrations as well as phosphate versus nitrate concentrations 
measured in samples obtained in NBUS and SBUS during the cruise M153
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CO2 during the formation of ESACW and SACW. The slopes, in turn indicate C/P 
ratios of 81.1 and 86.7 in the NBUS and SBUS, respectively. 

Well-accepted and often used methods (Sabine et al. 1999; Gruber et al. 2019) 
associated with the quasi-conservative tracer �C* can be used to quantify the 
influence of the pCO2 disequilibria between ocean and atmosphere, the dissolution 
of carbonate and the uptake of anthropogenic CO2 on the DIC concentration 
(Gruber et al. 1996). But since these methods already rely on the assumption 
of a constant Redfield ratio as derived from Anderson and Sarmiento (1994) 
of 117/16/1/170 (C/N/P/−O2), they are not applicable here where we aim to 
determine Redfield ratios in the BUS. Nevertheless, deviation from the minimum 
TA was considered as a consequence of carbonate dissolution and the corresponding 
release of DIC (DICdissolution = (TAmeasured – TAminimum)/2) as well as the DIC 
background concentrations were subtracted from the measured DIC concentrations 
(DICcorrected = DICmeasured – DICdissolution – DICbackground). These corrections 
reduced the differences between NBUS and SBUS, and the slope of the resulting 
regression equation implied a C/P ratio of 93 (Fig. 25.8). C/P ratios varying between 
81.1 and 93.0 combined with N/P ratios of 13.7–14.0 suggest a mean Redfield ratio 
of 87 ± 6/14 ± 0.2/1. The resulting C/N of about 6.3 falls slightly below the classical 
Redfield C/N ratio of 6.6 and C/N ratios determined by us in the chlorophyll 
maximum with a mean of about 6.7. Considering the chlorophyll maximum C/N 
ratios instead of the N/P ratio derived from nitrate and phosphate concentrations 
results in a mean Redfield ratio of 87 ± 6/13 ± 3/1. The differences between these 
two approaches are low and the overall relatively low Redfield ratios are similar 
to those derived from plankton in nutrient-rich environments and high latitudes 

Fig. 25.8 Corrected DIC versus phosphate concentrations from the NBUS and SBUS. The red 
line marks the regression equation (DICcorrected = 92.9 × PO4 + 2.129, r = 0.782, n = 617) and 
the blue line shows show the Redfield ratio
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(78/13/1). However, in February 2011, we determined with a bottom-up approach 
a Redfield ratio of about 100 ± 1/16 ± 2/1 off Namibia and also located a region 
on the Namibian shelf where anaerobic processes in association with nutrient fluxes 
across the sediment water interface reduced the Redfield ratio to 66/10/1 (Flohr et al. 
2014). Hence, Redfield ratios seem to vary interannually and could be influenced by 
sediment water interactions within pronounced bottom water OMZ. Nevertheless, 
regarding the CO2 uptake by the biological carbon pump, our bottom-up and top-
down approach based on the M153 data support Redfield’s findings and imply 
that the consumption of upwelled nitrate and phosphate adsorbs as much CO2 as 
is released during the respiration of exported organic matter. This, in turn, poses 
the question as to how the carbon export could influence the CO2 uptake by the 
biological carbon pump. 

25.5.4 CO2 Sequestration 

In order to estimate carbon sequestration by the biological carbon pump, we applied 
the bottom-up approach to calculate export production and used the Redfield ratio 
to convert phosphate supply into surface waters into carbon export production rates. 
In principle, this approach is similar to those used by Waldron et al. (2009) for  
the SBUS but in contrast to Waldron et al. (2009), we used only preformed and 
not the total nutrient concentrations of the source waters. As discussed before, 
preformed nutrients have been detached from CO2 so that their utilization acts as 
a CO2 sink. Since the preformed phosphate concentrations contribute about 30% 
to the total phosphate concentration (Table 25.2), the CO2 uptake by the biological 
carbon pump amounts to about one third of the total export production. In the BUS 
between 18◦S and 28◦S which approximately covers the Namibian part of the BUS, 
we estimated a total export production of 65–83 Tg C year−1, whereas Waldron et 
al. (2009) suggested a total export production of about 7–39 Tg C year−1 for the 
South African part of the BUS. Assuming that utilization of preformed nutrients 
accounts for 30% of the total export production suggests a CO2 uptake of 20– 
25 Tg C year−1 (mean = 22.5 ± 2.5 Tg C year−1) in the Namibian part of the 
BUS and 2–12 Tg C year−1 (mean = 7 ± 5 Tg C year−1) in the South African 
part of the BUS which is similar to the results of our previous study (Siddiqui et al. 
2023). 

In order to estimate possible impacts of changing Redfield ratio, we repeated 
the calculations but instead of the classical C/P ratio of 106, we used a C/P ratio 
of 87 ± 6 as determined by using the M153 data. The resulting effect can be 
calculated by the rule of three (export driven by preformed nutrients/106 × 87 ± 6) 
which lowered the mean CO2 uptake rates to 18.5 ± 3.3 Tg C year−1 and 
6.0 ± 5.0 Tg C year−1 for the Namibian and the South African part of the 
BUS, respectively. This represents a decrease of the calculated CO2 uptake by the 
biological carbon pump of 17% (4 Tg C year−1) and 13% (1 Tg C year−1) off  
Namibia and South Africa.
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The CO2 uptake rates by the biological carbon pump of 18.5 ± 3.3 Tg C year−1 

and 6.0 ± 5.0 Tg C year−1 are in the same order of magnitude as the CO2 uptake 
by AFOLU of 30.6 Tg C year−1 (Namibia) and 7.5 Tg C year−1 (South Africa, see 
Table 25.1), but these carbon fluxes cannot be compared to each other since the latter 
represents human impacts on the CO2 uptake by terrestrial ecosystems. Even though 
marine ecosystems respond to global change (Lamont et al. 2019; Verheye et al. 
2016; Jarre et al. 2015; Hutchings et al. 2012), fisheries (Bianchi et al. 2021) and in 
particular bottom trawling which will be discussed in the following section, effects 
on the CO2 uptake by the biological carbon pump via influences on the Redfield 
ratio have not yet been quantified. Nevertheless, the magnitude of the CO2 uptake 
rates by the biological carbon pump is on levels at which small changes due to, e.g., 
decreasing C/P ratios of 17% or 13%, respectively, could influence the CO2 uptake 
by AFOLU significantly. 

25.5.5 Benthos 

So far, we discussed the CO2 uptake by the biological carbon pump in the water 
column, but it also influences the burial of carbon in sediments. This represents a 
removal of carbon from the climate active carbon cycle and humans could favour 
and reduce it. An enhanced supply of clay and other minerals via dust inputs and 
river discharges due to soil as well as coastal erosion favours the organic carbon 
sedimentation by reducing the remineralization of organic matter in the water col-
umn and surface sediments mainly by two processes. Firstly, minerals incorporated 
into particles increase their sinking speed and the resulting accelerated transport 
of organic matter from the euphotic zone onto the sediments lowers the residence 
time of organic matter in the water columns and therewith its remineralization (e.g. 
Rixen et al. 2019b). Secondly, the adsorption of organic matter to mineral surfaces 
reduces its remineralization in the water column and surface sediments by protecting 
organic matter against bacterial attacks (e.g. Armstrong et al. 2002; Hedges 1977). 
Vice versa, bottom water trawling remobilizes the sedimentary organic matter and 
favours its return into the climate active carbon cycle. Sala et al. (2021) introduced 
an approach to quantify impacts of bottom trawling on the remobilization of carbon 
from marine sediments on a global scale. Assuming a continuous bottom trawling, 
Sala et al. (2021) suggested, for instance, a global long-term sedimentary organic 
carbon loss of about 158 Tg C year−1, and also broke it down to the BUS where 
it amounts to about 5 Tg C year−1 

. In comparison to AFOLU and our estimates of 
the CO2 uptake by the biological Compared to AFOLU and our estimates of the 
CO2 uptake by the biological carbon pump of about 24 Tg C/year-1 in the entire 
BUS (NBUS and SBUS), this is a substantial amount. It shows that humans can 
significantly affect the CO2 uptake of the biological carbon pump which still needs 
to be quantified.
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25.6 Conclusion 

In contrast to the often assumed and used constant global mean Redfield ratio, our 
results indicate varying Redfield ratios whereas the one determined by us during 
the TRAFFIC cruise M153 (87 ± 6/13 ± 3/1) is similar to those derived by other 
studies in nutrient-rich environments and high latitudes (78/13/1). CO2 uptake by 
the biological carbon pump based on the supply of preformed nutrients and the 
Redfield ratio amounts to 18.5 ± 3.3 Tg C year−1 and 6.0 ± 5.0 Tg C year−1 for 
the Namibian and South African parts of the BUS, respectively. These uptake rates 
are on a level at which small changes could influence the CO2 uptake by AFOLU 
significantly. Considering the release of sedimentary carbon by bottom trawling 
and that ecosystems in the BUS respond to global change and fisheries, it is quite 
likely that humans affect the CO2 uptake by the biological carbon pump already 
but uncertainties are still too large to quantify such impacts. Hence, we suggest 
to improve methods to estimate the supply of preformed nutrients, carbon export 
rates, and Redfield ratios and expand monitoring strategies by linking established 
observing methods such as remote sensing and sediment trap studies, and focus on 
CO2 observation at the outer rim of the upwelling system. This appears to be a 
key site to detect long-term changes in the balance between the biological carbon 
pump and solubility pump. Despite large uncertainties regarding the CO2 uptake by 
the biological carbon pump and its influence on the solubility pump, we propose to 
include parameters such as preformed nutrient supply, carbon export rates, Redfield 
ratios, and CO2 concentrations measured at specific key sites into the NIR. 
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Abstract 

Terrestrial net primary production (NPP) is a fundamental Earth system variable 
that also underpins resource supply for all animals and fungi on Earth. We anal-
ysed recent past NPP dynamics and its drivers across southern Africa. Results 
from the Dynamic Global Vegetation Model (DGVM) LPJ-GUESS correspond 
well with estimates from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellite sensor as they show similar spatial patterns, temporal trends, 
and inter-annual variability (IAV). This lends confidence to using LPJ-GUESS 
for future climate impact research in the region. Temporal trends for both datasets 
between 2002 and 2015 are weak and much smaller than inter-annual variability 
both for the region as a whole and for individual biomes. An increasing NPP 
trend due to CO2 fertilisation is seen over the twentieth century in the LPJ-
GUESS simulations, confirming atmospheric CO2 as a long-term driver of 
NPP. Precipitation was identified as the key driver of spatial patterns and inter-
annual variability. Understanding and disentangling the effects of these changing 
drivers on ecosystems in the coming decades will present challenges pertinent to 
both climate change mitigation and adaptation. Earth observation and process-
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based models such as DGVMs have an important role to play in meeting these 
challenges. 

26.1 Introduction 

Plant photosynthesis on land takes up about 120 billion tons of carbon (C) per year, 
which is equivalent to 440 billion tons of CO2 (Friedlingstein et al. 2020). This is 
about 10 times more than the global annual CO2 emissions of 43 billion tons of CO2 
(Friedlingstein et al. 2020). About half of this uptake is used by plants as respiration 
to maintain their metabolism and for nutrient uptake (Gonzalez-Meler et al. 2004). 
The rest is available as net primary production (NPP) to grow new biomass, replace 
leaves and fine roots, transfer sugars to mycorrhizal fungi in the soil, and produce 
root exudates and biogenic volatile organic compounds (Chapin et al. 2011). 

NPP is the carbon gained by plants using photosynthesis at the ecosystem level 
after subtracting the respiration costs, and can thus be calculated as the gross 
primary production (GPP) minus plant autotrophic respiration (Ra) (Chapin et al. 
2011). NPP is important for providing fundamental resources for all animals and 
fungi on Earth including ecosystem services for people such as food, fibre, and 
timber production (Melillo et al. 1993; Abdi et al. 2014; Ardö  2015; Pan et al. 2015). 
The importance for human society can also be illustrated through the large fraction 
of NPP used by humans, which has been estimated as human appropriation of net 
primary production (HANPP) (Fetzel et al. 2012). HANPP is currently estimated to 
be about 25% of global NPP (Haberl et al. 2007; Niedertscheider 2011; Abdi et al. 
2014; Andersen and Quinn 2020). 

The main direct drivers of NPP include: temperature, precipitation, solar radia-
tion, the CO2 concentration in the atmosphere, nutrient availability, and vegetation 
structure such as the amount of leaves per ground area (Heisler-White et al. 2008; 
Reeves et al. 2014; Gao et al. 2016; Feng et al. 2019; Ji et al.  2020; Zhang et al. 
2021). Atmospheric CO2 influences NPP both directly as the photosynthesis of 
plants with the common C3 photosynthesis partly CO2-limited, and indirectly, as 
many plants reduce stomatal conductance under enhanced CO2 levels, which can 
lead to more conservative water use (Archibald et al. 2009; Reeves et al.  2014; Xu  
et al. 2016). In savannas, these plant-physiological CO2 effects can lead to complex 
changes in vegetation dynamics and fire as plants with C4 photosynthesis, which are 
most savanna grasses, benefit much less from increasing CO2 than woody plants, 
which can lead to woody encroachment (Midgley and Bond 2015). Terrestrial NPP 
patterns are expected to change in the future in response to these drivers and human 
population dynamics, thus necessitating assessment of NPP sensitivity to climate 
and other environmental change (Mohamed et al. 2004; Reeves et al.  2014). The 
overall vegetation NPP in warm dry regions, such as most of southern Africa is 
commonly mostly limited by precipitation or the amount of available moisture 
(Nemani et al. 2003; Hickler et al. 2005; Ji et al.  2020).
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Given that NPP is one of the most variable components of the terrestrial C 
cycle, ecologists aim to make accurate estimates of this component when conducting 
research on terrestrial ecosystems, C cycles, and climate change (Sala and Austin 
2000; Yu et al.  2018). Answering important questions concerning the global C 
balance, and predictions of the effects of global climate change rely on estimates 
of this fundamental quantity (Sala and Austin 2000). However, directly measuring 
GPP and NPP in the field is close to impossible and hence researchers resort to 
estimating the vegetation production components (Clark et al. 2001; Chapin et al. 
2011; Peng et al. 2017). 

There are various ways to estimate NPP across large extents and this includes: 
(1) field surveys (and subsequently extrapolating field measurements for local NPP 
to larger regions, using a vegetation map), (2) Earth Observation-based products, 
which are also informed by field survey, and (3) process-based ecophysiological 
modelling (Ruimy et al. 1994; Zhao et al. 2005). In this chapter, we focus on the 
latter two. Temporal trends, particularly if shown by both of these two approaches, 
will highlight whether there is increase (greening) or decrease (browning) of NPP 
in the study region (Zhu et al. 2016). 

Southern Africa is one of the regions identified as most vulnerable to climate 
change (Pan et al. 2015; Ranasinghe et al. 2021; Chap. 3). Precipitation is expected 
to decrease over the summer rainfall region of southern Africa, and with the drying 
effect of increased temperature will thus lead to a robust and pronounced decrease 
in soil moisture over the region (IPCC 2021; Chaps. 6 and 7). In the summer 
rainfall areas, this is due to the El Niño/Southern Oscillation phenomenon (ENSO) 
which is negatively correlated with the amount of rainfall during the summer season 
in southern Africa (Malherbe et al. 2015; Chap. 6). Furthermore, there is high 
confidence in projected mean precipitation decreases in west southern Africa and 
medium confidence in east southern Africa by the end of the twenty-first century 
(Ranasinghe et al. 2021; Chap. 7). 

Climate change will challenge agriculture, forestry, water systems, health, and 
the adaptive capacity of the natural ecosystems of the region (Pan et al. 2015). 
Robust projections of NPP will be highly relevant to meeting these coming 
challenges. However, in order to produce such projections, a solid understanding of 
the current NPP dynamics and drivers must be established. To this end, we seek to 
shed light on the following research questions: (1) what are the current NPP spatial 
distribution and temporal trends in southern Africa? (2) how consistent are the 
estimates of NPP from different methods? (3) what are the drivers of the dynamics 
that are producing these spatial patterns and temporal trends? and (4) can process-
based models give robust estimates of future NPP by capturing these dynamics? 
Therefore, in this chapter, we: (1) examine and compare spatial and temporal NPP 
patterns for southern Africa derived from a Dynamic Global Vegetation Model 
(DGVM) and Earth observation-based estimates and (2) investigate some possible 
drivers (climate variables and atmospheric CO2 concentration) of NPP in the region. 
(3) Furthermore, we subset our data using a well-known biome map to determine 
the NPP patterns and drivers for different ecosystems.

http://doi.org/10.1007/978-3-031-10948-5_3
http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_7
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26.2 Materials and Methods 

26.2.1 Study Region 

The southern African region (here defined as −35.0 S to −20.0 S and 13.5 E to 
35.0 E) is located on the southernmost part of the African continent consisting 
of several countries, namely: Angola, Botswana, Lesotho, Malawi, Mozambique, 
Namibia, South Africa, Swaziland, Zambia, and Zimbabwe. Southern Africa has 
both low-lying coastal areas, and mountains with varied terrain, ranging from 
forest and grasslands to deserts. Furthermore, the region has diverse ecoregions 
that includes grassland, bushveld, Karoo, savanna, and shrublands (Rutherford et 
al. 2006; Schoeman and Monadjem 2018). The climate across southern Africa 
varies from arid conditions in the west to humid subtropical conditions in the north 
and east, while much of the central part of southern Africa is classified as semi-
arid (Cooper et al. 2004; Daron 2015). Despite the wide range of climate types, 
agriculture is a critical sector for all of the economies of southern African countries, 
so the effects of climate change on NPP and the knock-on effects on agricultural 
productivity, ecosystem service development, and food security are highly relevant 
across the study region (Gornall et al. 2010). 

26.2.2 Data Sources 

26.2.2.1 Earth Observation Data 
MODIS and other Earth observation missions are essential tools for the development 
and evaluation of Earth system models predicting global ecosystem changes, which 
are an important information source for political decision-makers (Simmons et al. 
2016; Chaps. 24 and 29). The use of Earth observation data allows the monitoring 
of different ecosystem variables (e.g. vegetation/biomass changes, surface moisture 
dynamics, etc.) with high spatial resolution and short temporal intervals (Gao et al. 
2013). Earth observation data from various sources has become a valuable tool for 
analysing vegetation productivity in combination with in situ NPP estimates (Zhao 
et al. 2005; Fukano et al. 2021). A variety of light use efficiency (LUE) models have 
been developed (Running et al. 2004; Zhang et al. 2015) to calculate GPP from 
measured absorbed photosynthetically active radiation (APAR) (Xiao et al. 2019). 
Earth observation data have also been integrated with machine learning approaches 
(Xiao et al. 2008; Jung et al. 2009) and process-based models (Hazarika et al. 2005; 
Liu et al. 2019) for quantifying C fluxes (e.g. GPP and NPP). Autotrophic respiration 
can be estimated using modelling approaches that use daily climate variables and 
estimated biomass, and this can then be subtracted from GPP to derive NPP (Clark 
et al. 2001; Ardö  2015). In addition to estimates of these fluxes, the so-called 
vegetation indices (formed by combining two or more spectral bands) have been 
developed to characterise different aspects of vegetation from Earth observation 
data (Masoudi et al. 2018). Studies have shown the normalised difference vegetation

http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_29
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index (NDVI) to be a good proxy for NPP at high spatial resolution (Zhao et al. 
2005; Pachavo and Murwira 2014; Cui et al. 2016). NDVI is expressed as: 

.NDVI = (NIR − RED)

(NIR + RED)
(26.1) 

where NIR and RED are reflectance values in the near-infrared and red wavelengths, 
respectively (Tucker 1979). NDVI values range from +1.0 to −1.0, where negative 
values may be representative of cloudy conditions or areas over water bodies. 
Areas of barren rock, sand, or snow show very low NDVI values of 0.1–0; sparse 
vegetation such as shrubs and grasslands or senescing crops may show moderate 
NDVI values of 0.2–0.5; and high NDVI values of 0.6–0.9 correspond to dense 
vegetation found in temperate and tropical forests or crops at their peak growth 
stage (Higginbottom and Symeonakis 2014). 

26.2.2.1.1 Earth Observation Platforms and Products 
This study primarily utilised time series information from MODIS sensors onboard 
the satellites TERRA and AQUA (Minnett 2001; Yang et al. 2006; Cao  2020). Both 
platforms have sun-synchronous orbits with a revisit time of 1–2 days (Savtchenko 
et al. 2004). Data is acquired in 36 spectral bands with wavelengths ranging from 
0.4 to 14.385 μm (Cao  2020). 

For this study, NPP was taken from the MOD17A3 (UM Collection 5) annual 
totals. The MOD17 products are the first MODIS operational data sets to regularly 
monitor global vegetation productivity (Zhao et al. 2005; Yu et al.  2018). Details of 
the MODIS NPP derivations are provided in the section below. 

NDVI estimates were taken from the MOD13C2 Collection 6, 16-day product 
(at monthly intervals) which is at 1 km spatial resolution and is provided in 
0.05 degree geographic climate modelling tiles (Solano et al. 2010). The 16-day 
product was processed to mean annual values in R. This dataset has been used 
for modelling global biogeochemical and hydrologic processes in both global and 
regional climates (Didan 2015). Furthermore, the data have been utilised in studies 
to characterise land surface biophysical properties and processes, including primary 
production and land cover conversion (Solano et al. 2010; Didan 2015). 

In addition, NDVI time series from the Advanced Very-High-Resolution 
Radiometer (AVHRR) sensor on board of the National Oceanic and Atmospheric 
Administration’s (NOAA) polar-orbiting satellites was used to investigate NDVI 
long-term trends. Mounted on a polar-orbiting satellite it acquires images of the 
visible, near-infrared, and thermal infrared parts of the electromagnetic spectrum 
(Kidwell 1995; Sus et al. 2018). The sensor has a spatial resolution of approximately 
1.1 km at satellite nadir and covers the time period from 1981 to 2015 (Trishchenko 
et al. 2002). NOAA AVHRR is a widely used sensor due to its long-term monitoring 
period and retrieval of various land surface parameters such as land cover/use 
dynamics, NDVI, Land Surface Temperature (LST), and Albedo (Forkel et al. 
2013; Wang et al. 2020; Gulev et al. 2021; Urban et al. 2013).
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26.2.2.1.2 MODIS NPP Derivation 
The MOD17 algorithm is based on the original LUE logic of Monteith (1972). Input 
data for the model include climatic variables such as temperature, solar radiation, 
vapour pressure deficit (VPD) from meteorology dataset from NASA global 
modelling and assimilation office (Running et al. 2004). MOD15 leaf area index 
and fraction of absorbed photosynthetically active radiation (FAPAR) products are 
also utilised (Running et al. 2004; Zhao et al. 2005). Land cover classification 
from MODIS MCD12Q1 data product is used (Running et al. 2004). A Biome 
Parameter Lookup Table (BPLUT) containing values of ε_max (Eq. 26.2) was  
derived and later updated (Running et al. 2004; Zhao et al. 2005). The table contains 
different vegetation types, temperature, and VPD limits and other biome-specific 
physiological parameters for respiration calculations (Running et al. 2004). The 
different vegetation types obtained from the land cover type 2 classification include: 
evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, 
deciduous broadleaf forest, mixed forests, closed shrublands, open shrublands, 
woody savannas, savannas, grasslands, and croplands. Environmental multipliers 
represent limitations by low temperature and high VPD, and autotrophic respiration 
is estimated with a Q10 relationship (Zhao et al. 2005; Ardö  2015). The MOD17 
algorithm calculates daily GPP as: 

.GPP = εmax × 0.45 × SWrad × FPAR × f (VPD) × f (Tmin) (26.2) 

where εmax is the maximal, biome-specific light use efficiency (g C MJ−1), SWrad is 
incoming short-wave radiation [assuming 45% to be photosynthetic active radiation 
(PAR)], FPAR is the fraction of photosynthetically active radiation, f (VPD) and 
f (Tmin) are linear scalars reducing GPP due to water and temperature stress (Ardö 
2015). The model estimation utilises the fact that GPP is closely related to the APAR 
and that APAR can be measured continuously using Earth observation sensors (e.g. 
MODIS) (Cui et al. 2016; Xiao et al. 2019). The FPAR is estimated as a function 
of NDVI, derived from the standard MODIS land product (MOD15) (Eqs. 26.3 and 
26.4) (Running et al. 2004; Zhao et al. 2005; Gonsamo and Chen 2017). 

.
APAR

PAR
= NDVI (26.3) 

.FPAR = APAR

PAR
= NDVI (26.4) 

.GPP = εmax × PAR × NDVI × f (VPD) × f (Tmin) (26.5) 

.PsnNet = GPP − Rml − Rmr (26.6)
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NPP is calculated annually as: 

.NPP =
∑365

i=1
PsnNet − (

Rmo + Rg
)

(26.7) 

where PsnNet is the maintenance respiration by leaves (Rml) and fine roots (Rmr) 
and is calculated daily. Rmo is the annual maintenance respiration by all other living 
parts except leaves and fine roots, Rg is the annual growth respiration (Zhao et al. 
2005). 

The products were projected to a geographic grid while resampling to 0.5 degree 
using “average” resampling type in order to match the resolution of the climate input 
data used to drive our DGVM. Grid cells without valid MOD17 NPP (MOD12Q1 
land cover barren, water, or urban) were masked out from the LPJ-GUESS data 
in order to make the data sets comparable with identical spatial extent, land cover 
classes, and number of grid cells. The datasets were aggregated (annual sums for 
NPP, annual means for NDVI) to a 14-year annual time series from 2002 to 2015. 

26.2.2.2 Dynamic Vegetation Models 
A class of ecosystemmodels known as dynamic global vegetation models (DGVMs) 
have been developed to simulate vegetation dynamics and biogeochemical cycling 
either at regional or global scales (Prentice et al. 2007; Sitch et al. 2008; Smith et al. 
2014). DGVMs represent basic ecophysiological processes, such as photosynthesis, 
plant and soil respiration, C allocation, and plant growth, competition between 
plant types for resources (commonly light and water, increasingly also nutrients) 
and disturbances such as fire (Ardö 2015; Hantson et al. 2016). Simulating the 
impacts of climate change on ecosystems and feedback from ecosystems on climate, 
in particular via the terrestrial carbon cycle, has been a research priority (Prentice 
et al. 2007; Kelley et al. 2013). Subsequently, the representation of land-use has 
also received attention and has been integrated into DGVMs (Bondeau et al. 2007; 
Lindeskog et al. 2013; Pugh et al. 2019; Drüke et al. 2021). 

DGVM’s largest potential lies in process-understanding (Hickler et al. 2005) 
rather than short-term predictions, which can be even more accurate with empirical 
approaches. DGVMs are powerful tools to quantify spatial and temporal variations 
in ecosystem C fluxes and to analyse the underlying mechanisms of NPP at large 
scales (Tao et al. 2003; Yu et al.  2018). DGVMs have the potential to accurately 
explain how ecosystem processes will interact in future climatic conditions, CO2 
concentration, nitrogen deposition, land-use changes, and soil conditions (Melillo 
et al. 1993; Luo et al. 2004; Ardö  2015). DGVMs are driven with climate and 
other environmental data (e.g. soil properties and nutrient deposition) which can 
be either historical (observed) data sets or projections of past/future environmental 
conditions. 

26.2.2.2.1 LPJ-GUESS Model and Setup 
The Lund–Potsdam–Jena (LPJ) model has been developed as a process-based 
DGVM which can efficiently represent the land–atmosphere interaction and poten-
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tially be applied for broader global problems (Gerten et al. 2004; Sitch et al. 2003). 
The Lund–Potsdam–Jena General Ecosystem Simulator (LPJ-GUESS) framework 
was originally developed to add a more detailed representation of vegetation 
dynamics through a “forest-gap model” to the LPJ DGVM (Smith et al. 2001). Thus, 
LPJ-GUESS is an individual (or cohort) based model which combines biogeography 
and biogeochemistry typical of a DGVM with a comparatively more detailed 
individual and patch-based plant functional type (PFT) representation of vegetation 
structure, demography, growth, mortality, reproduction, carbon allocation, and 
resource competition (Smith 2001; Sitch et al. 2003). The model now includes an 
interactive nitrogen cycle (Smith et al. 2014), which can limit photosynthesis and 
is so important to constrain future potential CO2 fertilisation effects (Hickler et al. 
2015), and a representation of agricultural land and management (Lindeskog et al. 
2013). 

In the framework, productivity is simulated as the emergent outcome of growth 
and competition for light, space, and soil resources among woody plant individuals 
and a herbaceous understory in a number of a replicate patches (typically 15–50) 
representing “random samples” of each simulated locality or grid cell (Smith 2001). 
Natural, cropland, and pasture land cover types are distinguished and their fractional 
covers are prescribed from the dataset by Hurtt et al. (2011). Within the cropland 
land cover type, crop fractions from the MIRCA database (Portmann et al. 2010) are  
used and nitrogen fertiliser application rates from Zaehle et al. (2010) are prescribed. 

In this study, we used the standard version of the cohort-based LPJ-GUESS 
model using 20 replicate patches at a spatial resolution of 0.5◦ × 0.5◦. Climate forc-
ing data from the CRU JRA v2.0 dataset (details below) were used. Land-use dataset 
by  Hurtt et al.  (2011) was included. The global plant functional types (PFTs) anal-
ysed in our model were: boreal needleleaf evergreen (BNE), boreal shade-intolerant 
needleleaf evergreen (BINE), boreal needleleaf summergreen (BNS), temperate 
needleleaf evergreen (TeNE), temperate broadleaf summergreen (TeBS), shade-
intolerant broadleaf summergreen (IBS), temperate broadleaf evergreen (TeBE), 
tropical broadleaf evergreen (TrBE), tropical shade-intolerant broadleaf evergreen 
(TrIBE), tropical broadleaf raingreen (TrBR), C3 grasses (C3G), C4 grasses (C4G). 
The model output includes GPP, NPP (kg C m−2 year−1), respiration, carbon pools, 
burnt area fraction, and potential vegetation among other outputs. The model was 
run on a daily time step. All simulations were initialised with a 500 years spinup to 
allow vegetation, soil carbon and nitrogen pools to build up from “bare ground” to 
a “steady state” and then the full transient period (1901–2018) was simulated. Fire 
was enabled through the SIMFIRE-BLAZE fire model (Knorr et al. 2016; Nieradzik 
et al. 2015). 

26.2.2.3 Meteorological Data 
Precipitation, temperature, and solar radiation data from the CRU JRA v2.0 dataset 
were used for both driving the LPJ-GUESS simulations and for investigating the 
correlation between NPP and its potential drivers. As a basis, this dataset starts 
with the Japanese reanalysis (JRA) (Harada et al. 2016; Kobayashi et al. 2015) data 
produced by the Japanese Meteorological Agency (JMA). This is then adjusted,
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where possible, to align with the monthly values of the CRU TS 3.26 dataset (Harris 
and Jones 2019), a gridded land surface dataset based on meteorological station 
data produced by the Climatic Research Unit (CRU). The data availability spans 
from January 1901 to December 2017. The dataset is a 6-hourly, gridded time series 
of ten meteorological variables and is intended to be used to drive models of the 
global land surface and biosphere such as DGVMs. The variables are provided on a 
0.5 × 0.5 degree grid. 

26.2.3 Data Analysis 

NDVI time series from MODIS and AVHRR products along with MODIS NPP 
products were used to assess the vegetation productivity. NPP was simulated to 
assess whether the LPJ-GUESS model agrees with MODIS and AVHRR estimates 
by following the inter-annual variation of remotely estimated NPP and NDVI. This 
was to evaluate the model’s capability to reproduce past data and ultimately adopted 
for future predictions in southern Africa. 

The potential driving factors and trend analysis of NPP and NDVI were 
conducted per biome, according to the South African National Biodiversity Institute 
(SANBI) 2006 biome map (Fig. 26.1) (Rutherford et al. 2006). The biome map is 
made up of nine well-established biomes in South Africa which includes: Savanna, 
Grassland, Nama Karoo, Succulent Karoo, Fynbos, Albany Thicket, Forest, Indian 
Ocean Coastal Belt (IOCB), and Desert (Rutherford et al. 2006). This was to show 
the ecological and climatic variability experienced across the South African region. 
Although the study area covers southern Africa and not just South Africa, the 
SANBI biome was used because it has been studied extensively. Furthermore, the 

Fig. 26.1 South African National Biodiversity Institute (SANBI) 2006 biome map by Rutherford 
et al. (2006)
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study focuses on the dynamics and drivers of NPP per biome where actually the 
South African biomes extend into the upper regions of the study area. 

26.2.3.1 Analysis Software 
The R statistical programming language was used for processing and for statistical 
analysis of the data. MODIS R package (Mattiuzzi et al. 2017) was used to 
download and process MODIS data. We used the DGVMTools R package1 to 
perform comparisons, analysis, and plotting of the spatially explicit simulated and 
remotely sensed NPP distribution across the study region. DGVMTools is a high-
level framework for processing, analysing, and visualising DGVM data output 
which easily interfaces with both the raster package and base R functionality. The 
ggplot2 package (Wickham 2016) was used for additional plotting and linear trend 
analysis. 

26.2.3.2 Time Series Analysis 
The NDVI and NPP time series were analysed along with the key climate variables 
(precipitation, temperature, and solar radiation) over the period 2002–2015. The 
region experienced extreme rainfall events in the year 2000 which were far outside 
its normal variability (Dyson and van Heerden 2001; Smithers et al. 2001). 
Accordingly, the years 2000 and 2001 were excluded from the analysis since 
including them was found to produce spurious trends and thus produced misleading 
analysis and conclusions. The AVHRR NDVI time series were analysed from 1982 
to 2015 in order to gain some perspective of the longer NDVI trend. As these 
variables have different units and magnitudes, we derived aggregated standardised 
anomalies following Seaquist et al. (2008) and this is expressed as: 

.Standardised anomaly =

(
x − x

)

sd
(26.8) 

where x is the annual mean values, . x is the mean of the annual mean values, and sd 

is the standard deviation. 
Linear trends were fitted to NDVI and NPP time series to determine the 

productivity long-term trend (Higginbottom and Symeonakis 2014). Due to the large 
inter-annual variation and relatively short time series of our data, most trends are not 
statistically significant. The Mann-Kendall test (Mann 1945) was used to quantify 
the significance and only p < 0.05 was considered. We also analysed the response 
of LPJ-GUESS simulated NPP to atmospheric CO2 concentration by comparing the 
standard LPJ-GUESS simulation to one with atmospheric CO2 concentration fixed 
from 1901 at its corresponding value of 296.4 ppm.

1 https://github.com/MagicForrest/DGVMTools 

https://github.com/MagicForrest/DGVMTools
https://github.com/MagicForrest/DGVMTools
https://github.com/MagicForrest/DGVMTools
https://github.com/MagicForrest/DGVMTools
https://github.com/MagicForrest/DGVMTools
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26.2.3.3 Statistical Correlation Analyses 
We used Pearson’s product moment correlation coefficient (r) to quantify the level 
of agreement between LPJ-GUESS and MODIS NPP. To examine the relationship 
between different variables (NPP, NDVI, CO2, and different climate factors) Spear-
man’s rank correlation coefficient was used. This is because we are interested in 
monotonic relationships between these variables which do not necessarily need to be 
linear. Spearman’s coefficient is insensitive to any nonlinearity that could undermine 
the detection of a monotonic relationship between the variables. The coefficient 
ranges from −1 to  +1 and was examined using the “PerformanceAnalytics” R 
package (Peterson et al. 2020). Large positive values indicate strong agreement, 
large negative values indicate strong disagreement, and values near 0 indicate 
random agreement (Seaquist et al. 2008; Bon-Gang 2018). 

26.3 Results 

26.3.1 NPP Geographical Patterns 

The broad spatial patterns of NPP are as expected, with higher NPP in regions of 
higher rainfall and lower NPP in areas that experience extreme heat and receive 
less rainfall. In general, NPP simulated by LPJ-GUESS and estimated by MODIS 
showed similar spatial patterns, with Pearson’s r = 0.85 and Root Mean Squared 
Error (RMSE = 0.1446 kg C m−2 year−1). The main difference is lower LPJ-
GUESS simulated NPP values along the coastal regions (Fig. 26.2). Contrastingly, 
LPJ-GUESS showed higher NPP than MODIS as one moves in from the coast. The 
inter-annual dynamics of NPP on a gridcell level correspond reasonably well. This 
is indicated by Pearson’s correlation coefficients of the time series of the individual 

Fig. 26.2 Spatial distribution of modelled NPP and remotely sensed NPP averaged over time 
(2002–2015) to evaluate spatial patterns of NPP over the southern African region. The plot 
presents a strong linear relationship between LPJ-GUESS and MODIS of r = 0.85 and 
RMSE = 0.1446 (kg C m−2 year−1)
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Fig. 26.3 Pearson correlation and significance level of modelled NPP and Earth observation-
based NPP per gridcell, averaged over time (2002–2015). The plot presents a high correlation of 
LPJ-GUESS and MODIS NPP over most parts of the region with great significance level (p < 0.05) 
within the correlated areas 

grid cells with high statistical significance (p < 0.05) over most parts of the study 
region (Fig. 26.3). 

26.3.2 NPP Temporal Development 

When averaged over the whole study region, LPJ-GUESS simulated and MODIS-
estimated NPP showed good agreement in terms of the overall magnitude and inter-
annual variation (Fig. 26.4). The inter-annual variation was found to be large, annual 
values ranged from a maximum of over 0.5 kg C m−2 year−1 in 2006, to less than 
0.35 kg C m−2 year−1 (minima in 2003 and 2015). The time series also revealed a 
small tendency of the LPJ-GUESS model to simulate higher values than estimated 
with MODIS. However, when applying the Mann-Kendall test the trends showed no 
significance. 

Considering NPP times series per biome (Fig. 26.1; Chap. 3) gives a more 
nuanced view of the regional disparities between LPJ-GUESS and MODIS (Fig. 
26.5). The grass-dominated biomes (Grassland and Savanna) showed good agree-
ment in NPP magnitude between LPJ-GUESS and MODIS, the tree-dominated 
biomes (Forest, Albany Thicket, and Indian Ocean Coastal Belt) and Fynbos showed 
consistently higher NPP in MODIS than LPJ-GUESS. This pattern is reversed 
for the most arid biomes (Nama Karoo, Succulent Karoo, and Desert) where 
LPJ-GUESS simulates higher NPP. Both LPJ-GUESS and MODIS NPP showed 
a similar increasing but weak trend for the majority of the biomes (Fig. 26.5). 
However, on a per grid cell basis, the majority of the region shows no significant 
trends for both the LPJ-GUESS and MODIS NPP (Fig. 26.6b). 

Examination of simulated LPJ-GUESS NPP over a longer period (1901–2015) 
showed high inter-annual variation against a backdrop of increasing NPP (Fig. 
26.7b) caused by rising atmospheric CO2 (Fig. 26.7a). According to the model, NPP 
has increased by 18% since 1901. This is in agreement to the increasing trend for

http://doi.org/10.1007/978-3-031-10948-5_3
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Fig. 26.4 Temporal distribution of LPJ-GUESS modelled and MODIS-estimated NPP 
(kg C m−2 year−1) averaged over the whole southern Africa study region 

Fig. 26.5 Absolute values and linear trends of NPP (kg C m−2 year−1) and NDVI (unitless) per 
biome
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Fig. 26.6 (a) Trend in modelled and Earth observation NPP. (b) The significance in trends for 
both modelled and Earth observation NPP. The majority of the region shows no significant trends 
for both products 

2002–2015 (Fig. 26.4). This longer term trend in NPP is significant (Mann-Kendall 
p < 0.00005). 

The longer time series of AVHRR data averaged over the whole study area 
showed a strong increase in NDVI from 1982 to 2015 and a Mann-Kendall test 
of trend significance revealed high statistical significance with a p < 0.0048 (Fig. 
26.7b). Comparison of NPP and NDVI showed increasing trends (Figs. 26.5 and 
26.7b) for all biomes except for decreasing trends in the desert and flat trends in 
the IOCB for MODIS NDVI and NPP. However, the trends showed no significance 
for the Mann-Kendall test except for MODIS NPP in the Fynbos (p = 0.037) and 
forest (p = 0.016) (data not shown). The decadal scale fluctuations were apparent 
in the longer term time series with some periods of increasing and declining NPP, 
thus indicating that the increasing NPP observed for 2002–2015 is not necessarily a 
new phenomenon or a result of global change, but could simply be a consequence 
of decadal scale climate variability.



26 Dynamics and Drivers of Net Primary Production (NPP) in Southern. . . 773

Fig. 26.7 (a) Annual average NPP (kg C m−2 year−1) across the whole study region simulated 
by LPJ-GUESS with historically varying atmospheric CO2 concentration and CO2 fixed at values 
from the year 1901 (296.3785 ppm) and (b) Aggregated standardised anomalies of historical LPJ-
GUESS NPP (1901–2015) and AVHRR NDVI (1982–2015). This plot evaluates the trends and 
Inter-annual variability (IAV) of NPP over a longer time span 

26.3.3 NPP and NDVI Correlations 

The LPJ-GUESS and MODIS NPP showed high Pearson correlation coefficient 
(ranges from 0.68 to 0.82) throughout the biomes except for Fynbos (0.37) (Table 
26.1). The correlations between the two products showed significance of p < 0.001 
while Fynbos showed no significance. Succulent Karoo (0.49), Albany Thicket 
(0.50), and IOCB (0.16) showed no significance when comparing LPJ-GUESS NPP 
and MODIS NDVI while high and significant (p < 0.001) correlation was observed 
for the rest of the biomes (ranges from 0.64 to 0.91). The IOCB biome (0.36) showed 
low and not significant correlation when comparing MODIS NPP and NDVI, while 
the rest of the biomes showed significantly high correlations (ranges from 0.61 to 
0.93). 

26.3.4 Potential Driving Factors of NPP 

Precipitation showed similar inter-annual variation to that of LPJ-GUESS and 
MODIS NPP per biome, as demonstrated by significantly high correlations with
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Fig. 26.8 Aggregated standardised anomalies of precipitation, temperature, and solar radiation in 
comparison with both the modelled and Earth observed NPP per biome 

both MODIS (0.56–0.95) and LPJ-GUESS NPP (0.81–0.95) (Fig. 26.8 and Table 
26.1). However, there were two notable exceptions to this: the correlations between 
MODIS NPP and precipitation in the Desert (0.42) and Fynbos (0.42) biomes were 
low and not significant. In contrast, solar radiation and temperature showed negative 
correlations with MODIS and LPJ-GUESS NPP across all biomes, although they 
were not significant in most cases (Table 26.1). Of all the climate drivers, tem-
perature showed a significantly increasing trend with the Mann-Kendall p < 0.049 
for Succulent Karoo and 0.009 for Desert while the rest were not significant. This 
is consistent with global warming in areas of high inter-annual variability and 
relatively short time series (as is the case here). 

The model simulation in which atmospheric CO2 concentration was held con-
stant at 1901 levels (Fig. 26.7a) showed that increasing CO2 concentration is 
responsible for a large increase in NPP. This effect was built to be around +18% 
(+0.064 kg C m−2 year−1) by 2015. LPJ-GUESS NPP showed a slight decline 
without significant trend when the effects of increasing atmospheric CO2 were 
removed.
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26.4 Discussion 

26.4.1 Comparison of NPP from Modelling and Earth Observation 
Products 

The DGVM LPJ-GUESS and MODIS NPP products show similar spatial patterns, 
temporal trends, inter-annual variability, and good correlation (Figs. 26.2, 26.3, and 
26.4). The good correspondence and correlation is encouraging as both methods 
are largely independent and only share some common input variables (e.g. daily 
precipitation and temperature), but from different data sets. The correspondence 
between MODIS17 and LPJ-GUESS here appears to be slightly better than in 
comparison with an earlier LPJ-GUESS version applied to simulate all of Africa by 
Ardö (2015), which did not include land-use and nitrogen limitation to vegetation 
growth and had a different fire module. 

Both the MODIS and LPJ-GUESS estimates are to a greater or lesser extent 
model derived estimates and so subject to uncertainty in the parameters used, the 
input data and, in the case of LPJ-GUESS, uncertainty in the process represen-
tations. The MODIS estimate might be expected to be the more reliable as it 
uses Earth observation FPAR as an input (which means it is more constrained) 
(Myneni et al. 1999, 2002; Running et al. 2004), while FPAR in LPJ-GUESS 
emerges from complex equations that govern the growth of and competition between 
plant functional types (PFTs) and disturbances (Smith 2001; Sitch et al. 2003). 
It should also be noted that the MODIS NPP algorithm has been criticised, e.g., 
for its assumed temperature effects (Medlyn 2011), and the representation of 
environmental controls of NPP is not very sophisticated, see above. However, 
given that MODIS NPP uses Earth observation FPAR and so is in principle better 
constrained, we can interpret the comparison of LPJ-GUESS with MODIS as an 
evaluation of LPJ-GUESS to some extent. As we find good correspondence between 
the two, we can conclude that past and future projections for southern Africa are also 
reliable. 

LPJ-GUESS is commonly used to derive future projections to guide climate 
adaptation and mitigation measures, so this result is promising and indicates that 
LPJ-GUESS can be fruitfully applied to the study area. As a small caveat, it should 
be noted that the per biome comparisons between MODIS and LPJ-GUESS did 
show some disparities in the more arid and the more tree-dominated biomes. This 
is not surprising as we applied the standard global LPJ-GUESS configuration here 
and a global model cannot be expected to reproduce all the features of a diversely 
vegetated region such as southern Africa. Future studies would benefit from using a 
regionally parameterised version of LPJ-GUESS, in particular the inclusion of shrub 
PFTs to better represent the arid regions. 

All analysed time series products (LPJ-GUESS and MODIS NPP, and MODIS 
and AVHRR NDVI) show increasing trends for all the biomes except for the desert 
which showed a decreasing trend and grasslands which showed no trend (Figs. 26.5 
and 26.7b). One should note that the inter-annual variability for our study region 
is large compared to the magnitudes of these trends and so, when tested, these
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trends did not show statistical significance. This is consistent with other results that 
have pointed out that vegetation trends are mostly not statistically significant for our 
study region and the MODIS operational period (Samanta et al. 2011; Cortés et al. 
2021). However, an examination of the trends plotted spatially on a per gridcell basis 
(Fig. 26.6a) shows regional hotspots of statistical significant greening and browning. 
Furthermore it should be noted that even within a particular biome, different regions 
can show opposite trends (consider, for example, LPJ-GUESS in the western and 
eastern parts of the Fynbos biome in Fig. 26.6a) which is not apparent from the 
biome averaged results (Fig. 26.4). The LPJ-GUESS derived NPP over the whole 
southern Africa region shows a statistically significant rise since 1901 but with high 
IAV and decadal scale fluctuations due to internal climate variability or oscillations. 
Therefore, we can conclude the future NPP trajectory will be governed by both 
climate variability and long-term trends resulting from changing drivers due to 
global change. 

26.4.2 Drivers of NPP Patterns and Trends 

The spatial pattern of NPP, shorter-term temporal trends, and inter-annual variability 
appear to be mainly driven by gradients or changes in precipitation (Figs. 26.2, 
26.4, and 26.8). This can be seen, for example, with the high NPP occurring 
along the eastern coastal parts of the region (Fig. 26.2). This region receives the 
highest rainfall while the western and central part of the region experiences high 
temperatures and less rainfall (Botai et al. 2018). As outlined in the introduction, 
we expected this dominant role of precipitation as a driver of NPP variations. This 
is in agreement with the study conducted by Zhu et al. 2016, where they concluded 
that the greening in South Africa over the period from 1982 to 2009 is primarily 
driven by increasing precipitation. Recent climate projections show decreasing 
precipitation trends in southern Africa both for low and high warming scenarios, 
with corresponding increases in aridity and drought (IPCC 2021). Higher levels 
of warming result in stronger precipitation decreases, with the highest percentage 
decreases projected in the west of the region, which is already arid (IPCC 2021, 
Fig. SPM.5c). Our results indicate that, up to 2015, precipitation decreases have not 
yet caused widespread negative impacts on NPP as we can see slightly increasing 
trends in Figs. 26.4 and 26.7a, although there are some regional exceptions (Fig. 
26.6a). The potential effects of future drying on NPP and the consequences for 
ecosystems, ecosystem services, agriculture, and forestry remain an open question. 
To tackle this question, predictive methods such as DGVMs, with more detailed or 
regionally parameterized representations of land-use, or more empirical modelling 
approaches must be applied in combination with future climate projections and, 
ideally, informed by experimental work. 

The observed high negative correlation with solar radiation is likely due to the 
fact that precipitation is associated with cloud cover and therefore decreased solar 
radiation. This indicates that whilst solar radiation is essential for photosynthesis 
and therefore NPP, it is not a limiting factor to the same degree as precipitation and
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so is in fact not a driver of NPP in the study region (Nemani et al. 2003). The same 
was found by Hickler et al. (2005) (Fig. 3) for the Sahel region. 

In our study region, NPP shows a negative correlation with temperature. This is 
consistent with the fact that most of the study region is in the subtropical to warm 
temperate climate zones, so photosynthesis is unlikely to be temperature limited 
(not applicable for winter rain regions in the south west) and no positive correlation 
is expected (Nemani et al. 2003). Instead, this negative correlation may occur due 
to a combination of increased autotrophic respiration rates that accompany higher 
temperatures, a net reduction of photosynthesis due to decreased efficiency and 
heat stress at higher temperatures, and decreased soil water availability due to 
stronger atmospheric moisture demand. Among all the climatic variables analysed, 
only temperature in the Succulent Karoo and Desert biome showed statistically 
significant trends (increasing) from 2002 to 2015. Taking these findings together and 
putting them in the context of global change, it is likely that temperature will have 
an escalating and negative effect on NPP in these biomes in the coming decades, at 
least under moderate warming without unprecedented heat stress for the vegetation, 
which is not represented in the applied model version. 

According to LPJ-GUESS, the plant-physiological effects of increasing atmo-
spheric CO2 have been large and positive between 1901 and 2015 (Fig. 26.7a). 
However, the simulated CO2 effects over the last decades are only minor in similar 
arid environments (Hickler et al. 2005). The strong effects since the beginning of the 
last century are consistent with other global estimates. Ciais et al. (2012) estimated 
a pre-industrial GPP of 80 Pg year−1, which is substantially lower than the present 
estimate of about 120 Pg (Ciais et al., 2013; Friedlingstein et al., 2020). Using 
another independent method, Campbell et al. (2017) estimated a GPP increase of 
about 31% since the early last century. GPP and NPP are strongly related, NPP 
being about half of GPP (Ciais et al., 2013; Yu et al., 2018), which also applies to 
LPJ-GUESS (Ardö 2015). The CO2 effect is also in line with a global greening 
trend attribution study using different leaf area index (LAI) estimates and ten 
DGVMs (Zhu et al. 2016). These authors concluded that CO2 fertilisation explains 
70% of the observed greening trend between 1982 and 2009, particularly in the 
tropics. Their analyses, however, suggested other major drivers for most of southern 
Africa, namely climate change in the north-eastern part of our study region and 
land cover change in central South Africa (Zhu et al. 2016; Fig.  26.3c). In our 
study region, CO2 effects have been found to be minor under extreme drought 
stress when meristem growth is strongly limited by leaf turgor (Xu et al., 2016). 
Moreover, future CO2 fertilisation effects might be smaller as the CO2 limitation of 
photosynthesis increasingly Saturates and because of progressive nutrient limitation 
(Hickler et al. 2015; Wang et al. 2020).
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26.5 Conclusion 

The two rather independent approaches to estimate spatial patterns and recent 
past trends in NPP we used (Earth-observation-based estimations from MODIS 
and the LPJ-GUESS DGVM) provided similar results. This suggests that the 
spatio-temporal results presented here are robust. As the MODIS estimate is more 
constrained by observed data, this result may also be considered as an evaluation of 
the LPJ-GUESS model. Thus, the model should be suitable for future projections in 
southern Africa in order to inform climate adaptation and mitigation measures. 

Precipitation change is the most important driver of NPP dynamics in the study 
region, particularly of the inter-annual variations and spatial distribution. However, 
increasing atmospheric CO2 has had a large effect since the early twentieth century 
and might continue to play a significant role as anthropogenic CO2 emissions 
continue. Solar radiation and temperature were not found to be significant drivers of 
NPP in the study region. 

Given the importance of precipitation in southern Africa and its projected 
decline, it is likely that ecosystems and agriculture will be under increasing pressure 
as their foundational building block, NPP, might decrease in areas where precipita-
tion strongly decreases. The findings presented here alert us of the importance of 
mitigation and adaptation strategies going into the future and the challenges global 
change will bring. Both simulation models and Earth observation data can play an 
important role in meeting these challenges. 
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27Comparison of Different Normalisers for 
Identifying Metal Enrichment of Sediment: 
A Case Study from Richards Bay Harbour, 
South Africa 

Paul Mehlhorn, Brent Newman, and Torsten Haberzettl 

Abstract 

South Africa’s ecosystems are challenged in various ways by anthropogenic 
effects, such as land-use change, leading to soil erosion in concert with industrial 
or agricultural pollution, leading to an increase in pollutants in final depositional 
systems. Here we focus on metals in the marine environment of Richards Bay 
Harbour. The use for Al, Fe, Rb, Ti and the silt fraction of the sediment as 
normalisers of Cr, Cu, Co and Pb concentrations in sediment is compared to 
determine if they provide the same understanding on the enrichment. Baseline 
metal concentration models were defined and Enrichment Factors calculated to 
quantify the magnitude of enrichment. 

Exceedingly high Cr and Cu concentrations in defined parts of the harbour 
lead to similar trends rather than a similar effectiveness of the normalisers. 
Probable biogeochemical processes hinder the effectiveness of Fe and geolog-
ical background or hydrodynamic properties hinder the effectiveness of Ti as 
normaliser. Differences in the spatial extent of sediment identified as enriched 
and the area where metal concentrations exceed guidelines detracts from fully 
appreciating the extent of metal contamination of sediment using guidelines, with 
management implications. Furthermore, in the case of Cu, the guidelines for this 
metal might be underproductive. 
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27.1 Introduction 

Metals are common, and often significant contaminants of sediment in ports (Birch 
et al. 2020; Mehlhorn et al. 2021) and are the subject of considerable attention 
in the scientific literature. The focus is founded on valid concerns, including that 
sediment is a major fate for, and through remobilisation a potential source of metals 
in aquatic ecosystems (Newman and Watling 2007), and metals are known to present 
ecological risks when present at elevated concentrations (Chapman and Wang 
2001). A major challenge, however, is identifying metal concentrations that reflect 
the natural state and those that are enhanced through an anthropogenic contribution 
(i.e. contamination). This is complicated for several reasons. First, metals are a 
ubiquitous, naturally occurring component of sediment. The mere presence of 
metals in sediment does not thus infer contamination. Second, metal concentrations 
in uncontaminated sediment can vary by orders of magnitude over small spatial 
scales depending on the sediment’s mineralogy, granulometry and organic content 
amongst other factors (Schropp and Windom 1988; Windom et al. 1989; Loring  
1991; Krumgalz et al.  1992; Balls et al. 1997; Grant and Middleton 1998; Thomas 
and Bendell-Young 1999; Rubio et al. 2000; Kersten and Smedes 2002; Amorosi et 
al. 2007; Du Laing et al. 2007; Woods et al. 2012). Third, despite input and transport 
dissimilarities, naturally occurring and anthropogenically introduced metals tend 
to accumulate in sediment in the same areas (Loring 1991; Hanson et al. 1993). 
Due to these complexities, similar metal concentrations in two sediment samples 
from the same system may reflect contamination in one sample but not the other, 
due to a difference in the sediments granulometry. Similarly, very different metal 
concentrations in two sediment samples from the same aquatic system might in both 
cases reflect the natural condition, for the same reasons. Therefore, “high” metal 
concentrations do not necessarily reflect increased levels of contamination and vice 
versa (Newman and Watling 2007). The direct comparison of metal concentrations 
amongst sediment samples is thus important in terms of ecological and human 
health, if certain thresholds are exceeded, but not in the context of identifying 
contamination itself. 

To properly interpret metal concentrations in sediment, it is necessary to 
compensate for the factors that control their natural variation before background or 
baseline concentrations can be distinguished from enriched (higher than “expected”) 
concentrations. There are two approaches to normalisation, namely: a) using a 
metal that acts conservatively—geochemical normalisation, or b) using a grain size 
fraction—granulometric normalisation (Birch and Snowdon 2004; Newman and 
Watling 2007). In this way, metal concentrations that are atypical of the bulk of 
the data can be identified. The investigator must then decide if atypically high metal 
concentrations reflect contamination or can be explained by natural biogeochemical 
or hydrodynamic processes. 

Geochemical normalisation makes use of a metal that acts as a proxy for the grain 
size variation of sediment, and more specifically for the silt and clay (mud) fraction 
(Birch and Snowdon 2004). A metal normaliser should (a) be highly refractory,
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(b) be structurally combined to one or more of the major metal-bearing phases of 
sediment, (c) co-vary in proportion to the naturally occurring concentrations of the 
metals of interest, (d) be insensitive to inputs from anthropogenic sources and (e) 
be stable and not subject to environmental influences such as reduction/oxidation, 
adsorption/desorption and other diagenetic processes that may alter sediment con-
centrations (Luoma 1990). Commonly, Al, Fe, Li, Rb or Ti are used as geochemical 
normalisers (Daskalakis and O’Connor 1995; Santos et al. 2005; Tůmová et al. 
2019). 

In granulometric normalisation, metal concentrations are either normalised to a 
specific grain size fraction of sediment, or metal concentrations are analysed in a 
defined grain size fraction of the sediment after sieving. Metals are predominantly 
incorporated in and preferentially bind to fine sediment rather than to coarse 
material, meaning that silt and clay are the most effective normalisers in this 
approach (Newman and Watling 2007; Szava-Kovats 2008; Koigoora et al. 2013). 
In addition, Ti is often associated with fine sand to silt or clay, whereas K and 
Al are often associated with clay type minerals (Watling 1977; Haberzettl et al. 
2019), while Zr has been reported as enriched in the silt fraction (Cuven et al. 2010; 
Kylander et al. 2011; Ohlendorf et al. 2014). Therefore, it is necessary to identify 
the best-fit grain size range for granulometric normalisation. However, caution is 
required when a grain size fraction is used as a normaliser, since two separate 
samples are processed and analysed, one for grain size and one for metals. Errors in 
sample splitting can lead to errors in normalisation. Similarly, isolating a sediment 
fraction for metal analysis is usually done by wet sieving and this can lead to the 
loss of metals weakly adsorbed to the surface of sediment grains. 

Site-specific circumstances might alter the usefulness of normalisers. In this 
study, we present data from Richards Bay Harbour on the northeast coast of 
South Africa, where different factors need to be considered in the choice of 
the normaliser. Industries near Richards Bay Harbour include two aluminium 
smelters and a ferrochrome smelter. These industries import alumina and export 
aluminium and ferroalloys through the port. The effect of open air bulk handling 
(e.g. of ferrochrome) can introduce metals to the harbour, and point sources of 
Cr or Cu at bulk handling terminals were recognised by Mehlhorn et al. (2021). 
Contamination arising from the spillage during import or export and from the 
smelters (e.g. through atmospheric deposition) could thus influence the utility of 
Al and Fe as normalisers. In a previous study (Mehlhorn et al. 2021), we used Al 
to normalise metal concentrations in sediment sampled in Richards Bay Harbour. 
However, considering the industrial impact outlined above, there are potential 
limitations to the use of Al and Fe as normalisers of metal concentrations in 
sediment in the harbour. Similarly, the catchment geology must be considered. For 
example Ti-bearing heavy mineral dune sands of the Maputaland Group Sibayi 
Formation surrounding Richards Bay Harbour (Kelbe 2010; Botha 2018) question 
the usefulness of certain geochemical normalisers, such as Ti, as heavy minerals 
might be differently influenced by prevailing hydrodynamic conditions compared to 
other normalisers. Furthermore, the basin topography of Richards Bay Harbour is 
optimised to serve marine port operations. To keep the port operational, the basin
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shape of the harbour is largely controlled by dredging (Greenfield et al. 2011; 
Dladla et al. 2021). Remobilisation of metals from sediment by seabed disturbances 
can occur via bioturbation, increased current velocities (storms, tides) or dredging 
(Förstner 1989; Daskalakis and O’Connor 1995; Saulnier and Mucci 2000). Ship 
operations, especially propeller wash currents, impact the depositional environment 
(Mehlhorn et al. 2021) and disturb natural sedimentation processes. 

To understand changes in an environment, it is necessary to identify a system’s 
reference state using various proxies, in this case, the release of (heavy) metals by 
surrounding industries and their potential health risks. This enables their compara-
bility to past and future changes (cf. Mehlhorn et al. 2021), but also shifts in the 
spatial extent of contamination, indicating sink and source relationships. However, 
each basin or catchment is subject to site-specific environmental influences that need 
special consideration when evaluating (normalising) parameters. In this study, we 
evaluate the efficacy of several potential normalisers for concentrations of Cr, Cu, 
Co and Pb in Richards Bay Harbour sediment, by defining baseline models using 
different normalisers and comparing trends in the enrichment of sediment identified 
by the models. 

27.2 Materials and Methods 

27.2.1 Site Description 

Richards Bay Harbour (Fig. 27.1) is situated in the province of KwaZulu-Natal, on 
the subtropical northeast coast of South Africa. Prior to port construction, Richards 
Bay was a large, shallow estuary of about 30 km2 fed by five rivers (Begg 1978). 
Harbour development started in the early 1970s and involved the construction of 

Fig. 27.1 The study area of Richards Bay Harbour. Indicated is the harbour area, which is 
separated from the Mhlatuze Estuary (sanctuary) by an artificial berm. Also shown are potential 
contamination sources (red) and sampling locations (black dots). A low altitude dune ridge 
extending from WNW to ESE divides the harbour and separates the shallow water Mudflats from 
the deep water Terminal Front
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an artificial berm that divided the estuary into two parts. The northern part was 
developed into Richards Bay Harbour. A new mouth was dredged for the southern 
part, which was designated a nature sanctuary (Mhlathuze Estuary), and part of the 
Mhlathuze River was canalised and diverted into this part. A major reason for the 
construction of Richards Bay Harbour was to facilitate the export of coal through the 
Richards Bay Coal Terminal, which is now one of the largest coal export terminals 
in the world (Nel et al. 2007). Other industries that were established in the area 
to take advantage of the import and export opportunities provided by the harbour 
are the following: aluminium smelters, a phosphoric acid and fertiliser plant, a 
ferrochrome smelter and heavy minerals mining and refining operations. A wide 
range of bulk materials are imported and exported through the harbour in addition 
to coal, including ferroalloys, sulphur, phosphoric acid, alumina, aluminium, heavy 
minerals and woodchips. 

27.2.2 Sampling 

Sampling was conducted in August and September of 2018. Eighty surface sed-
iment samples were collected (Fig. 27.1) using an Ekman-Birge bottom sampler 
(HYDROBIOS, Kiel, Germany). Only the topmost 1 cm was sampled with a plastic 
spoon. Samples were stored in sterile polyethylene Nasco Whirl-Pak’s and cooled 
until further processing. 

27.2.3 Granulometric and Geochemical Analysis 

The sediment was prepared for granulometric analyses by soaking 0.5–2 g aliquots 
of wet sediment in 2 ml of hydrochloric acid (HCl, 10%) and 5 ml of hydrogen 
peroxide (H2O2, 10%). The residues were dispersed overnight in 5 ml tetrasodium 
pyrophosphate (Na4P2O7 10 H2O, 0.1 M) in an overhead shaker. The samples were 
then analysed using a Laser Diffraction Particle Size Analyser (Fritsch Analysette 
22; FRITSCH GmbH, Germany). 

Freeze-dried aliquots of sediment were ground to a particle size <60 μm. 
Subsamples of the sediment were digested at the University of Greifswald using 
a modified aqua regia treatment. The procedure involved the addition of 1.25 ml 
of HCl (37%, suprapur) and 1.25 ml of HNO3 (65%, suprapur) to 100 mg of 
sediment, which was then digested in PTFE crucible pressure bombs in an oven 
at 160 ◦C for 3 h. Each batch included a laboratory blank as well as a reference 
sediment sample of certified estuarine sediment (BCR-667) and indicated a good 
recovery range of 76.9–98.6% for the measured metals (Co = 86%; Cr = 96%; 
Cu = 96%; Fe = 99%; Pb = 77%). Elemental concentrations were measured at 
Friedrich Schiller University Jena using an Agilent 725 ES ICP-OES (Al, Ca Fe, K, 
Mg, Mn, Na, P, S, Sr, Ti) and a Thermo Fischer Scientific X-Series II ICP-MS (As, 
Co, Cr, Cu, Ni, Pb, Zn, Rb), as described in Mehlhorn et al. (2021).
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27.2.4 Data Analysis 

Scatterplots of the relationship between potential normalisers (Al, Rb, Ti, Fe, Silt) 
and co-occurring Cu, Cr, Co and Pb concentrations in sediment showed that, apart 
from Ti, there was a linear relationship between the bulk of the concentrations and 
the normalisers. Baseline models were thus defined by fitting a linear regression 
and 95% prediction limits to scatter plots of Cu, Cr, Co and Pb concentrations 
and the potential normalisers. Cu, Cr, Co and Pb concentrations falling outside the 
prediction limits were deemed outliers and sequentially trimmed, starting with the 
concentration with the largest residual, reiterating the regression and proceeding 
in this manner until all concentrations fell on or within the prediction limits. The 
resultant regression and associated prediction limits define the baseline model. 
Apart from Ti, error terms for the regressions approximated normality, but their 
variance was usually not homogenous. The Cu, Cr, Co and Pb concentrations 
were not transformed to approximate this assumption. In general, the lack of error 
term homogeneity does not result in biased estimates of regression parameters, but 
does result in an increase in variance about these estimates (Hanson et al. 1993). 
Schropp et al. (1990), Weisberg et al. (2000) and Woods et al. (2012) used a similar 
approach for defining baseline models, but continued to trim metal concentrations 
until the error terms were normally distributed and homogenous. This approach was 
not followed in this study, since it required the trimming of a larger number of 
Cu, Cr, Co and Pb concentrations than the approach described above, including 
concentrations that were subjectively considered to be part of the baseline range. 

Sediment with Cu, Cr, Co and Pb at a concentration above a baseline model upper 
prediction limit was interpreted as enriched (i.e. the metal concentration is in excess 
of the baseline). The upper prediction limit was thus used to discriminate baseline 
from enriched metal concentrations. The magnitude of enrichment for each metal 
concentration was quantified by computing an Enrichment Factor (EF), which is 
calculated by dividing the observed metal/normaliser ratio by the reference (upper 
prediction limit) metal/normaliser ratio. EF’s >1 represent enriched concentrations, 
noting that this does not imply an enhancement through anthropogenic contribution, 
but rather that the concentration is atypical of the data that define the model 
(Horowitz 1991). Spatial trends for EF’s were plotted using ArcMap v. 10.8.1., 
using inverse distance weighting with barrier function. 

Reaching a conclusion on whether metal enrichment reflects contamination thus 
requires consideration of ancillary factors, including possible (bio)geochemical 
processes that can lead to natural enrichment (e.g. diagenetic enhancement), the 
absolute difference between a metal concentration and the baseline model upper 
prediction limit, the number of metals in a particular sediment sample at an enriched 
concentration and the proximity of metal-enriched sediment to known or strongly 
suspected anthropogenic sources of metals. The larger the difference between a 
metal concentration and the baseline model upper prediction limit, the closer the 
enriched sediment sampling site is to known or strongly suspected anthropogenic 
sources of metals, and the greater the number of metals enriched in sediment
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at a particular sampling site the more likely the excess concentrations reflect 
contamination. 

27.3 Results and Discussion 

27.3.1 Evaluation of Normaliser Suitability 

In a mineralogically homogenous area, the absolute concentrations of metals in 
sediment are largely controlled by the sediments grain size (Taylor and McLennan 
1981; Horowitz and Elrick 1987; Förstner 1989; Horowitz 1991; Loring  1991; 
Larrose et al. 2010; Matys Grygar and Popelka 2016; Liang et al. 2019). Alu-
minosilicates, the dominant natural metal-bearing phase of sediment, predominate 
in silt and clay (mud). Sand, in contrast, is comprised largely of metal-deficient 
quartz. Metals naturally adsorb onto Fe/Mn oxides and organic matter in sediment 
in quantities that are usually proportional to grain size (Kersten and Smedes 2002). 
As a result, there is usually a strong positive correlation between the concentration 
of metals and the mud fraction, and between the concentration of different metals in 
uncontaminated sediment (Rubio et al. 2000; Sabadini-Santos et al. 2009; Coynel 
et al. 2016; but see Matys Grygar et al. 2013, 2014; Jung et al. 2014, 2016 for 
evidence of non-linear relationships). These relationships provide the basis for 
geochemical normalisation, by modelling the linear relationship between metal 
and co-occurring element (Hanson et al. 1993; Weisberg et al. 2000; Kersten and 
Smedes 2002). Geochemical normalisation through linear regression is premised on 
a two-component linear mixing model, one end member representing metal deficient 
quartz (sand) and the other metal rich aluminosilicates (mud; Hanson et al. 1993). 
A fundamental requirement for the use of a metal as a geochemical normaliser, 
therefore, is that the metal must be strongly correlated to the fine-grained fraction 
of the sediment for which it acts as a proxy. 

Richards Bay Harbour includes multiple heterogeneous sedimentary environ-
ments (Mehlhorn et al. 2021). To identify the most effective granulometric nor-
maliser we plotted correlation coefficients of individual elements to different grain 
size classes (Fig. 27.2). Several elements show a high positive correlation with parts 
of the clay and silt fraction. The curve shape of Al is highlighted as an example in 
Fig. 27.2. Therefore, this grain size fraction appears to be a good normaliser. As 
the grain size increases the correlation coefficient decreases and changes to strongly 
negative at the onset of 250 μm (medium sand). Elements showing a visually similar 
pattern to Al, but at a lower correlation coefficient of r = 0.5, include Cu, Cr and 
Mn. Other elements, like Sr, Ti and Ca, show no distinct correlation to any grain 
size class. The correlation between the Silt and Mud (Clay + Silt, which appear 
to be good normalisers) fractions of sediment in Richards Bay Harbour is strong 
(r = 0.993, p < 0.01). Consequently, only Silt is hereafter considered as a normaliser 
of metal concentrations in sediment in the harbour. 

Al and Rb concentrations in sediment in Richards Bay Harbour are highly 
correlated to the silt fraction (r = 0.954, p < 0.001), but less so to the clay
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Fig. 27.2 Correlation coefficient versus grain size. The unique distribution curves indicate 
the varying correlation coefficients of individual elements against grain size classes. Elements 
displayed by grey lines show a similar behaviour to Al. Coloured curves indicate a differing and 
individual behaviour when plotted against grain size 

fraction (r = 0.782 − 0.792, p < 0.001). The implication is that Al and Rb are 
closely associated with or incorporated in the silt fraction of the sediment and 
are thus effective proxies for this fraction. Despite the import of alumina, export 
of aluminium and presence of two large aluminium smelters near Richards Bay 
Harbour, sediment in the harbour does not indicate contamination by Al. This 
conclusion is based on the strong correlation of Al with most of the elements, 
and by the absence of pronounced outliers in the relationship between Al and the 
silt fraction of the sediment and elements that are unlikely to be influenced by 
anthropogenic activities, such as Rb. 

Fe concentrations are also highly correlated to the silt fraction of the sediment 
(r = 0.834, p < 0.001), but less so to the clay fraction (r = 0.798, p < 0.001). The 
weaker correlation of Fe concentrations to the silt fraction compared to Al and Rb 
is a result of anomalously high Fe concentrations in sediment at five stations in a 
shallow area opposite the Richards Bay Coal Terminal, colloquially known as the 
Mudflats (Fig. 27.1). If the data for sediment sampled on the Mudflats is excluded, 
the correlation between Fe concentrations and the silt fraction increases (r = 0.928, 
p < 0.001), but the correlation to the clay fraction remains moderate (r = 0.777, 
p < 0.001). The implication is that Fe is closely associated with or incorporated into 
the silt fraction of the sediment and is thus an effective proxy for this fraction across 
most of the harbour, but not on the Mudflats. 

Ti concentrations in sediment of Richards Bay Harbour are not correlated to the 
silt (r = −0.094, p = 0.405) or clay (r = 0.061, p = 0.589) fractions. Ti is thus not 
an effective proxy for these fractions of sediment in the harbour, and by implication 
also not for the concentrations of other metals.
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Table 27.1 Coefficients of 
determination (r2) for copper, 
chromium, cobalt and lead 
baseline models defined using 
different normalisers 

Metal 
Cu Cr Co Pb 

Normaliser Al 0.935 0.813 0.962 0.966 
Fe 0.95 0.931 0.988 0.897 
Rb 0.929 0.768 0.959 0.967 
Ti 0.002 0.031 0.007 0.003 
Silt 0.932 0.898 0.923 0.877 

The concentrations/values of normalisers should be strongly positively correlated 
to the concentrations of metals in uncontaminated sediment. However, in some 
parts of Richards Bay Harbour, the sediment is metal contaminated (Mehlhorn 
et al. 2021). The baseline models for Cu, Cr, Co and Pb do not thus represent 
background concentrations, since it is possible, and for Cu and Cr likely, that certain 
concentrations included in the baseline models reflect low magnitude contamination 
of the sediment but are not identified as outliers through the approach used to define 
the models. Nevertheless, the stronger the relationship between the normalisers and 
metals, the more effective the baseline model should theoretically be in identifying 
metal enrichment of sediment. 

There is not much difference in the coefficients of determination for baseline 
models apart from Ti, for which coefficients are consistently very low (Table 27.1). 
The Fe normalised baseline models provide the highest coefficients for Cu, Cr and 
Co, and the Rb model for Pb. The baseline model coefficients of determination 
suggest, therefore, that Fe is the best normaliser for Cu, Cr and Co, and Rb for 
Pb. However, the Fe normalised baseline models are strongly influenced by the 
exclusion of Cu and Cr and inclusion of Co and Pb concentrations in sediment on 
parts of the Mudflats due to the anomalous concentrations of Fe, Co and Pb in this 
part of the harbour. The anomalous concentrations of Fe might be caused by a local 
change in redox processes (Wündsch et al. 2014; Zolitschka et al. 2019). The critical 
Eh for the reduction of Fe3+ to more soluble Fe2+ is 100 mV (Sigg and Stumm 
1996). If the redox potential is lowered, Fe ions start to migrate in pore water. When 
an Eh above 100 mV is encountered, the ions will oxidise and precipitate, leading to 
the enrichment of sediment that is not necessarily linked to an anthropogenic impact 
(Haberzettl et al. 2007; Brunschön et al. 2010). 

27.3.2 Baseline Model Comparison 

If normalisers are to be considered similarly effective, then (a) they should identify a 
similar number of sediment samples as enriched by any metal, (b) the spatial extent 
of the enrichment should be similar, (c) the magnitude of the enrichment should be 
similar and (d) the enrichment should be logical in the context of known or potential 
anthropogenic sources of the metal. The baseline models defined for Cu, Cr, Co 
and Pb using different normalisers are provided in Figs. 27.3, 27.4, 27.5 and 27.6,
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Fig. 27.3 Baseline models for copper defined using different normalisers, with outlier concentra-
tions superimposed (black filled dots). Samples of the mudflat region are highlighted (red circle) 
in the iron-normalised model 

with outlier concentrations superimposed. Parameters for the baseline models are 
provided in Table 27.2. 

As stated previously, sediment with metals at a concentration above the upper 
prediction limit was deemed to be enriched by the metal. The number of sediment 
samples identified as enriched by individual baseline models is provided in Fig. 
27.7. 

The number of sediment samples identified as enriched by Cu is similar for the 
Al, Rb and Silt normalised baseline models, but the Fe and Ti models identify a
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Fig. 27.4 Baseline models for chromium defined using different normalisers, with outlier con-
centrations superimposed (black filled dots). Samples of the mudflat region are highlighted (red 
circle) in the iron-normalised model 

higher number. The Al, Fe, Rb and Ti normalised baseline models identify a similar 
number of sediment samples as enriched with Cr, but the Silt model identifies a 
higher number. The number of samples identified as Co and Pb enriched varies 
widely amongst the normalisers and is most similar for Al, Rb, and Silt and the 
lowest for Ti. The number of metals identified as enriched by baseline models 
defined using different normalisers is not particularly convincing as to which of the 
normalisers is more effective than others. However, we consider those normalisers
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Fig. 27.5 Baseline models for cobalt defined using different normalisers, with outlier concentra-
tions superimposed (black filled dots) 

that identify a comparable number of sediment samples as enriched by a metal are 
likely more effective than others. 

27.3.3 Spatial Enrichment Trends 

The spatial trend for Cu and Cr EFs that are >1 is comparable when computed 
using Al, Rb or Silt normalised baseline models (Figs. 27.8, 27.9, 27.10 and
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Fig. 27.6 Baseline models for lead defined using different normalisers, with outlier concentra-
tions superimposed (black filled dots) 

27.11). However, the trend for EFs computed using Fe and Ti normalised models 
is different, especially for Co and Pb (Figs. 27.10 and 27.11). A larger area of 
sediment is identified as Cu enriched by the Fe and Ti normalised baseline models, 
the additional area extending from the 700 series berth basin into the northern part 
of the Richards Bay Coal Terminal basin and also including one or more isolated 
areas in the latter basin (Fig. 27.8). Fe and Ti identify a similar area of the 600 and 
700 series berth basins (part of the Dry Bulk Terminal, Fig. 27.1) as Cr enriched 
compared to other normalisers but identify little (Fe) or no (Ti) Cr enrichment of 
sediment on the Mudflats.
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Fig. 27.7 Number of sediment samples with copper, chromium, cobalt and lead concentrations 
identified as enriched by baseline models defined using different normalisers 

There is clear evidence for significant anthropogenic inputs of Cu and Cr in 
Richards Bay Harbour. Chromium ore and ferrochrome are exported through the 
harbour. During export, chromium ore and ferrochrome particles are spilled into 
the harbour and account for the Cr contamination (Mehlhorn et al. 2021). The 
source of the excess Cu in sediment is less certain. Cu concentrate was historically 
exported through the harbour and the contamination might reflect the spillage of 
Cu concentrate particles during export, noting that exports ceased in 2012. The Cu 
and Cr enrichment of sediment sampled across much of the 600 and 700 series 
berth basins (dry bulk terminals) is of such a high magnitude that comparable areas 
of sediment are identified as enriched by baseline models defined using different 
normalisers, regardless of the effectiveness of the normalisers. The sediment in part 
of the Small Craft Harbour is identified as Cu enriched by all normalisers (Fig. 
27.8), possibly reflecting inputs from antifouling coatings on vessel hulls amongst 
other possible sources. Some of the baseline models also identify Cu enrichment of 
sediment in canals joining the north-eastern part of the port, but the source of the 
Cu is uncertain. 

All baseline models identify Cu and Cr enrichment near the 600 and 700 series 
berths. An extension of the Cu enrichment from the 700 series berth basin to the 
northern part of the Richards Bay Coal Terminal basin is identified using the Fe
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Fig. 27.8 Spatial distributions of the copper (Cu) baseline models normalised to (a) Al, (b) Fe,  
(c) Rb, (d) Ti and (e) Silt. The enrichment factors are plotted to the same scale to achieve visual 
comparability, note the extended legend of Ti (EFmax = 14.7), maximum values are shown next to 
the classification. For additional comparison, the distribution map of Cu (f) in surface sediments 
of Richards Bay Harbour is plotted, making use of guideline concentrations as presented by the 
Department of Environmental Affairs (2012) 

and Ti normalised baseline models (Fig. 27.8). This is contradictory as it seems 
unlikely that Cu but not Cr (Fig. 27.9) would be dispersed to and accumulated in 
this area considering the strong similarity in parts of the 600 and 700 series berth 
basins where the sediment is identified as Cu and Cr enriched by Al, Rb and Silt 
normalised baseline models. The wider area of Cu enrichment identified by the Fe 
normalised baseline model is probably related to the wider scatter of Cu versus 
Fe concentrations compared to other normalisers, which led to the trimming of a 
larger number of concentrations compared to other normalisers (Table 27.2). The 
Cr enrichment of sediment identified on the Mudflats using the Al, Rb and Silt 
normalised baseline models, but absence of Cu enrichment also seems illogical for 
the same reason discussed above for Cu enrichment extending to the Richards Bay 
Coal Terminal basin. As stated above, the magnitude of Cu and Cr enrichment of 
sediment at many stations in the 600 and 700 series berth basins is large and it
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Fig. 27.9 Spatial distributions of the chromium (Cr) baseline models normalised to (a) Al, (b) Fe,  
(c) Rb, (d) Ti and (e) Silt. The enrichment factors are plotted to the same scale; maximum values 
are shown next to the classification. For additional comparison, the distribution map of Cr (f) in  
surface sediments of Richards Bay Harbour is plotted, making use of guideline concentrations as 
presented by the Department of Environmental Affairs (2012) 

is almost inevitable the sediment will be identified as enriched regardless of the 
effectiveness of the baseline models defined using different normalisers. 

Trends in Co and Pb enrichment of sediment are more revealing on the 
effectiveness of different normalisers. Sediment on the Mudflats of Richards Bay 
Harbour is identified as enriched by Co and Pb using Al, Rb and Silt normalised 
baseline models, but not by Fe and/or Ti normalised baseline models (Figs. 27.10 
and 27.11). These elements might share a similar accumulation mechanism or be 
affected similarly by sediment biogeochemical processes. 

Examples of Fe enrichment identified using Al and Silt as the normaliser 
are provided in Fig. 27.12. The consequence is that Fe normalised Co and Pb 
concentrations are shifted to the right in scatterplots, to the extent they fall within the 
prediction limits of baseline models defined using the data (Fig. 27.13). In contrast, 
the Cu and Cr concentrations in sediment at these stations were trimmed during 
baseline model definition and fall below the lower prediction limit (Figs. 27.3 and
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Fig. 27.10 Spatial distributions of the cobalt (Co) baseline models normalised to (a) Al, (b) Fe,  
(c) Rb, (d) Ti and (e) Silt. The enrichment factors are plotted to the same scale; maximum values 
are shown next to the classification. For additional comparison, the concentration of Co (f) in  
surface sediments of Richards Bay Harbour is plotted 

27.4). The anomalous concentrations do not thus have the same influence on the 
baseline models as the Co and Pb concentrations. 

The differences between Al, Rb and Silt normalised baseline models and the Fe 
baseline model for Co and Pb suggest there is either an anthropogenic source of Fe, 
Co and Pb to the Mudflats, or there is a biogeochemical or hydrodynamic process 
leading to the enrichment of these metals in sediment in this part of the harbour. 
The Bhizolo Canal connects to the Mudflats and is a potential source of effluents 
from adjacent aluminium smelters, but it seems unlikely this will be limited largely 
to Fe, Co and Pb, but rather to the introduction of Al. A more likely explanation is 
that redox processes resulted in an inhomogeneous Fe distribution (Demory et al. 
2005; Brunschön et al. 2010). Support for this hypothesis is provided by Mn, which 
is also a redox-sensitive metal (Haberzettl et al. 2007) and which is also identified 
as enriched in sediment on the Mudflats (data not reported here) using Al, Rb and 
Silt normalised baseline models. 

The EF plots presented in Figs. 27.8–27.11 make it easy to visually compare the 
spatial extent of enrichment of sediment by various metals in Richards Bay Harbour
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Fig. 27.11 Spatial distributions of the Lead (Pb) Baseline models normalised to (a) Al, (b) Fe, (c) 
Rb, (d) Ti and (e) Silt. The enrichment factors are plotted to the same scale; maximum values are 
shown next to the classification. For additional comparison, the concentration of Pb (f) in surface 
sediments of Richards Bay Harbour is plotted 

Fig. 27.12 Relationship between the aluminium concentration and silt fraction and co-occurring 
iron concentrations in sediment in Richards Bay Harbour. Iron concentrations in sediment sampled 
on the Mudflats are highlighted (black filled dots)
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Fig. 27.13 Relationship between aluminium and iron concentrations and co-occurring cobalt 
and lead concentrations in sediment in Richards Bay Harbour. Cobalt and lead concentrations in 
sediment sampled on the Mudflats are highlighted (black filled dots). Note how the anomalously 
high cobalt and lead concentrations in the aluminium normalised plots are shifted to the right in 
the iron normalised plots 

and to identify areas where the highest enrichment is evident, but it is not easy to 
visually compare areas of low magnitude enrichment. To facilitate such comparison, 
the relationship between EFs is provided for Cu and Co in Figs. 27.14 and 27.15. 
The oblique lines in the graphs represent a 1:1 relationship. The more similar the 
EFs are to one another, the nearer they fall to the 1:1 line. The graphs also reveal 
if the baseline model defined using a normaliser provides consistently higher or 
lower EFs compared to baseline models defined using other normalisers depending 
on whether the EFs fall above or below the 1:1 line. In Fig. 27.14 (and Fig. 27.8), 
for example, the Ti normalised baseline model provides higher EFs for Cu in a 
large proportion of sediment samples compared to other baseline models. The most 
similar EFs for Cu and Cr are for combinations of Al, Fe, Rb and Silt normalised 
baseline models. For Co (Fig. 27.15) and Pb (not shown), combinations of Al, Rb 
and Silt normalised baseline models provide similar EFs, but these differ from EFs 
computed using Fe and Ti normalised models. The differences for Co and Pb reflect 
the influence of the high Fe, Co and Pb concentrations in sediment on the Mudflats 
on baseline models defined using Al, Rb and Silt (Figs. 27.12 and 27.13). Thus, 
while these sediment samples are included in the baseline models for Co and Pb, the



27 Comparison of Different Normalisers for Identifying Metal Enrichment. . . 807

Fig. 27.14 Relationship between copper enrichment factors computed using baseline models 
defined using different normalisers. The diagonal dashed line represents a 1:1 line 

Cu and Cr concentrations fall below the lower prediction limit of the Fe normalised 
models. They do not thus exert a similarly pronounced influence on the baseline 
model parameters. 

A random choice of any of the normalisers considered in this study will thus 
provide a different understanding on the spatial extent and magnitude of enrichment. 
The differences will vary depending on the chosen normaliser, but are small when 
Al, Rb and Silt are used as normalisers. If only Fe was considered for normalisation, 
then this would have provided a different understanding on metal enrichment of 
sediment in some parts of the harbour compared to that provided by Al, Rb and Silt 
normalised baseline models. Ti provides a very different understanding of enrich-
ment for most metals compared to other normalisers, reflecting its unsuitability as a 
normaliser in the case of Richards Bay Harbour.
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Fig. 27.15 Relationship between cobalt enrichment factors computed using baseline models 
defined using different normalisers. The diagonal dashed line represents a 1:1 line. Black symbols 
represent enrichment factors for sediment sampled on the Mudflats 

27.3.4 Comparison to Guidelines 

A common approach to estimating the toxicological significance of metal con-
centrations in sediment is to compare them to sediment quality guidelines. A 
misconception is that sediment quality guidelines indicate the onset of metal 
contamination of sediment. Although this is usually true for metal concentrations 
that exceed a guideline, depending on how conservative the guideline is, the 
sediment might be contaminated by a metal at concentrations well below the 
guideline. As examples, spatial trends for Cu and Cr concentrations in sediment 
in Richards Bay Harbour that exceed sediment quality guidelines used by the 
Department of Environmental Affairs (2012) to manage dredged material in South 
Africa are included in Figs. 27.8 and 27.9. There are three guidelines, known as 
the Warning Level, Level I and Level II. The Warning Level provides a warning 
of incipient metal contamination but is not used for decision-making. Sediment 
with metals at a concentration below the Level I is considered to pose a low risk 
and is suitable for open water disposal. Sediment with metals at a concentration
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between the Level I and Level II is considered cause for concern, with the degree 
of concern increasing as the concentrations approach the Level II. Sediment with 
metals at a concentration exceeding the Level II is considered to pose a high risk 
and is unsuitable for open water disposal unless other evidence (e.g. toxicity testing) 
shows the metals are not toxic to sediment-dwelling organisms. 

There are large differences in the spatial extent of sediment identified as Cu 
enriched by baseline models defined using different normalisers and the area of 
sediment with Cu at a concentration exceeding the guidelines (Fig. 27.8). The area 
of maximum intensity (either concentration or EF) is confined to the 600 series 
berth basin. However, the area defined by EFs >1 extends into the 700 berth basin 
(Terminal Front) and to other areas, such as the Small Craft Harbour. 

The difference in the spatial extent of sediment identified as metal enriched using 
the baseline models and the spatial extent of sediment with metals at a concentration 
exceeding Action List guidelines is often pronounced. This alludes to the guidelines 
perhaps being under- or over-protective, noting that the guidelines were not derived 
using empirical data from South African coastal waters but rather were adopted 
from guidelines used in North America. The guidelines might not, therefore, be 
appropriate to (all) parts of the South African coastline. Taking Cu as an example, 
large areas of sediment in the harbour are identified as enriched by this metal, yet 
the area where Cu concentrations exceed sediment quality guidelines is quite small. 
The use of the guidelines thus fails to identify sediment that is quite significantly 
enriched by Cu as potentially problematic, and alludes to management challenges 
larger than those alluded to by using the guidelines alone. This may mean the Cu 
guidelines are under-protective, that is the guideline concentrations are too high for 
sediment in Richards Bay Harbour. 

27.4 Conclusion 

This study compares the effectiveness of different normalisers on assorted metal 
in sediment in Richards Bay Harbour. The aim was to define metal concentration 
baselines and to identify areas of the harbour that are currently metal enriched, 
to aid in the tracking of changes in metal enrichment of sediment over time. The 
baseline models defined using some normalisers provide a powerful tool for this 
purpose, compensating for grain size influences on natural metal concentrations 
and reducing subjectivity in deciding if sediment is metal enriched. The models are 
equally effective in identifying changes in metal concentrations that may result from 
anthropogenic metal inputs and those that might arise from future climate changes, 
such as the introduction of increased metal and sediment loads to coastal waters 
associated with changes in precipitation patterns. 

The use of different normalisers provides a different understanding on metal 
enrichment of sediment in Richards Bay Harbour. Despite the import of alumina 
and the presence of two large aluminium smelters near Richards Bay harbour, 
this does not appear to result in a significant Al contamination of sediment in the 
harbour affecting its use as a normaliser. The EF trends for metals in Richards Bay
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Harbour, including those not discussed here, are most similar when Al, Rb or Silt 
are used as normalisers. The EF trends using Fe as the normaliser are similar to the 
trends for most other metals normalised by Al, Rb and Silt. However, the (potential 
hydrodynamic or redox-induced) enhancement of Co, Pb and Mn concentrations in 
sediment across part of the Mudflats influences the Fe normalised baseline model 
parameters and results in differences in EF trends for these metals in this part of 
the harbour. Ti is not considered an effective normaliser of metal concentrations 
in sediment of Richards Bay Harbour, as it is not correlated with the fine-grained 
fraction of sediment or other metal concentrations. However, if contamination is 
of a very high magnitude, contaminated areas will be identified using different 
normalisers, regardless of the effectiveness of the normalisers. The comparison 
of baseline models to Action List guidelines shows that baseline models reveal a 
wider area of contamination (e.g. Cu), thus leading to a better understanding of the 
system‘s state. 

The findings of this study highlight the need to investigate the utility of different 
normalisers before a decision is made on the most effective one. Different normalis-
ers should not be expected to provide precisely the same understanding on metal 
enrichment of sediment, even if this might be an aspirational outcome. Small differ-
ences in sample processing and analysis, and biogeochemical processes in sediment, 
will lead to small differences in the identification of enrichment, especially if it is of 
a low magnitude. Further, baseline models should not be used as precise boundaries, 
to clearly delineate enriched from unenriched sediment. Certain normalisers might 
prove more effective for certain metals than others. This does not imply different 
normalisers should be used for different metals, but by investigating the utility of 
different normalisers, anomalies in relationships for metals that allude to important 
features in the environment that need to be considered may be identified. The 
implication is that more than one, and preferably several potential normalisers 
should be analysed in studies focussing on metals in sediment if the aim is to identify 
enrichment that reflects contamination. Although the inclusion of several potential 
normalisers has financial implications from an analytical perspective, the ecological 
or management implications based on conclusions reached using a single (faulty) 
normaliser that might over- or underestimate enrichment may be significant and 
warrants such investment. 
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Change in Southern Africa 
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Abstract 

Terrestrial signals in marine sedimentary archives are often used for reconstruct-
ing past environments, vegetation and climate, as well as for determining sedi-
ment fluxes, pathways, and depositional sites and changes in erosional runoff. 
It is therefore important to understand the origin, transport, and depositional 
processes of the various terrestrial sedimentary components in a depositional 
system. In this chapter, we use examples from southern Africa to show how 
source-to-sink studies have led to a clearer interpretation of downcore proxy 
records. Twelve rivers in four river catchment areas of various scales and 
in distinct climatic settings and geological formations are included in this 
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compilation. We also discuss studies from the current-swept South African 
east coast, the broad western and southern margins, and investigations from 
protected marine embayment settings. We consider a large suite of commonly 
used proxies (plant wax isotopes, elemental composition, and fossil pollen) 
as well as hydroacoustic surveying techniques (PARASOUND and multibeam 
bathymetric profiling). Sampling strategies and sample types that may be used 
in catchment analyses are discussed. Challenges and limitations of the above-
mentioned approaches are outlined. In conclusion, we underline the importance 
of a thorough source-to-sink approach to paleo-environmental reconstructions 
using terrigenous proxies. 

28.1 Introduction 

Knowledge of natural, preindustrial climate change and associated processes is 
essential for assessing current and projected environmental changes. Only when the 
interrelationships of all essential influencing factors are sufficiently understood will 
we be able to recognize environmental changes at an early stage, to assess them, 
and to react to them with sustainable (utilization) concepts. To achieve this goal, 
sediments as climate archives are of inestimable importance. The application of 
different methodological and analytical approaches is a prerequisite for the reliable 
interpretation of the multitude of proxies parameters and their information. The case 
studies presented here certainly do not cover the entire spectrum of comparable 
studies in southern Africa, but they represent successful model examples of 
innovative paleoclimate research. The reconstruction of past environments is critical 
to the objectives of several projects within the SPACES program. Strong links 
exist, for example, between the science presented in Chaps. 1 and 2 where a sound 
understanding of past environments is considered necessary to anticipate present 
and future response to climate change. Additionally, a detailed understanding of 
vegetation and hydrologic change during the Holocene can be considered as critical 
reference information for conservation and land use management practices (Chap. 
12). Marine and terrestrial sediment cores are used to understand past environmental 
conditions from proxy data sources, including a large variety of physical, chemical, 
and biological indicators. These proxies are used to infer past fluctuations in 
vegetation, precipitation and weathering regimes, sediment fluxes, pathways, and 
depositional sites as well as changes in erosional runoff. Some of these indicators 
are measured on allochthonous sediment components, that is, components that were 
transported to the site by water or wind. At offshore coring sites located close to 
a river mouth or leeward of areas with high winds and sparse vegetation cover, 
sediments may be almost entirely of allochthonous nature. The interpretation of 
terrigenous (terrestrial) climatic signals measured on these components requires a 
thorough understanding of their source, or provenance, as well as of their transport 
pathways to final deposition. A complex factor in downcore analysis of proxies 
measured on terrestrial-derived material is that different components (such as pollen

http://doi.org/10.1007/978-3-031-10948-5_1
http://doi.org/10.1007/978-3-031-10948-5_2
http://doi.org/10.1007/978-3-031-10948-5_12


28 Catchment and Depositional Studies for the Reconstruction of Past. . . 817

and spores, charred fragments, plant waxes, minerals, and rock fragments) may 
have different source regions, as well as transport pathways. Within a particular 
catchment, the provenance of inorganic and organic material is likely to be distinct, 
especially if there is a large variability in relief and vegetation cover. This has been 
shown in overview studies of riverine transport (Leithold et al. 2016) as well as in  
individual catchment studies (e.g., Bouchez et al. 2014; Häggi et al. 2016; Galy et  
al. 2011; Hahn et al. 2016; Hemingway et al. 2016; Herrmann et al. 2016; Zhao 
et al. 2015). Furthermore, the transport pathways and deposition of the various 
terrigenous fractions will be a function of the characteristics of source areas that 
govern the size, shape, density, and stability of sedimentary particles as shown by 
several on-shelf sediment distribution studies (e.g., Petschick et al. 1996; Rogers 
and Rau 2006). Sediment depocenters on the shelf are also in many ways controlled 
by sea-level history and ocean currents as they play a large role in fractionating grain 
size, grain shape, and composition (Green and Mackay 2016; Flemming and Hay 
1988). 

Source-to-sink studies shed light on the catchment processes and depositional 
conditions that influence proxy signatures. They facilitate reliable paleoclimatic 
interpretation of proxies measured on allochthonous sediment components. The 
diversity of the climatic settings, types of rivers, accompanying wetland systems, 
and depositional environments in southern Africa are immense and the work 
presented here has attempted to target different climatic and environmental zones 
within this (Fig. 28.1 shows simplified climatic and oceanic circulation systems in 
southern Africa). The case studies presented from southern Africa illustrate how 
source-to-sink studies can be applied in a variety of paleo-environmental and paleo-
climatic contexts. 

28.2 Depositional Studies/Stratigraphy of Marine 
Environments at the Sink 

28.2.1 Description of Mapping Strategies 

A core or grab sample provides a window of insight into that specific site location, 
but context is necessary to construct robust interpretations. Hydroacoustic surveys 
of the seafloor and coastal water bodies have been carried out in both ocean and 
coastal water body settings. The purpose of this work was to (1) provide suitable 
geological context around the deposition of sediments that were cored by allowing 
for a holistic “picture” of the sedimentary environment and (2) mapping was carried 
out before coring to inform an appropriate site for sampling. In all cases, these 
water bodies were mapped with subbottom profilers, and specifically, offshore 
voyage M123 traversed the continental margin from Walvis Bay to the Delagoa 
Bight and continuous coverage of multibeam echosounder data was acquired for 
depth, and PARASOUND for sub-seafloor context. In the coastal water bodies, 
boomer subbottom profiles were collected. Around each proposed site, numerous
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Fig. 28.1 Schematic overview of the main components of the oceanic (thick arrows) and 
atmospheric (thin arrows) circulation over southern Africa (modified from Truc et al. 2013). 
Southern Hemispheric Westerlies (SHW) and Intertropical Convergence Zone (ITC) are shown 
in their summer position. The numbers indicate the approximate location of the case studies in this 
chapter, more detailed maps are provided in the following paragraphs. Figure modified from Hahn 
et al. (2017) 

profiles were specifically collected to contextualize appropriate coring sites prior to 
sampling. 

Boomers are low-frequency seismic profilers, characterized by a broadband 
frequency spectrum and high peak intensity. Seismic energy is derived from a bank 
of capacitors, discharged into an electromagnetic coil and providing a clear pulse 
and resolvability of seismic return. Boomer subbottom profilers are considered 
medium-penetrating seismic systems and allow an insight into upper continental 
shelf stratigraphy. 

The PARASOUND method of subbottom profiling works on two frequencies 
(18 kHz and a secondary variable frequency of 20.5–23.5 kHz). The superimpo-
sition of these variable frequencies results in a “nonlinear parametric effect” that 
reduces the area of reflecting the surface compared to conventional subbottom 
profilers (Hempel et al. 1994). 

Echosounders determine the travel time of an acoustic pulse by detecting the 
sharp leading edge of the return echo, providing a depth to seafloor (Mayer and 
Hughes-Clarke 1995). Acquisition of sonar swath bathymetry using a multibeam 
echosounder encompasses the principle of a three-dimensional fan shape of acoustic 
energy, subjected to pitch, roll, yaw, and vessel oscillation. The array transmits
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pulses triggered at known intervals to insonify an area of seafloor normal to the 
ship’s track. High-resolution motion reference units compensate for the inherent 
motion in the data acquired. The angular coverage sector of beam angles varies with 
depth, allowing accurate bathymetric determination from a relatively small number 
of passes across a deeper area. 

28.2.2 Challenges and Limitations 

For voyage M123 (Zabel 2016), areas on the seafloor (the continental shelf and 
shelf-edge environments) were located that preserve terrestrial deposits, such as 
fluvial, lacustrine, and mudbelt depo-centers. Reconnaissance sites were broadly 
defined using legacy data of Dingle et al. (1987) and Birch et al. (1986) and past 
and ongoing work of South African marine geologists. These maps and existing 
data allowed the sites to be constrained according to surficial textures and sediment 
characteristics, and proved particularly beneficial in identifying the loci of muddy 
sediments on the shelf. 

28.2.3 Examples of Southern African Hydroacoustic Studies That 
Have Been Used for Source-to-Sink Understanding 

28.2.3.1 Case Study 1: Southernmost South African Shelf 
The inner to mid continental shelf of the Agulhas Bank, which forms part of the 
Paleo-Agulhas Plain when it was exposed as a terrestrial landscape in the past, 
is covered with Pleistocene deposits. The wide lateral extension of these remnant 
deposits is the expression of a flat underlying substrate, which differs markedly 
to the adjacent onshore area (Cawthra et al. 2018, 2020). Six sediment vibrocores 
were obtained across the Paleo-Agulhas Plain in submerged environments of 
estuaries, lakes, and river floodplains (GeoB18305-3, GeoB18306-1, GeoB18307-2, 
GeoB18308-1, GeoB20628-1 and GeoB20629-1) that revealed sediments preserved 
since the Last Glacial Maximum. A seismic stratigraphic framework was developed 
from the inner to mid-shelf between the Breede River in the West and Plettenberg 
Bay in the East, for the RAiN project, and this work elucidated 20 different 
Quaternary units within 2 depositional sequences (Fig. 28.2). Incised paleo-river 
channels were mapped and cored deposits also mapped seismically from estuarine, 
lacustrine, and fluvial systems are grouped to represent the lower floodplain (Fig. 
28.3). The most pervasive stratigraphic pattern in these shelf deposits was left 
behind during the sea-level drop from 125,000 years ago to 20,000 years ago, or 
the penultimate cycle of warming into the Last Glacial Maximum. 

28.2.3.2 Case Study 2: Limpopo Shelf 
The Limpopo shelf of the Delagoa Bight comprises the extensive submerged and 
asymmetrical wave-dominated delta of the combined Matola, Incomati, Lusutfu, 
and Limpopo rivers. Hydroacoustic studies in the region (e.g., Dyer et al. 2021) gave
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Fig. 28.2 (Top) Representative subbottom profiles to demonstrate how the bounding horizons, 
e.g., wave ravinement surface (“WRS”) and sequence boundaries, as well as seismic units and 
facies were delineated in this study. (Bottom) Schematic showing the basis for definition of systems 
tracts (–A): negative accommodation space 

further background information on sediment depositional processes to correctly 
interpret core stratigraphy. The seismic stratigraphy and architecture of the shelf 
was revealed by PARASOUND subbottom profiling to comprise two submerged, 
wave-dominated deltas sandwiched between three associated paleo-shorelines, all 
draped by sediment that had accumulated after the postglacial transgression. Given 
the complexity of the underlying submerged delta stratigraphy, especially the
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Fig. 28.3 Subbottom profile intercepting the paleochannel of the Breede River near Cape Infanta. 
The site of core GeoB20628-1 is shown 

convoluted delta top deposits that comprise most of the proximal areas of the shelf, 
the marine sediment cores were located in the most stratigraphically consistent 
areas of the postglacial cover sediment. These included at the shelf edge, amid high 
frequency and continuous well-layered reflections, and behind aeolianite pinnacles 
on the mid shelf, where post glacial transgressive erosion was minimized and the 
contemporary mud clinoform of the rivers could be preserved (Fig. 28.4). 

28.2.3.3 Case Study 3: Durban Shelf 
Unlike the above-mentioned examples, the Durban shelf is a current-swept and 
mostly bedrock-controlled feature where Holocene sediments are typically only 
preserved as the infill of old river courses (Green et al. 2013a). Despite the 
scarcity of sediment, previous multibeam bathymetric surveying revealed a series 
of submerged lagoonal deposits on the seabed that appeared to comprise muddy 
infilling material in line with the contemporary lagoons of the southeast African 
margin (Green et al. 2013b, 2014). The detailed hydroacoustic surveying and 
seismic stratigraphy of these lagoonal features was highlighted by Pretorius et al. 
(2016), who identified multiple aeolianite and beachrock shorelines preserved on 
the seabed, behind which extensive Holocene sediment had accumulated (Fig. 28.5). 
Much of the deeper Holocene sediments on the shelf were considered to be relict 
portions of a detached shoreface, driven by abrupt rises in sea level (Pretorius et
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Fig. 28.4 Seismic stratigraphy of the transgressive deposits of the Limpopo shelf. Two phases 
of submerged deltas are evident, covered to landward by the prograding delta top. This is in turn 
draped by the modern mud clinoform of the area, which has dammed behind an aeolianite pinnacle 
(after Dyer et al. 2021) 

al. 2016). The core sites were chosen on the basis of sediment thickness and their 
position within a large incised valley that had back-flooded to form the lagoons 
during the Younger Dryas period; the aim was to retrieve muddy material suitable 
as a climate archive spanning that period. 

The cores retrieved comprised a series of alternating gravels and sands; however, 
with the aid of the seismic stratigraphy and stratigraphic architecture of the 
subbottom, it became apparent that these reflected a series of sediments that had 
been deposited during periods of intense marine storminess. The longer core, 
GeoB18303-2, was associated with wash-over into the back-barrier lagoon system
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Fig. 28.5 Seismic stratigraphy of the Durban continental shelf. (a) Core location GeoB18303-
2, which retrieved a mixture of shoreface and wash-over deposits, sheltered behind an aeolianite 
barrier. These overlie the paleo-lagoon complex imaged by Green et al. (2013a). (b) Core location 
of GeoB18304-1, which intersected a series of tempestites (hummocky reflectors) that adjoin the 
modern shoreface 

during a period of storminess that spanned ca. 11,400–11,200 years ago (Green 
et al. 2022), consistent with the post Younger Dryas submergence of the lagoon 
system (Pretorius et al. 2016). The shallower core was located in the more proximal 
incised valley of the system, the Holocene cover deposits of which comprised a 
series of intercalated marine- and terrestrial-derived sediments (Green et al. 2022). 
In the subbottom profiles, these had a characteristic hummocky seismic appearance 
and were consequently interpreted as classic shelf tempestites, their ages spanning 
the period ca. 7000–4800 years ago. Green et al. (2022) linked this period of 
storminess to an unprecedented series of southward tracking tropical cyclones that 
made landfall in Durban, in contrast to the contemporary situation where tropical
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cyclones do not reach as far south. These were linked to positive Indian Ocean 
Dipole anomalies, driven by a period of increased sea surface temperatures in the 
southwest Indian Ocean. 

28.3 Catchment Studies at the Source 

28.3.1 A Description of Sampling Strategies 

During field campaigns, a representative sampling strategy was developed to best 
capture catchment conditions in a time-efficient manner. In general, three different 
sample types were collected: 

• Suspension load samples representing a current mean value of the entire 
catchment upstream of the site. Two techniques were used to sample riverine 
suspension load. Firstly, an approach of pumping river water from midstream 
into several canisters (total: 100l) that were subsequently centrifuged. Secondly, 
finding deposits where the fine fraction transported during higher flow conditions 
is retained (for examples, see Fig. 28.6). 

• River bank samples. 
• Paleoflood deposits were sampled to gain an idea of the temporal variability in 

the catchment and representing nonmodern analogue conditions. 

Sampling sites were chosen at localities of assumed minimum human impact. 
Samples were taken from as many confluences as possible, as well as at locations 
directly downstream of every confluence. 

28.3.2 Challenges and Limitations of Catchment Studies 

The catchments of most rivers are diverse. Large river systems may traverse several 
climatic and vegetation zones, as well as a suite of geological formations (examples 
from southern Africa: Orange and Limpopo River systems). Small catchments 
can be equally diverse due to, for example, microclimates, the effects of large 
altitudinal differences, or localized wetland occurrences near the river channels. 
The variability throughout a catchment increases further when seasonal changes 
are considered. Capturing the total diversity of entire catchment areas with the 
number of samples that can be collected by a research team within a limited time 
frame of a research project is close to impossible. Catchment areas situated in more 
rural areas (e.g., parts of the Eastern Cape, South Africa) are often inaccessible via 
the road network, limiting the availability of sampling sites. The above-mentioned 
sampling strategies (Sect. 28.3.1) are employed to obtain the best representation 
of the temporal and spatial diversity in a catchment. Although sampling sites 
with obvious signs of human or animal (e.g., bioturbation due to hippopotamus 
or cattle trampling) disturbance are avoided during sampling, contamination of
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Fig. 28.6 Examples of sediments collected from dried out puddles (a,c) and flood deposits (b,d) 
along the Orange River. Copyright Ralph Kreutz, MARUM
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samples by human activity can never be excluded, with some catchments being 
heavily polluted especially near urban areas. Sites that are easily accessible to 
sampling are often used for common recreational activities such as fishing or 
boating. Depositional processes might therefore be disturbed and contaminants 
(oils, plastics, sewage) may be found in the samples. The downcore application 
of proxy interpretations based on catchment studies may be further distorted by 
situations when nonanalogue conditions occurred. The interpretations of proxy 
indicators that can be deduced from modern catchment studies is only valid if 
the conditions in the catchment remain comparable with the modern environment 
throughout time. However, vegetation and erosion processes within a catchment 
may change with large climatic shifts, for example, during glacial-interglacial 
transitions. During no-modern-analogue scenarios, changes in sediment source area 
have to be accounted for, and downcore proxy interpretation may have to be 
adjusted. 

Info boxes on sediment proxies: 
Palynology is the analysis of organic-walled microfossils, which comprise pollen 

and spores as well as algal cysts, fungal remains, dinoflagellate cysts, scolecodonts, 
and even the inner linings of foraminifera. Fossil pollen in particular offers one 
of the most widely used tools for understanding past environmental conditions, 
because pollen grains are morphologically diverse, abundant and generally well 
dispersed, and extremely resistant to decay. By counting and identifying pollen 
and other microfossils preserved in sediments, it becomes possible to reconstruct 
past environments including vegetation composition, climate shifts, changes in soil 
properties and hydrology, and sometimes also human disturbances through farming 
and pastoralism. 

The elemental composition of sediment is used to gain insights into geological 
mechanisms and earth processes such as climate change, local and regional events 
(e.g., floods, landslides, storms), and anthropogenic changes (e.g., changing land 
use, pollution). A large number of element proxies have been recognized as 
important indicators of climate, weathering, and erosion conditions as well as 
sediment provenance. 

Plant-waxes as vegetation and hydrological indicators. All terrestrial plants 
protect their leaves but also other plant surfaces with a surficial layer of wax 
(Eglinton and Hamilton 1967). These waxy compounds are made to resist, so can 
persist in the environment (e.g., soils, sediments) for long times after plant decay. 
In particular, n-alkanes as nonfunctionalized lipids are very refractory, preserving 
their distributional and isotope signatures up to millions of years (Schimmelmann 
et al. 2006).The concentrations of waxes in sedimentary archives depend on 
the terrestrial input, either due to higher plant coverage in the source area or 
stronger (fluvial, aeolian) transport. Different plants, however, produce differential 
amounts of waxes, complicating a quantitative approach (Garcin et al. 2014). As 
resistant compounds, they get relatively enriched during organic matter degrada-
tion, providing information on the degradation status of total organic material. 
Other degradation information can be obtained from their internal distribution. 
Plant synthesize preferentially even- (fatty acids, n-alcohols) or odd-numbered (n-
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alkanes) waxes, a signal that diminishes with proceeding wax degradation (Bray 
and Evans 1961).Some additional information on the contributing vegetation might 
be obtained from the internal distributions of the waxes. Generally, grasses tend to 
produce longer-chain waxes than woody vegetation (Vogts et al. 2009). However, 
this information might be misleading as plants from specific environments can 
contribute very specific chain-lengths, such as sedges, for example, Cyperaceae in 
swamps and floodplains producing preferentially very long-chain waxes (Schefuß et 
al. 2011). In sedimentary archives, the terrestrial wax signal has to be disentangled 
from other, microbial and/or algal, contributions. Overall, wax distributions alone 
should thus only be interpreted with caution and such interpretations preferentially 
be based on calibration studies on wax distributions of regional plant types (Carr 
et al. 2014; Herrmann et al. 2016). On the other hand, the analysis of multiple wax 
components is able to provide information on the diversity of plant changes and 
environmental responses within an ecosystem (Hoetzel et al. 2013). More specific 
information on contributing photosynthetic plant types can be obtained from their 
compound-specific stable carbon (δ 13C) isotope compositions (Diefendorf and 
Freimuth 2017). A broad distinction can be made between waxes from C3 or C4 
plants with waxes from C4 vegetation being isotopically enriched in 13C due to 
a more effective photosynthetic carbon (CO2) fixation (Collins et al. 2011). Most 
tropical grasses are of C4 type, while all trees and shrubs are C3 plants. In this 
sense, the occurrence of C4, that is, 13C-enriched, waxes has been attributed to 
contributions from drier, grassy environments. However, also plants from specific 
environments, such as the Cyperaceae from swamps or salt-tolerant plants in saline 
settings, can be of C4 type, complicating a straightforward interpretation of 13C 
compositions alone (Schefuß et al. 2011). An additional complication are CAM 
plants, being able to switch carbon fixation mechanisms and thus producing variable 
and intermediate 13C compositions, such as, for instance, in biomes along the west 
coast of south Africa (Boom et al. 2014). Plants also adjust their 13C compositions 
due to environmental stress, such as water shortage. Under drought conditions, 
plants increase their water use efficiency, leading to a 13C enrichment (Hou et 
al. 2007). Thus, 13C compositions of plant waxes should not be interpreted alone 
but in conjunction with other parameters. Direct hydrologic information can be 
obtained through compound-specific hydrogen isotope (δD) analyses of waxes. The 
δD composition of waxes depends on the isotope composition of their meteoric 
water source, ultimately related to the isotopic composition of rainfall with an 
overprint of isotopic enrichment due to evaporation and/or plant transpiration in dry 
settings. Such isotopic enrichment due to evapo-transpiration has been detected in 
dry environments of South Africa (Herrmann et al. 2017). Additionally, a secondary 
dependency of δ D composition of waxes is observed between different plant types 
(Sachse et al. 2012). Nonetheless, the δ D composition of waxes provides a direct 
link to atmospheric isotope hydrology. Rainfall isotope effects such as the amount-
, temperature-, altitude- and source-effects are all observed in specific settings in 
South Africa (Burdanowitz et al. 2018; Hahn et al. 2017, 2018, 2021; Miller et 
al. 2019, 2020). On longer time-scales (i.e., pre-Holocene) the ice volume effect 
additionally leads to an enrichment of isotopes in the hydrological cycle. For
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some of these effects, their contribution to the δ Dwax signal can be accounted for 
(e.g., temperature, ice volume) or can be assumed to be constant (e.g., altitude) in 
specific settings. Others, that is, amount and source effect, are often complicated to 
disentangle, in particular, in southern Africa where several moisture sources overlay. 
A careful multiwax parameter and multiproxy (incl. pollen, inorganic geochemistry) 
analysis, however, can lead to meaningful interpretations and far-reaching insights 
into (paleo-)hydrological changes compared to single parameter analyses. Plant-
wax analyses thus yield integrated information on broad-scale vegetation changes, 
organic matter degradation, and the eco-hydrological status of the entire ecosystem. 
Combined in a multiproxy approach with palynology, inorganic geochemistry, etc., 
plant-wax analyses are able to provide very specific and detailed insights on the 
(vegetation and hydrologic) status of modern ecosystems, transport pathways of 
terrestrial organic matter, climatic-driven vegetation changes, and atmospheric-
driven hydrologic changes. 

28.3.3 Examples of Southern African Source-to-Sink Studies That 
Have Been Used for Paleoclimatic Work 

28.3.3.1 Case Study 4: Western South African Coast 
The Orange River, the largest river system in southern Africa (catchment area 
of almost 106 km2, that is, equivalent to about 77% of the land area of South 
Africa), drains large parts of South Africa from the headwaters in the Maloti-
Drakensberg Mountains in the east to the mouth in Namaqualand where it enters 
the Atlantic Ocean (Fig. 28.7). It transports about 106 × 106 m3 of sediment 
annually into the Atlantic Ocean (Birch 1977; Compton et al. 2010) and formed 
the ~70–120 m below sea level coastal-parallel Namaqualand mudbelt, which 
contains sedimentary records of the discharged material of the past ca. 11,000 years 
(Compton et al. 2010). For a thorough interpretation of the stored paleo-climatic and 
paleo-environmental signals, it is important to know where the material originates 
from and how it is altered along the way from the source to the Namaqualand 
mudbelt. Therefore, inorganic and organic geochemical analyses of soil samples, 
river suspended material, riverbed samples, marine surface sediments, and marine 
downcore sediments were carried out. 

Hydrogen isotopic analyses of plant-wax derived n-alkanes (δDwax) in soils show 
a diverse picture across the different rainfall zones in South Africa (Herrmann 
et al. 2017) (Fig. 28.8). In the summer rainfall zone (SRZ), δDwax reflects the 
annual δD of precipitation (δDp), although affected by evapotranspiration, which 
is indicated by the apparent fractionation factor (εapp, Fig. 28.8a). Thus, δDwax is 
a suitable qualitative paleo-hydrological recorder in the SRZ. In the winter rainfall 
zone (WRZ), the situation is less straightforward. There is no relationship between 
δDwax and annual δDp, probably due to wide microclimatic variability, distinct 
vegetation communities, and diversity as well as potential influence of summer rain, 
especially in the eastern parts. In the WRZ, the processes overprinting the δDp signal 
in the δDwax remain unclear and require further research. The n-alkane distribution



28 Catchment and Depositional Studies for the Reconstruction of Past. . . 829

Fig. 28.7 Map of all sampling sites relevant for case study 1 (soils, river, surface sediments, 
cores), biomes (after Mucina and Rutherford 2006). Figure after Burdanowitz et al. (2018) 

Fig. 28.8 Box and whisker plots for (a) the apparent hydrogen isotope fractionation (εapp) of 
plant-wax-derived n-alkanes in soils from different biomes (dark grey) and rainfall zones (light 
grey) and (b) δ13Cwax of soils from different biomes (dark grey) and river samples (red). Boxes 
comprise the middle 50% of samples and the horizontal black line within the box represents the 
median. Black dots outside the whisker plots indicate the uppermost and lowermost 10%. Na Karoo 
and Sc Karoo indicate Nama Karoo and Succulent Karoo, respectively. Note that εapp is shown on 
an inverse axis. Figure after Herrmann et al. (2016)
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patterns and carbon isotopes of n-alkanes (δ13Cwax) of South African soils reflect 
the vegetation type in the surrounding area and are distinct in the distinct biomes. 

As the Orange River is the main sediment contributor to the Namaqualand 
mudbelt offshore western South Africa, there is a temptation to regard the Orange 
River sediment as the basis of past climate change interpretation. However, several 
small ephemeral rivers located in the adjacent Succulent Karoo biome and the Berg 
and Olifants Rivers in the southern part of the mudbelt are additional possible 
sediment contributors (Benito et al. 2011; Burdanowitz et al. 2018; Granger et al. 
2018; Hahn et al. 2016; Herrmann et al. 2016). In addition, wind-driven input (e.g., 
of material from the adjacent western coast biomes) may be also important adding 
to the sediment contribution in the middle and southern mudbelt (Birch 1977; Gray  
et al. 2000; Zhao et al. 2015). 

The isotopic and geochemical composition of the sediment cores offshore the 
Orange River mouth varies with shifting rainfall patterns throughout the large 
Orange River catchment area (Herrmann et al. 2017; Hahn et al. 2016). Overall, the 
case study shows that proxy interpretation is not simple. Knowing the sources and 
overprinting processes of the used proxies is crucial to reconstructing past climatic 
changes. 

28.3.3.2 Case Study 5: Southernmost African Coast 
The Gouritz River catchment is located in southernmost South Africa (Fig. 28.9). 
Despite the relatively small size of the catchment (53,139 km2) compared to the 
Orange (973,000 km2), the altitudinal gradient is steep as the Swartberg Mountains 
rise abruptly above 2000 m a.s.l. within 100 km of the coast (Le Maitre et al. 
2009) and the Gouritz River catchment is the largest on the Cape South Coast. 
The catchment is located mainly in the year-round rainfall zone (Fig. 28.1) and 
has a mean annual runoff of ca. 488 × 106 m3 (Le Maitre et al. 2009). Major 
floods, caused by extreme rainfall events, are characteristic of this area (Desmet 
and Cowling 1999). The geochemical signatures of the paleoflood deposits of the 
Gouritz river catchment were essential for deciphering the downcore signal in a 
marine sediment core near Mossel Bay, offshore the Gouritz River mouth (Hahn et 
al. 2017). In the source-to-sink study, terrestrial catchment samples were all taken 
at lowland locations. There was, however, a distinct difference between the plant 
wax δDC31 values of soil samples and plant wax δDC31 values of flood deposits 
(Fig. 28.9). Plant wax δDC31 values are directly related to the isotope composition 
of precipitation (Sessions et al. 1999). Therefore, the conditions under which plant 
waxes contained in soils and plant waxes derived from paleoflood deposits were 
synthesized must have been different. Rainfall δD signatures become deuterium-
depleted with altitude (ca. 10–15%∘ per 1000 m; Gonfiantini et al. 2001). In view of 
the extreme elevation difference in the Gouritz River catchment, it is most likely that 
the relatively deuterium-depleted paleoflood deposits contain a considerable amount 
of upper-catchment material. Southern Hemispheric Westerlies-related precipitation 
events in the otherwise arid winters have been described as the main source of 
precipitation in the upper Gouritz River catchment (Chase et al. 2013).
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Fig. 28.9 (a) Map of the Gouritz River catchment and sampling sites. The winter rainfall zone 
(WRZ), summer rainfall zone (SRZ), and year-round rainfall zone (YRZ) are indicated. (b) 
Variations in δD of the n-C31-alkane (%∘ VSMOW) in the distinct horizons of paleoflood vs. 
soil formation horizons. (c) Gouritz River tributary cut bank is depicted as an example illustrating 
these alternating horizons. Figure modified after Hahn et al. (2017) 

For the interpretation of layers with deuterium-depleted plant waxes (Fig. 28.10), 
in the marine sediment core GeoB18308-1 in Mossel Bay offshore the Gouritz 
River mouth (Hahn et al. 2017), this information was particularly valuable. These 
layers could be linked to an increase in Southern Hemispheric Westerlies-related 
precipitation events in the upper Gouritz River catchment. In this manner, the 
Gouritz River catchment study led to a better understanding of variations in past 
regional climatic conditions. 

28.3.3.3 Case Study 6: South-Eastern African Coast 
A comparative study of catchment samples (riverbank sediments, flood deposits, 
suspension loads, and soils) and offshore deposits along the south-east African
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Fig. 28.10 Core log and 
deuterium isotopes of plant 
waxes in GeoB18308-1. The 
core log shows internal 
structures with recorded 
colors demonstrating the 
presence of an event deposit. 
The deuterium-enriched 
values during the medieval 
climate anomaly (MCA) 
indicate humid conditions 
during this interval 

coast was used to investigate the source of various terrigenous sediment fractions 
and to delimit the movement of sediments along the shelf initiated by the Agulhas 
Current (Hahn et al. 2018). In the river catchments along the coast, subtle differences 
in sampling locations and associated environments (e.g., riverbank sediments, 
flood deposits, suspension loads, and soils) were reflected in the various proxy-
indicators (Fig. 28.11). Large-scale trends, such as the climatic and environmental 
shift from the temperate winter rainfall zone in the southwest to the tropical 
summer rainfall zone in the northeast (Fig. 28.1), were also reflected in the data 
(Fig. 28.12). Plant wax δD signatures are indicative of increasing rainfall amounts 
toward the north concurring with a change from subtropical to tropical climate. 
Pollen assemblages and plant-wax δ13C signatures document a shift from a mixed 
C4/C3 signature farther north in the subtropical grasslands/savanna toMediterranean
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Fig. 28.11 (a) Study area of case study 3 in south-eastern Africa showing relevant drainage 
systems plotted with the sampling locations. The river catchments depicted on the map are (from
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and mountain shrublands vegetation (C3 dominated) in the southern Cape and 
Drakensberg regions, respectively. The petrographic, chemical, heavy-mineral, and 
bulk mineralogical composition of the riverine material reflects catchment geology, 
which consists of metamorphic and igneous rocks in the north (Kaapvaal Craton and 
Bushveld Igneous Complex), and mainly sandstones in the south (sedimentary rocks 
of the Cape and Karoo Supergroups). Offshore sample signatures were comparable 
to those of the adjacent river systems. It was therefore inferred that the influence of 
the Agulhas Current affects sediment deposition and distribution only seaward of the 
mid-shelf (Fig. 28.11). It was concluded that sediments on the inner shelf, especially 
from locations leeward of coastal protrusions, are protected from erosion and 
redistribution. These sediments thus constitute valuable archives of local climatic 
change. 

28.3.3.4 Case Study 7: Delagoa Bight 
Catchment samples from the river systems (e.g., Incomati, Matola, and Lusutfu 
rivers) that discharge into the Delagoa Bight were studied to determine the 
provenance of sediment deposits in the Delagoa Bight (Schüürman et al. 2019). The 
terrigenous material in sediments on the Delagoa Bight near Maputo, Mozambique, 
has several potential source areas including the coastal river catchments of the 
Incomati, Matola, and Lusutfu rivers and the large, interior catchment of the 
Limpopo River. A selection of trace element concentrations in river sediment 
samples was used to determine end-members for the four river catchments. All 
element concentrations were normalized by aluminum to avoid the dilution effects 
by the marine fraction. The entire dataset was scrutinized by multivariate analysis of 
variance (MANOVA) in order to identify the elements most useful for the regional 
end-member analysis. Relative end-member contributions to core top samples from 
the shelf were then used to trace inorganic sediment deposition in the Delagoa 

Fig. 28.11 (continued) southwest to northeast): Breede, Gouritz, Great Fish, Great Kei, Mbashe, 
Tsitsa, Roadant, Tugela, Lusutfu, Matula, Incomati, Limpopo. The grey line separates samples 
grouped as Mozambique from the samples grouped as South Africa. (b) Southwest to northeast 
transect of multiple proxy-indicator trends. The x axis labels and symbols are coded according 
to terrestrial sampling site (Arabic numbers and full circles, respectively) or marine core top 
location (Latin numbers and empty circles), respectively. See (a) for numbered sites. Box and 
whisker plots representing the statistical relevance of (b). The bottom and top of the box represent 
the interquartile range, the band inside the box the median, and the whiskers of the minimum 
and maximum. Please note that for all proxies, the interquartile range of the South African 
offshore samples does not overlap the interquartile range of the Mozambique offshore samples. 
The proxies can be interpreted as follows: High zircon + tourmaline + rutile (ZTR) values 
indicate more extensive recycling of sedimentary source rocks. High quartz% indicates input from 
Cape Supergroup and Karoo Supergroup sandstones. A high metamorphic detritus (MI*) index is 
indicative of detritus from high-grade basement rocks. The main source of high (Fe+Cr+Ni)/Al 
values is the Bushveld Igneous Complex. Podocarpus, Clematis, Mimosa, and Euphorbia versus 
Poaceae (grass) pollen is a ratio between tropical grasslands and montane shrubland/Mediterranean 
forest. High δ13CC29 values reflect predominance of C4 plants versus C3 plants. High δDC29 
values indicate low rainfall amounts. Figure modified from Hahn et al. (2018)
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Fig. 28.12 (a) Overview map of the Incomati, Limpopo, Lusutfu, and Matola catchments 
including sample locations from terrestrial sampling campaigns as well as the Delagoa Bight 
with GeoB surface sediment sites. The dashed line marks the shelf break. (b) Contribution of 
empirical end-members of the Limpopo, Incomati, Matola, and Lusutfu catchments to sea-floor 
GeoB surface samples from the Delagoa Bight. The pathway of the sediment drift in the Delagoa 
Bight is indicated by the red arrow marking the Delagoa Bight Eddy. Figure after Schüürman et al. 
(2019) 

Bight (Fig. 28.12). The results show that the local cyclonic circulation induces a 
strong eastward sediment drift in part preventing sedimentation in the bight. This 
was essential for the paleoclimatic interpretation of several marine sediment cores 
located in the bight (Miller et al. 2020; Hahn et al. 2021). In particular, the low 
relative contribution of the Limpopo River was unexpected.
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28.3.3.5 Case Study 8: Umzimbuvu River 
A multiseason provenance study of the Umzimbuvu River (Fig. 28.13; (Frankland 
2020; Sect. 28.3.1) was conducted to understand catchment dynamics and provide 
taphonomic basis to the interpretation of the marine sediment core collected offshore 
the river mouth (GeoB20623-1). The Umzimvubu is a large, undammed catchment 
(19,852 km2) on the east coast of South Africa comprising five major tributaries, 
which have their headwaters in the Drakensberg Mountains. The main stem of the 
catchment is the Umzimvubu River, which flows over ~400 km through deeply 
incised river valleys from the source through the coastal belt before discharging into 
the Indian Ocean at Port St. Johns. The catchment transitions between the grassland 
biome at higher altitudes to the savanna biome at intermediate altitudes and finally 
the Indian Ocean Coastal Belt biome at the coast. 

Eleven sampling sites were identified at the most accessible locations represent-
ing the full spatial extent of the Umzimvubu Catchment and capturing all five major 
tributaries (Mzintlava, Umzimvubu, Kinira, Thina, and iTsitsa). To capture temporal 
sediment dynamics within the catchment, three sampling campaigns were conducted 
to sample the dry (June), intermediate (September), and wet (November) months 
according to monthly rainfall for the region. Four types of samples were taken at 
each location to determine the provenance dynamics of sediment, hydrologic, and 

Fig. 28.13 Box and whisker plots illustrating the differences in sediment geochemistry and 
palynology between the upper and lower catchment areas of the Umzimvubu River. The minimum, 
maximum, median, upper, and lower quartile δ13C, δD, and Fe/K values of upper and lower 
catchment samples are shown. The geochemistry plots include river bed sediment sampled from 
each site during the dry (July), intermediate (September), and wet (November) seasons of 2017. 
Phragmites/Cyperaceae pollen ratio is based on 18 viable catchment samples across the three 
seasons. The upper and lower catchments are defined in the accompanying elevation map by the 
dotted line marking 500 m a.s.l. δ13C values of the C31 n-alkane are presented in %∘ VPDB and 
δD of the C31 n-alkane in %∘ VSMOW. Figure after Hahn et al. (2021)
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vegetation signals within the catchment, viz., suspension load, riverbed sediment, 
dried puddle sediments, and water isotope samples. Suspension load samples were 
collected using a portable water pump deployed off of a bridge at the center of the 
river. Riverbed sediment was collected using grab samples. Dried puddle sediments 
were sampled from dried flood deposits where there was evidence of potential past 
flood events. Water isotope samples were collected downstream of each sample 
site for δ18O and δ2H analysis. These were ultimately excluded from the overall 
dataset as they did not show a major relation to the inorganic and organic signal 
provenance, nor did they have a strong correlation to the other proxies. Collectively, 
the catchment-wide sampling of river bed and suspension load sample was used 
to distinguish upper from lower catchment sediment signatures, which could be 
applied downcore on a sediment archive offshore the river system (GeoB20623-1, 
Hahn et al. 2021). 

In terms of geochemistry, the catchment study showed that there was a distinct 
difference in the sediment signatures of the upper and lower catchment. Upper 
catchment sediments are characterized by high δ13C values (due to the prevailing 
C4 grassland vegetation), low δD values (due to the altitude effect; Gonfiantini et al. 
2001), and higher Fe/K value (due to the high chemical weathering in the arid upper 
catchment) (Fig. 28.13). This is relevant for the interpretation of proxy indicators 
in the sediment core, since a greater proportion of upper catchment material in the 
sediments transported into the ocean occurs during high rainfall events. 

For the palynological aspects of the study, suspension load samples yielded poor 
pollen concentration; thus, river bed samples were selected as a more appropriate 
sample type for pollen analysis. These surface river bed samples are not indicative of 
the time of sampling, but rather reflect pollen accumulation over an extended period, 
likely spanning several months or even years depending on the site. Moreover, 
samples taken in the downstream catchment represent a greater allochthonous 
signal, incorporating pollen grains transported from higher up the catchment. A 
further caveat to catchment pollen interpretation is the fact that seasonal variations 
in the pollen signal, such as those observed for Zea mays (maize), are indicative 
of flowering season of the parent vegetation, rather than of any seasonal climatic 
variations influencing vegetation type. This leads to the broader consideration 
of pollen as a direct indicator for parent vegetation, but an indirect indicator 
of prevailing climate, with inherent lags in the timing of vegetation response to 
climatic change. The catchment pollen analysis samples were therefore grouped 
across seasons, since seasonal flowering patterns do not inform paleo-vegetation 
or paleo-climatic interpretation. The aim of the catchment pollen research was to 
determine whether there is a coherent pollen signal indicative of the dominant 
biomes (Mucina and Rutherford 2006) across the Umzimvubu River catchment, viz. 
grassland in the upper catchment area (n = 14), savanna at intermediate altitudes 
(n = 12), and Indian Ocean Coastal Belt biome along the coastline (n = 6). Perhaps 
unsurprisingly, the pollen signature was dominated by a few ubiquitous taxa, 
including grasses (Poaceae excluding Phragmites-type) and sedges (Cyperaceae), 
which tend to be overrepresented in South African pollen records from wetlands. 
This overrepresentation obscured any clear biome-related signals in the vegetation.
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The pollen signal also revealed the presence of pollen from exotic pine trees 
(Pinus spp.) in the upper catchment areas, reflecting the transformed nature of 
the catchment area, with parts of the natural grassland vegetation having been 
afforested by commercial plantations. A multiproxy comparison of upper and lower 
catchment samples showed clear altitudinal differences in organic and inorganic 
geochemical proxies, but also in the ratio of Phragmites/Cyperaceae pollen (Fig. 
28.13; Hahn et al. 2021). In the upper (lower) catchment areas, Phragmites-type 
pollen is on average less (more) abundant than Cyperaceae. Phragmites australis 
is an aquatic/semiaquatic reed that grows in shallow water, whereas Cyperaceae 
(sedges) is a more ubiquitous taxon, with sedges growing in a range of habitats from 
wetlands to grasslands and forest fringes (Gaigher 1990; Archer 2000). The higher 
Phragmites/Cyperaceae pollen ratio in the lower altitude parts of the catchment 
likely reflects the prevalence of P. australis in the floodplain areas near the river 
mouth, and more humid climatic conditions than the higher altitude sites. 

The paper by Hahn et al. (2021) was able to use these insights from modern 
catchment geochemistry and pollen sampling to apply the Phragmites/Cyperaceae 
pollen ratio, the isotope geochemistry, and the elemental composition downcore. 
The Phragmites/Cyperaceae pollen ratio is used as a moisture indicator to interpret 
the offshore marine fossil pollen record of core GeoB20623-1 recovered offshore the 
Umzimvubu River mouth, with ratio increases (decreases) suggesting more (less) 
humid conditions. Likewise, as a result of the catchment study, high δ13C values, 
low δD values, and higher Fe/K values in core GeoB20623-1 are associated with an 
increased input of upper catchment sediments. Since a greater proportion of upper 
catchment material in the sediments transported into the ocean occurs during high 
rainfall periods, intervals with high δ13C values, low δD values, and higher Fe/K 
values in core GeoB20623-1 are interpreted as humid phases. 

28.4 Synthesis and Practical Recommendations 

Summing up, we state that the suite of source-to-sink and depositional studies 
described in this chapter has been essential for the accurate interpretation of 
environmental conditions from sediment cores taken in and around southern Africa. 
Exploring depositional systems and the stratigraphy of marine environments at 
the sediment sink has proven indispensable for locating sediment bodies suitable 
for coring and therefore consequent analysis of past changes. This is particularly 
true for current swept shelves, such as the South African shelf, where great 
expanses of the seafloor are devoid of sediment. Furthermore, seismic stratigraphy 
can give insights into changing sedimentary conditions that will entirely change 
the interpretation of downcore proxies. Eminent examples of this are the lake 
sediment sequences dating from lower sea level conditions found in several 
Agulhas Bank/Paleo-Agulhas Plain sediment cores. In more practical terms, seismic 
stratigraphy studies can enable the choice of suitable coring equipment (gravity 
corer, vibrocorer, box corer, and multicorer) depending on the sediment grain size 
and texture. Possible penetration depth and thus barrel lengths for coring can also
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be estimated using seismic surveying. For the interpretation of the proxies measured 
on the retrieved sediment cores, we consider catchment studies a crucial. The 
examples outlined in these studies show how the suite of organic and inorganic 
indicators can vary with changes in the source area that can only be understood, and 
thus correctly interpreted, in a framework of a catchment area study. Considering 
source-to-sink study conduct, after this work, we recommend choosing sampling 
locations before and after tributaries and/or confluences and analyzing a suite 
of different samples (suspension load, river bed, flood deposits) from each site. 
Organic parameters can be excellent indicators of vegetation present at the site (river 
bank samples) as well as upstream of the confluence or tributary (suspension load 
samples). Compound-specific hydrogen isotope analyses can inform on present and 
past eco-hydrologic status. Inorganic parameters can give insights into changes in 
sediment provenance (geological formations) and/or shifts in weathering regimes at 
or upstream of the site. As best practice for future paleo-environmental studies, it is 
recommended that sediment cores are interpreted in the context of their depositional 
conditions explored using seismic surveying techniques and that catchment samples 
are analyzed in order to shed light on the processes that influence proxy parameters 
measured on allochthonous sedimentary components. 

28.5 Conclusions 

Using examples from southern Africa, we illustrate that catchment studies and 
hydroacoustic/stratigraphic studies are essential for reliable paleo-climatic and 
paleo-environmental interpretations of paleo-archives: 

• Paleoclimate studies are important for anticipating present and future responses 
to climate and climate change as they provide reference information on past 
climate changes and variability. 

• Often, several rivers discharge into the same embayment and/or strong oceanic 
currents may displace sediments. In both cases, it is vital to determine fromwhich 
river systems sediments originate from prior to commencing environmental 
interpretations. 

• Rainfall is not always evenly distributed over a catchment area. By identifying 
source areas within a catchment, a more locally constrained climate reconstruc-
tion can be made. 

• Hydroacoustic surveying is vital for identifying suitable coring locations and 
contextualizing depositional processes. 

• The present is not always an analogue of past conditions. This work has shown 
the value in comparison/verification at different temporal scales. 

The overall messages for land use management and environmental protection 
policies emerging from this chapter are as follows:
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• Reliable records of past climate and ecologic changes are indispensable for 
understanding present and future responses to climate and climate changes. 

• Vegetation patterns during the Holocene differed across southern Africa, as did 
the past climate. Management strategies thus need to be regionally specific and 
consider region-specific variabilities and sensitivities. 
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Abstract 

South Africa is a vast, very diverse and dynamic country experiencing rapidly 
changing demands for the utilization of its natural resources. At the same 
time, global climate change and related processes affect the land’s agricultural 
utilization. The considerable expansion of high-resolution Earth observation 
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systems providing high temporal resolution acquisitions of the land surface 
free of charge provides the opportunity to monitor land surface dynamics at 
an unprecedented temporal and spatial resolution. Based on the work in the 
SPACES II project South Africa Land Degradation Monitor (SALDi), we present 
examples highlighting the new observational opportunities potentially supporting 
regional policy implementation. Thus, the main objective of this chapter is to 
present applied examples from the six SALDi study sites spread across the coun-
try illustrating some of the new capabilities providing simultaneously a regional 
overview of land surface dynamics as well as high-resolution information on 
specific areas, for example a district, a municipality, a farm or a specific field 
plot. 

29.1 Introduction 

Land use and land cover reflect at any given time the utilization of the resources 
of a country. Utilization patterns and trends are dependent on underlying natural 
resources (e.g., the geology, soils, vegetation, climate and hydrology conditions) 
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and the opportunities, conditions and conventions to exploit them. This leads to 
a specific land use pattern in specific regions which might change due to anthro-
pogenic and/or climate pressure over time. Often, the changes seemingly introduced 
by external forcing like climate change are considered land degradation, while 
anthropogenic changes are often considered development (e.g. the transformation 
of rangeland to settlement areas or cultivated land into mining areas). This kind of 
obvious land use and land cover change is regularly monitored within the framework 
of repeated national land cover and land use assessments. Compared to this, the 
SPACES II project South Africa Land Degradation Monitor (SALDi) targets more 
subtle land cover changes which eventually might cause land degradation. Thus, 
the project addresses the dynamics and functioning of multi-use landscapes with 
respect to land use and land cover change, water fluxes and implications for habitats 
and ecosystem services. 

An overarching goal of the project is to implement new and sustainable adaptive 
land degradation assessment tools. The project aims to advance current method-
ologies for multi-use landscapes by innovatively incorporating inter-annual and 
seasonal variability in a spatially explicit approach and takes advantage of the 
emerging availability of high spatio-temporal resolution Earth observation data (e.g. 
ESA Sentinels, DLR TanDEM-X, NASA Landsat), growing sources of in-situ data 
and advancements in modelling approaches. 

In this chapter, we will provide observational support and discoveries on subtle 
land cover changes in the six SALDi study sites in support of regional policy 
implementation to identify areas under the threat of land degradation. The aim 
is to thus support the remedial actions. Following this introduction, we will first 
provide an overview of the six SALDi study sites and discuss the land degradation 
challenges at these sites. Subsequently, we will introduce the SALDi product catalog 
developed based on the high spatio-temporal resolution Earth observation data 
mainly acquired by the ESA Sentinels since 2017. Finally, we will provide examples 
of the observational support and discoveries found at each site. The examples have 
been chosen based on land surface processes (those perceived as most important) to 
highlight the opportunities to deal with observations on a regional and local scale 
at the same time. In addition, we try to highlight the advantages of time series data 
and analysis when dealing with land surface processes. 

29.2 SALDi Study Sites 

In order to develop a broadly applicable set of products to support detection of 
land surface dynamics and eventually land degradation processes, we identified six 
study areas covering approximately 100 km × 100 km each (Fig. 29.1). The study 
sites cover the main climatic gradient from the semi-arid winter-rainfall region in 
the southwest across the central semi-arid year-round-rainfall region to the semi-
humid summer-rainfall region in the northeast. The climate diagrams according to 
Walter and Lieth (1967) (Fig. 29.2) clearly identify average dry and wet months 
and highlight the great aridity in the SALDi study area No. 2: Kai !Garib, located
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Fig. 29.1 Land cover in southern Africa, that is the SALDi SP2 WRF Hydro modelling domain, 
and location of SALDi study areas in South Africa. 1: Overberg, 2: Kai !Garib, 3: Sol Plaatje, 4: 
Mantsopa, 5: Bojanala Platinum, 6: Ehlanzeni (data source: ©ESRI 2013, simplified MODIS Land 
Cover from Friedl et al. 2010, compilation: J. Baade) 

Fig. 29.2 Climate characteristics (1980–2020) for the SALDi study sites. 1: Overberg, 2: Kai 
!Garib, 3: Sol Plaatje, 4: Mantsopa, 5: Bojanala Platinum, 6: Ehlanzeni (data source: Funk et al. 
2015, Harris et al. 2020, compilation: Z. Zhang)
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Fig. 29.3 Land cover characteristics in the six SALDi study areas. 1: Overberg, 2: Kai !Garib, 3: 
Sol Plaatje, 4: Mantsopa, 5: Bojanala Platinum, 6: Ehlanzeni (data source: simplified land cover 
from DFFE 2021, compilation: J. Baade) 

at the boundary to Namibia. In addition, the selection of study areas considers 
physical (e.g. biomes, relief, soils and land types) and socio-economic (e.g. land 
tenure, farming practices) differences within South Africa. Within our study sites, 
protected areas (often National Parks) represent benchmark sites (Wiese et al. 
2011), providing a foundation for Baseline Trend Scenarios (Diaz et al. 2015), 
against which climate-driven ecosystem service dynamics of multi-used landscape 
(cropland, rangeland, forests) are evaluated. 

The analysis and comparison of the land cover in the six study areas (Fig. 29.3) 
provides evidence for the strong impact of climate conditions on the utilization of 
land. In the Overberg region in the Southwest (SALDi site 1), 45% of the area is 
cultivated and 40% covered by shrubland (i.e. mostly fynbos), while forested land1 

cover more than 75% of the area in Ehlanzeni in the Northeast (SALDi site 6). 
In Kai !Garib (SALDi site 2), shrubs (50%) and barren land (48%) characterize 
the landscape, while grassland (75%) represent the dominant land cover in Sol 
Plaatje (SALDi site 3). Compared to this, Mantsopa (SALDi site 4) and Bojanala 
Platinum (SALDi site 5) are characterized by a more diverse land cover. It is this 
diversity of land utilization in the different study sites which supports the aspiration 
to eventually provide overall results applicable to the whole of South Africa and 
beyond. 

In accordance with the different climatic conditions as well as the different land 
cover and land use conditions, which also reflect other basic conditions, such as 
relief, geological conditions, soils and climate, it is possible to identify dominant 
degradation processes and related land surface processes (Table 29.1) for the study 
areas in cooperation with local stakeholders. Within the framework of SALDi, these 
major degradation processes and related land surface processes are to be addressed 
based on the SALDi remote sensing product catalog (see below and Chap. 24, Fig.  
24.2). Comparing the six sites shows that desertification, bush encroachment or 
invasive species and soil erosion are concerns in all six sites. Reservoir siltation as an 
off-site damage from soil erosion (Chap. 13) is a concern in all sites with sufficient 
rainfall to support reservoirs, that is Overberg, Mantsopa, Bojanala Platinum and

1 We follow the terminology used in the South African National Land-Cover classification 
(SANLC, DFFE 2021). Often savanna would be the ecologically more appropriate term for 
forested land, but that is included in the SANLC terminology as it follows international guidelines. 

http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_24#Fig2
http://doi.org/10.1007/978-3-031-10948-5_13
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Table 29.1 Dominant land degradation processes in the SALDi project areas and related land 
surface processes (Biome classification acc. to Mucina and Rutherford 2006) 

Study area/biome Major degradation processes 
Related land surface 
processes and properties 

1. Overberg/Fynbos biome Invasive species, soil erosion, 
reservoir siltation, 

Fire, bare soil and vegetation 
dynamics 

2. Kai!Garib/Nama-Karoo 
biome 

Bush encroachment, soil & gully 
erosion (?), salinization 

Fire, bare soil and vegetation 
dynamics (bush 
encroachment), gully 
formation 

3. Sol Plaatje/Nama-Karoo 
and Savanna biome 

Bush encroachment, soil & gully 
erosion, salinization 

Fire, bare soil and vegetation 
dynamics (specif. on game 
farms), gully formation 

4. Mantsopa/Grassland 
biome 

Bush encroachment, soil & gully 
erosion, reservoir siltation 

Fire, bare soil and vegetation 
dynamics (Slangbos 
encroachment), gully 
formation 

5. Bojanala 
Platinum/Savanna biome 

Bush encroachment, soil erosion, 
reservoir siltation 

Fire, bare soil and vegetation 
dynamics (specif. on game 
farms) 

6. Ehlanzeni/Savanna biome Bush encroachment, soil & gully 
erosion, reservoir siltation, land 
use change 

Fire, bare soil and vegetation 
dynamics (bush encroachment 
vs. loss of trees), land use and 
cover change 

Ehlanzeni. Salinization is mentioned in areas where irrigation is important, while 
gully erosion is of concern in areas with high relief and steep slopes. The related 
land surface processes and properties observable with a remote sensing approach 
include general vegetation dynamics, fire, bush encroachment, the temporal and 
spatial proportion of bare soil and possibly the formation of gullies (see Chap. 13, 
Fig. 13.5). 

One difficulty in distinguishing climatic-driven land surface dynamics from 
anthropogenic land degradation in the sense of a continuous declining process is the 
high inter-seasonal variation of climate on a decadal scale in many parts of South 
Africa. This can be clearly illustrated by the more than 100-year long precipitation 
record from Bredasdorp in Overberg, Western Cape Province (Fig. 29.4). Based 
on this, the 5-year moving average of annual precipitation varies regularly and 
partly for several decades between 400 and over 500 mm. Under these conditions, 
it is rather difficult to attribute observations from a few years (~5 years) to either 
‘normal’ land surface dynamics or land degradation. 

29.3 Description of SALDi Product Catalog 

In the SALDi project, several products are developed from satellite data to be used 
as a basis for assessing land degradation in the project areas (Fig. 29.1). The product

http://doi.org/10.1007/978-3-031-10948-5_13
http://doi.org/10.1007/978-3-031-10948-5_13#Fig5
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Fig. 29.4 Precipitation variability (5 year moving average) 1910–2020, Zeekoevlei Farm, Bredas-
dorp, Overberg (data courtesy of P. Albertyn and E. Hahndiek, Nuwejaars SMA, compilation: J. 
Baade) 

catalog comprises data derived mainly from Sentinel-1 radar and Sentinel-2 optical 
satellite time series, airborne and spaceborne lidar data and further earth observation 
sensors. It includes information products on temporal anomalies and breakpoints, 
on woody and vegetation cover, on surface moisture and a number of indices that 
can serve as proxies for land surface properties, for example bare area abundance, 
vegetation activity or moisture. A detailed overview over the SALDi product catalog 
is given in Table 29.2. At the top of the table, a number of basic data sets providing 
background information on the study sites are listed. The next section lists the 
analysis ready data and products related to the Sentinel-1 radar satellites followed 
by the Sentinel-2 optical data and products. To avoid reiterations within this book, 
products already described in Chap. 24 are not discussed in greater detail here. 

The spectral indices mentioned in Table 29.2 can be used as proxies for 
biophysical variables describing the status of the land surface concerning, for 
example, vegetation cover or moisture. They have proven to have a wide and 
growing range of applications (Tucker 1979; Qi et al.  1994; Diek et al. 2017). 
As they are mostly used to monitor land surface and vegetation conditions, they 
can provide early warning on droughts and famines. The performance of these 
indices differs in accordance with land cover (e.g. sparse vegetation vs. very dense 
vegetation) and various environmental conditions. Therefore, we provide in Table 
29.3 some details on the most utilized spectral indices provided in the SALDi data 
cube. 

29.4 Regional Examples of Land Surface Change 

Based on the SALDi Earth observation product catalog (Sect. 29.3), we present in 
the following examples of times series analysis of Sentinel-1 and Sentinel-2 data 
aimed at observations on relevant land surface dynamics, eventually on processes 
which might be or are considered land degradation. The examples cover all six

http://doi.org/10.1007/978-3-031-10948-5_24
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Table 29.2 Overview of the SALDi Earth observation products provided in the SALDi data cube 
and the Digital Earth Africa (DEAa) data cube, access to SALDi data cube will be granted on 
request 

Product 
Spatial and temporal resolution, 
additional information 

Data cubes providing 
the product 

Copernicus GLO-30 Digital 
Elevation Model (DEM) 

30 m, acquired: 2010–2015, released 
2019 

SALDiCube, DEA 

ESA worldcover 10 m, 2020 SALDiCube, DEA 
South African National Land 
Cover data sets 

30 m, 1990, 2013, 2017, 2020 SALDiCube 

Historic Flood Mapping Water 
Observations from Space (ls 
wofs) 

30 m, 16 days, 2014–2022 SALDiCube, DEA 

Sentinel-1 Gamma normalized 
radar backscatter 

20 m, every 6–12 days, 2018–2022 SALDiCube, DEA 

Sentinel-1 Coherence Product 
(ascending) 

45 m, every 6–12 days, 2017–2021 SALDiCube 

Sentinel-1 Breakpoints (see 
Chap. 24) 

10 m, one 5-year raster for each SALDi 
site with a number of breakpoints, 
2015–2020 

SALDiCube 

Sentinel-1 Surface moisture 
indicator (see Chap. 24) 

50 m, every 6–12 days, 2017–2021 SALDiCube 

Sentinel-1 Woody cover (see 
Chap. 24) 

10 m, one raster for each SALDi site, 
2019–2020, Information content: 
percentage of woody cover (0–100%) 

SALDiCube 

Sentinel-2 imagery, Level 2A 
(surface reflectance) converted 
to GeoTIFFs 

10, 20, 60 m (band dependent), every 5 
days, 2017–2022 

SALDiCube, DEA 

Sentinel-2A level 1C—cloud 
and shadow masks from 
Fmask 

10, 20, 60 m (band dependent), every 5 
days, 2017–2022 

SALDiCube 

Sentinel-2 spectral indices 10, 20 m (band dependent), every 5 days, 
2017–2022, Indices: BSI, EVI, MSAVI, 
NDBI, NDVI, NDWI, PVI, SAVI, 
TSAVI, REIP 

SALDiCube 

Sentinel-2 Canopy Cover (see 
Chap. 24) 

10 m, one raster for each SALDi site, 
2019–2020, Information content: 
percentage of canopy cover (0–100%) 
and canopy height 

SALDiCube 

Sentinel-2 Breakpoints (see 
Chap. 24) 

10 m, one 3-layer raster for each SALDi 
site, 2017–2021, Information content: 
date of breakpoint; probability of 
breakpoint occurrence; probability of 
exact timing of breakpoint 

SALDiCube 

ahttps://www.digitalearthafrica.org/ 

SALDi study sites picking specific issues for each site. The presented examples and 
the interpretation are the outcome of project works including dedicated personnel

http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_24
http://doi.org/10.1007/978-3-031-10948-5_24
https://www.digitalearthafrica.org/
https://www.digitalearthafrica.org/
https://www.digitalearthafrica.org/
https://www.digitalearthafrica.org/
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Table 29.3 Overview of the spectral indices derived from Sentinel-2 data provided in the SALDi 
data cube 

Spectral indices Explanation 

BSI The Bare soil index is a spectral indicator that enhances the identification of 
bare soil areas/patches and vegetated areas. One should note that the BSI scales 
from −1 to 1 and cannot easily be transformed to percentage of bare soil. 

EVI The enhanced vegetation index can be used to quantify vegetation greenness. 
In contrast to NDVI, EVI corrects for certain atmospheric conditions and 
canopy background noise and is known to be more sensitive in areas with 
dense vegetation. 

MSAVI The modified soil adjusted vegetation index has been rated as the superior 
index to detect leaf area index for certain crop types and is therefore useful for 
information linked to agriculture. 

NDBI The normalized difference built-up index uses the NIR and SWIR bands to 
emphasize manufactured built-up areas. It can be utilized to mitigate the 
effects of terrain illumination differences as well as atmospheric effects. 

NDVI The normalized difference vegetation index is associated with vegetation 
characteristics and is probably one of the most used indices. It uses the red and 
the near-infrared spectral bands, and high values correspond to denser and 
healthier vegetation. 

NDWI The normalized difference water index has proven its usefulness for water 
body monitoring as it enhances water efficiently in most of the cases. 
However, it is sensitive to built-up land and might result in over-estimation of 
water bodies. 

PVI The perpendicular vegetation index is known as a more complex index that 
takes the soil emissivity into account. That is of special importance as this is 
one of the major limitations of NDVI. The PVI measures the changes from the 
bare soil reflectances caused by the vegetation. In this way, it gives an 
indication of vegetative cover independent of the effects of the soil. 

SAVI The soil adjusted vegetation index is mostly utilized to correct the NDVI for 
the influence of soil brightness in areas where vegetative cover is low. 

TSAVI The transformed soil-adjusted vegetation index is a vegetation index that 
attempts to minimize soil brightness influences by assuming the soil line has 
an arbitrary slope and intercept. 

REIP The red-edge inflection point is an indicator allowing to draw conclusions 
about chlorophyll content and plant vitality. 

and the exchange with local experts. It is hoped that the examples are not only 
scientifically interesting, but useful in solving everyday problems on the ground. 
One should note that although most presented analyses are easy to automate, it often 
needs an experienced person to evaluate the results and assess the implications of 
observed land surface dynamics.
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29.4.1 Overberg 

The SALDi study site 1, Overberg, is located in the winter rainfall region in the 
Southwest of the country. With about 450 mm of mean annual rainfall over the 
whole area, the land is largely used for mixed farming, consisting of winter grains 
and livestock (beef cattle and Merino sheep) and to a lesser degree for livestock 
farming (in particular dairy cattle). Especially, the NW around Robertson is well 
known for winegrowing which is expanding into the Southern Overberg area. 
According to an analysis of the South African National Land Cover (SANLC) data 
(DFFE 2021), about 43% of the land surface (5175 km2 of 13,080 km2) is cultivated. 
Only about 1% of the cultivated area (50 km2) is under pivot irrigation, highlighting 
the importance of rainfed arable farming in the Overberg region. Most of the 
arable land is located on the undulating Southern Coastal Platform characterized 
by mudrock, shales and siltstone. These basic conditions make soil erosion by water 
a potentially relevant soil degradation process in the area (Chap. 13, Fig. 13.4). In 
addition to this, veld fires occurring during the summer fire season and flooding of 
valley bottoms and lowland wetlands during the winter rainfall season are important 
ecological process in this region shaping land surface dynamics. 

Concerning the soil erosion issue, we are investigating the applicability of the 
Bare Soil Index (adapted BI acc. to Rikimaru et al. 2002) to assess the soil erosion 
hazard caused by sparse vegetation cover and the exposure of bare soil. For this, we 
derived the BSI for each year from 2017 through 2020 based on the available (cloud-
free) Sentinel 2 optical acquisitions (10 m resolution) and calculated basic statistics, 
that is the minimum, maximum, mean, median, standard deviation and variance for 
every year. To advance the understanding of the signal, we distinguished between 
pivot irrigated and rainfed fields. As expected, irrigated fields often have a higher 
vegetation cover and thus a lower BSI. The same is true for not cultivated land, like 
shrubland and grassland, which shows higher vegetation cover and a lower BSI. 
However, the mean annual BSI or a mean BSI over several years (not shown) is 
not very selective. Instead, we provide in Fig. 29.5, showing an 85 km2 section 
of the intensively utilized hilly Southern Coastal Lowlands (Partridge et al. 2010) 
northwest of Elim, the mean intra-annual range of the BSI, which is a proxy for 
the management intensity of the areas. Shrublands and wooded valley bottoms are 
characterized by rather continuous vegetation cover and a low range of BSI while 
harvest operations on cropland induce large changes in vegetation cover and the 
BSI. Furthermore, on cultivated areas where tillage operations and the growth of 
different crops in different years supports a high range of BSI, a time series analysis 
of the annual range might indicate areas which were not worked on, i.e. fallow 
in a particular year. Thus, a field-specific analysis of the BSI over a number of 
years might provide a tool to identify the abandonment of farmland being a potential 
indicator of land degradation, if land abandonment is not due to socio-economic 
developments as e.g. recently documented for sites in the Eastern Cape (de la Hay 
and Beinhart 2017).

http://doi.org/10.1007/978-3-031-10948-5_13
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Fig. 29.5 Multi-annual (2017–2020) mean annual range of the bare soil index (BSI) in a section of 
the SALDi Overberg study site along the Koue River close to Elim. The eastern half of the section 
is part of the Nuwejaar Special Management Area (SMA). Cultivated areas are characterized by 
high intra-annual dynamics due to tillage operations, while neighbouring shrubland areas and 
valley bottoms are characterized by low intra-annual change, i.e. continuous vegetation cover. A 
closer look depicts vegetated contour bunds representing effective soil conservation measures on 
most fields (data source: Contains modified Copernicus Sentinel data 2017–2020, compilation: A. 
Hirner, J. Baade) 

We further analysed time series of a Sentinel-2 based vegetation index (Nor-
malized Difference Vegetation Index, NDVI) for the entire Overberg Study area 
(13,000 km2) for abrupt land surface changes (breakpoints) between April 2018 
and March 2020. Using the BEAST-breakpoint detection method (Zhao et al. 2019) 
allows not only to delineate the position of abrupt changes in space but also in time. 
Most of the identified abrupt changes can be related to fire events during the summer 
and are located in areas of (semi-)natural vegetation such as shrublands, grasslands 
and naturally wooded land (Fig. 29.6a–d). The largest veld fire scars identified 
were associated with the Riviersonderend and Bonnivale fire in December 2018 
(Overberg FPA 2019) in the eastern part of the Riviersonderend Nature Reserve 
(Fig. 29.6c, e) and a veld fire east of Bredasdorp in the Overberg Test Range in 
September 2019. The presented Sentinel-2 based results at 10 m spatial resolution 
show good agreement with the established coarse resolution (500 m) MODIS burned 
area product (Fig. 29.6e, f). At the same time, they indicate that the higher resolution 
data is able to reduce the minimum mapping unit from 25 ha to less than 1 ha 
supporting post-fire management activities. 

During the winter rainfall season, culminating in June through August with on 
average >50 mm of rainfall per month (personal comm. E. Hahndiek), valley bottom 
areas and specially the coastal lowland wetlands are prone to regular flooding. Here, 
flooding is not only a hazard to infrastructure, but a very important ecological 
process sustaining valley bottom and other wetlands (Ellery et al. 2016) in the  
area. As flooding often coincides with overcast conditions, synthetic aperture radar
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Fig. 29.6 Fire scars and their timing in the Overberg study area as detected by BEAST breakpoint 
analysis based on Sentinel-2 data for Apr/2018–Mar/2020. (a) Overview of breakpoint results for 
the entire Overberg site with zoom-ins (c & d) (data source: Contains modified Copernicus Sentinel 
data 2018–2020), (b) land cover of the Overberg site (LRI 2018), and (e & f) Burned areas as 
detected by MODIS Product MCD64A1 (Giglio et al. 2015, compilation: A. Hirner, U. Gessner)
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(SAR) satellites, like Sentinel-1, penetrating clouds are a most useful instrument 
to map flooding extent and flooding frequency. This is based on the fact that 
(smooth) water surfaces are characterized by very low backscatter. To illustrate the 
capability and some limitations of this approach, we focus on an 815 km2 area 
(excluding the ocean surface) located between Cape Agulhas and Bredasdorp (Fig. 
29.7) and including parts of the Agulhas National Park and the Nuwejaars Wetlands 
SMA. Here we analysed the time series of Sentinel-1 VV backscatter images from 
July 2018 through November 2021, providing a total of over 100 raster images. 
Firstly, VV backscatter was subjected to adaptive speckle filtering using the Lee 
filter with a 5 by 5 window size, which preserves the local spatial variations and 
minimize classification error. Then, the speckle filtered linear intensity backscatter 
was converted into decibel (dB) for easier statistical evaluation. Using the method 
of grey-level thresholding (White et al. 2015) with a fixed threshold of −18.0 dB, 
we mapped surface water occurrence in every single image and finally added up 
the observations to provide a flooding frequency map showing areas covered by 
water, varying from rarely to constantly (Fig. 29.7). Comparison with higher spatial 
resolution optical imagery indicates, that the minimum mapping unit of water 
surfaces is about 2 ha, despite of a 20 m spatial resolution of the raster data. Another 
limitation results from the fact that wind causes surface roughness on water surfaces 
providing backscatter values which might be as high as from rough land surfaces. 
While still indicating the spatial extent of flooding, this clearly impedes a rigorous 
temporal flooding frequency analysis. Taking the ocean surface as a reference, pixels 
from the Ocean are classified as water on average in 40 out of 100 observations 
using the −18.0 dB threshold. The seemingly very wet coastal dune field west of 
Agulhas, highlights another textbook ready issue when analyzing SAR backscatter 
data. Keeping these uncertainties in mind, the map clearly shows the major pans and 
vleis in the region and their seasonal dynamics. Furthermore, a number of arable 
fields, especially in the Kars river valley bottom and prone to seasonal flooding and 
water logging are clearly visible. These fields have been claimed early last century 
in the framework of the channelling of the Kars river and are used for arable farming 
of wheat and canola or for fodder production and grazing. 

29.4.2 Kai !Garib 

The SALDi study site 2, Kai !Garib, centered around the Augrabies Falls National 
Park (AFNP) in the NW at the border with Namibia represents one of the driest parts 
of South Africa. With about 120 mm of mean annual rainfall and a similar amount 
of mean annual evapotranspiration the climate is arid around the year (Fig. 29.2). 
The area belongs to the Nama-Karoo biome and is characterized by sparse, grassy 
vegetation (Mucina and Rutherford 2006). Episodically water-filled, non-perennial 
valleys are characterized by rather dense bushes and trees. According to the DFFE 
(2021) land cover map 48% of the site is barren land, 50% is shrubland, and 
only slightly more than 1% is cultivated. The most prominent feature characterized 
by abundant riverine vegetation is the Orange River Valley, traversing the study
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Fig. 29.7 Multi-annual (2018–2021) flooding frequency map of the Cape Agulhas region, a 
section of the SALDi Overberg study site. A considerable part of the study area belongs either 
to the Agulhas National Park or is part of the Nuwejaar Special Management (SMA). The analysis 
provides evidence of the seasonal dynamics of the coastal pans and vleis as well as the valley 
bottom wetlands in the region (data source: contains modified Copernicus Sentinel data 2018– 
2021, compilation: J. Baade, S. Selvaraj)
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Table 29.4 South African National Land Cover data available for analysing the development of 
irrigated permanent vines and orchards in Kai !Garib, Overview (sources: GEOTERRAIMAGE 
2015, 2016; LRI  2018; DEFF  2021) 

Year Spatial resolution [m] No of classes Class name(s) (abbr.) Area [km2] 

1990 30 1 of 72 Permanent vines 20.98 
1995 N.A. 1 Permanent irrigated 34.27 
2014 30 2 × 3 of 72 Commercial permanent 

(Orchards/Vines) 
35.111.47 

2018 30 1 of 10 Cultivated 47.59 
2020 20 2 of 47 Commercial permanent 

(Orchards/Vines) 
48.790.64 

area from East to West. Here, the perennial waters are the source for widespread 
irrigation agriculture, especially vineyards and orchards. While large parts of the 
Kai !Garib area have been rather stable over the past years, an ongoing expansion 
of irrigated areas along the Orange River can be observed. 

Here we focus on the suitability of the digital South African National Land Cover 
data sets, available since 1990, to characterize land surface change by focusing 
on the development of irrigated areas in the Orange River valley in the vicinity 
of Augrabies. Over a period of 30 years, one needs to consider that mapping 
procedures changed due to technical developments, new methods and requirements. 
This concerns, for example, the recently increased spatial and spectral resolution. 
In brief, Table 29.4 provides an overview of the available data and provides insight 
into the changing land cover class definitions complicating the comparison over 
the years. A detailed quality check provides evidence for the 1995 land cover data 
set deviations from previous and following mapping principles. Hence, it was not 
considered for further analysis. Apart from this limitation, Fig. 29.8 indicates a 
noteworthy persistence of irrigated vines and orchards in the centre of the Orange 
River valley since 1990 (dark green colour) and the ongoing expansion of irrigated 
permanent cultures onto the higher slopes of the valley along the road from Kakamas 
(not shown) to Augrabies and further to the West as well as north of the river. 
Overall, the area of permanent orchards and vines has more than doubled from 
21 km2 to 49 km2 in the analysed section over the past 30 years. 

29.4.3 Sol Plaatje 

The SALDi study site 3, Sol Plaatje, is located in the centre of the country at the 
border between the Northern Cape and the Free State provinces with Kimberley 
being located in the NE corner of the study site. Climate wise, the area is located in 
the summer rainfall zone (SRZ) and is characterized by a semi-arid climate based 
on an average annual rainfall amount of about 370 mm. Concerning vegetation, the 
study area is split into a northern part belonging to the Savanna Biome (Kimberley 
Thornveld) and the southern part belonging to Nama-Karoo Biome (Northern Upper
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Fig. 29.8 Persistence and expansion of irrigated areas in the Orange River Valley upstream of 
Augrabies Falls National Park between 1990 and 2020. The brownish colours indicate the year 
of establishment of irrigated areas and the green colours the persistence of the areas for the 
given period, e.g. since 1990, since 2014, etc. (projection: UTM34S, data source: ESA 2021, 
GEOTERRAIMAGE 2015, 2016; LRI  2018; DFFE 2021, compilation: J. Baade) 

Karoo) while along the rivers azonal, alluvial vegetation is present (Mucina and 
Rutherford 2006). According to the DFFE (2021) land cover map the study site is 
mainly characterized by grassland (77%); shrubland (8.7%), forested land (6.3%) 
and cultivated land (4.7%) are the other main land cover classes present in the 
region. 

Here we focus on the role of land use and land tenure on the status of the 
land surface and vegetation cover, respectively. Figure 29.9 provides a detail of 
the Sentinel-1 radar-based Earth observation time series analysis for this area. It 
shows a mean backscatter image of the northern part of Mokala National Park 
(MONP), located about 50 km southwest of Kimberley and west of the N12 at 
Ritchie (Motswedimosa). The bright area in the lower center of the figure represents 
the steep rocky outcrops of dolerite forming vast mesas in the landscape. South 
of Ritchie a number of pivot irrigation fields are clearly discernible and to the
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Fig. 29.9 Sentinel-1 mean polarized (VV) backscatter for the period July 2018 to November 
2021 (N = 208) for Mokala National Park and surroundings (projection: UTM35S, data source: 
contains modified Copernicus Sentinel data 2018–2021, vegetation units from SANParks (2017), 
compilation: C. Pathe, J. Baade) 

West of Ritchie the incised valley of the Riet River is marked by rather light hues. 
Apart from this one can observed considerable variation in the grayscale reflecting 
differences in the density of the vegetation. Where straight lines, angular features 
or circles dominate the pattern, these differences can clearly be attributed to human 
activities, that is agriculture. Some of the angular features are located even within 
the boundaries of MONP representing the legacy of prior agricultural activities in 
this area, which was proclaimed a protected site in 2007 (SANParks 2017). Besides 
these feature, clear differences and patterns are visible in many areas. Within the 
MONP boundaries, these patterns correspond very well with the vegetation units 
identified by SANParks (2017, p. 138) based on optical imagery. At the same time, 
one can distinguish in places differences in hue on either side of the National Park 
boundary indicating slight differences in vegetation density due to slightly different 
management. This clearly highlights the potential of radar-based Earth Observation 
to depict differences in vegetation in a savanna setting. 

29.4.4 Mantsopa 

Located in the Highveld grassland ecosystem (1300–1700 m asl., Mucina and 
Rutherford 2006), the SALDi study site 4, Mantsopa, is characterized by plateau 
mountains with extensive rangeland, pastures and arable land at the lower altitudes.
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With a mean annual temperature of 16 ◦C and annual precipitation of 500–700 mm 
(cf. Fig. 29.2), the region is situated in the summer rainfall region. In addition to soil 
erosion (Le Roux et al. 2008), the loss of pristine vegetation cover, changes in plant 
composition and bush encroachment represent major land degradation processes in 
the area (Mucina and Rutherford 2006). 

Here we present an example for the monitoring of bush encroachment by 
analyzing the dynamics of slangbos (Seriphium plumosum), also known as bankrupt 
bush, over the recent years. Slangbos has been documented to increasingly spread 
into pastures and fallow land (Snyman 2012; Avenant 2015) diminishing the 
productivity of agricultural land and is considered the main encroaching shrub 
species in the area. The study focuses on a 1375 km2 section of the SALDi Mantsopa 
study area between Maseru in the SE and Sandspruit in the NW. This area is 
characterized by strong human induced land surface dynamics as is evident from 
the Sentinel-1 radar backscatter RGB composite demonstrating the inter-annual 
surface and vegetation dynamics in the area (Fig. 29.10). Arable land is clearly 
visible in mostly green hues due to high backscatter of predominantly maize in 
the growing season (fall). This seasonal effect is less pronounced for grassland 
(e.g. olive-green areas close to Sandspruit) while hill slopes and settlements scatter 
intensely throughout all seasons and are thus represented by gray to white hues. 

Against this background, slangbos sprawl is analysed using a continuous time 
series of (1) the backscatter and (2) the interferometric phase coherence from 
the Sentinel-1 C-band radar system for the 6-year period from 2015 to 2020 
(Fig. 29.11). To validate the findings based on high-resolution optical imagery, 45 
sampling sites characterized by slangbos encroachment were selected in the NE 
part of the SALDi Mantsopa study site (Fig. 29.10). The sampled area covers in 
total about 122 ha and equals 1357 pixels of 30 × 30 m. 

In the time series analysis (Fig. 29.11), the smoothed S-1 VH backscatter 
shows an undulating progress over the course of a year peaking every summer. In 
addition, one can identify an overall strong inter-annual increasing trend for the 
sites with slangbos sprawl as evident from the increasing annual minima, mean and 
maxima. This trend can be attributed to the spreading of water-filled vegetation, 
that is slangbos. The seasonal amplitude of S-1 VH backscatter reflects the strong 
alternating wet and dry seasons, that is an increase of soil moisture and vegetation 
(structure and water content) coinciding with the beginning of the growing season. 
The rather low backscatter in spring 2015 and summer 2016 is a result of the poor 
vegetation development due to the strong droughts of the years 2014–2016 (Archer 
et al. 2017) clearly visible as well in optical data from that time (Urban et al. 
2021). Featuring a rather similar undulating but lagged signal compared to the S-1 
VH backscatter, the smoothed 14-day repeat-pass S1 VV coherence decreases with 
leaf development and increases with senescence of vegetation. Since coherence is 
related to vegetation properties, it is an additional and independent parameter for 
land surface structure. 

Based on the observed trends of the two named radar signals, a slangbos 
occurrence map was prepared and discussed in detail for a number of sites in the 
Mantsopa study area (Urban et al. 2021). In addition to this, a detailed 65 km2
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Fig. 29.10 Sentinel-1 cross-polarized (VH) backscatter seasonal false-colour composite (R: 
summer, G: fall, B: winter) of the north-eastern Mantsopa study site (~1375 km2) for the period  
Dec. 2016 to June 2017. The white box indicates the location of the focus area shown in Fig. 
29.12 (data source: contains modified Copernicus Sentinel data 2016–2017, compilation: K. 
Schellenberg) 

focus area (Fig. 29.12) located between Sandspruit to the North and Marseilles to 
the South (see Fig. 29.10 for the location of the focus area) is presented here. The 
colours show surface areas (ground pixel size: 30 × 30 m) where the Sentinel-1 
based slangbos detection model indicated the dominant presence of slangbos (>50% 
cover) in a given year. Areas with persistent slangbos cover are presented in white. 
Apart from some stable slangbos areas distributed throughout the focus area and
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Fig. 29.11 Sentinel-1 (S-1) radar backscatter (blue) and coherence time series (orange) 2015– 
2019 for areas with observed slangbos encroachment. Both the aggregation to a 30 × 30 m 
pixel spacing and time series smoothing helped leveraging the high signal uncertainty inherent 
to imaging radar (compilation: K. Schellenberg) 

often associated with escarpments, the mapping provides evidence of considerable 
land surface dynamics. While some areas like in the SW have obviously been 
cleared from slangbos at the beginning of the observation period, i.e. in 2016, others 
reached the status of being slangbos encroached only at the end of the period, i.e. in 
2019. 

Scrutinizing the findings using high-resolution optical imagery, it was found 
that about 19% of slangbos-covered land surfaces were not detected, while about 
15% of other surfaces were wrongly assigned to slangbos. It is anticipated that 
using ground-based mapping of slangbos instead of high-resolution optical imagery 
for model training will increase the overall accuracy. Taking the uncertainty into 
account, this remote sensing-based analysis suggests that about 6% of the specific 
study area (1375 km2) is subject to slangbos encroachment. In addition to this 
overall assessment of affected areas, the presented approach provides rather reliable 
information on the field sites of concern. Scattered small areas could represent other 
bushy vegetation. 

29.4.5 Bojanala Platinum 

The SALDi study site 5, Bojanala Platinum, is located in the summer rainfall 
region in the North of the country close to the border with Botswana. With about 
550 mm of mean annual rainfall over the whole area, the land is largely used 
for livestock farming as indicated by the high proportion of grassland (42%) and
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Fig. 29.12 Sentinel-1 based slangbos occurrence map for the years 2015–2019 (projection: 
UTM35S). Colours indicate detection of slangbos coverage (>50%) in the given years. White hues 
indicate persistent occurrence of slangbos (data source: contains modified Copernicus Sentinel data 
2015–2019, compilation: K. Schellenberg) 

forested land (36%) (DFFE 2021) representing often savannas, more specifically 
the Central Bushveld Bioregion (Mucina and Rutherford 2006). About 18% of the 
area is cultivated and less than 1% of the cultivated area is under pivot irrigation, 
highlighting the importance of rainfed arable farming in the Bojanala Platinum 
region. As visible in the South African National Land Cover map (LRI 2018) 
reproduced in Fig. 29.13, one can identify three major regions in the study area: 
the southern part is dominated by grassland and arable land, partly intensively used 
through pivot irrigation schemes. The central, rather mountainous part is cleanly 
dominated by forests and grasslands. In the north, the landscape is increasingly 
flat and dry and not suitable for arable farming and mostly covered by shrublands 
characteristic of a savanna type landscape. 

Here, we analyzed the dynamics of the relatively stable, natural vegetation 
types of Bojanala Platinum at interannual scale based on the Sentinel-2-derived 
BSI (Rikimaru et al. 2002). We computed the maximum BSI per year for 2017– 
2021 as an indicator of the maximum fraction of exposed soil for each year under 
investigation. In addition, we calculated mean values of maxBSI for the land cover 
types woodland, grassland and shrubland, according to the South African National 
Land Cover (LRI 2018) (Fig. 29.13) and compared them to annual CHIRPS 
precipitation sums (Funk et al. 2015). 

Figure 29.13 shows relatively little variations of maxBSI in a relatively stable 
study site that is only affected by minor land use change. The most conspicuous 
differences are related to striking patterns of patches with high bare soil fractions
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Fig. 29.13 Maximum bare soil index (maxBSI) per year, based on Sentinel-2 time series for 
the years 2017–2021. Low BSI values indicate low and high BSI values high bare soil fractions. 
Westernmost part of the Pilanesberg National Park borders indicated by black Polygon in the NE 
of the maps (data source: land cover: LRI 2018, contains modified Copernicus Sentinel data 2017– 
2021, compilation: A. Hirner) 

(i.e. high maximum BSI values) which are discussed below (Fig. 29.15). Apart 
from these patches, there are general trends that demonstrate that even in this 
relatively stable landscape, the Sentinel-2-based BSI allows to reveal general 
temporal dynamics in the vegetation cover and hence changes in the condition of 
land cover types. The BSI values of 2018, which were affected by drought, are 
generally slightly higher and therefore, the corresponding image is darker red than in 
the other years. These subtle variations become particularly obvious when regarding 
the land-cover-based statistics of mean annual BSI (Fig. 29.14). 

Figure 29.14 shows the annual mean BSI for three major land cover classes of 
the Bojanala Platinum study site. For all years, the diagram depicts—as expected— 
lowest bare soil fractions in woodlands, followed by shrublands, and grasslands 
with the highest proportion of open soil. The 2018 and 2019 droughts lead to lower 
vegetation cover and thus to increased bare soil fractions for all three land cover 
types in 2018 and 2019, while the effect for woodland is less pronounced than 
for shrubland and grassland. Large fire scars can be observed as patches of high 
BSI values in all years. Their abundance, location, size and extent, however, vary 
from year to year. The drivers of fire are manifold and their interaction complex 
(Archibald et al. 2009). Therefore, the fire activity depicted in Fig. 29.15 is not 
necessarily associated with annual rainfall variation.
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Fig. 29.14 Mean bare soil index (BSI) per land cover based on Sentinel-2 time series for 
the years 2017–2021. Land cover types were extracted from Land Resource International (LRI 
2018). Lower BSI values show lower bare soil and higher vegetation cover fractions. In addition, 
annual precipitation sums (CHIRPS data, Funk et al. 2015) for the study site are shown in blue 
(compilation: U. Gessner) 

Fig. 29.15 Details of Sentinel-2 bare soil index (BSI) 2020 time series. The two main causes of 
distinctive patches of high BSI values are either fires or agricultural activities like tilling. All images 
show the BSI together with polygons of the MODIS burned area product (MDC64A1, Giglio et al. 
2015) of 2020. Almost all dark red patches in inset b can be correlated to burned areas, whereas the 
patterns in inset c are mostly associated with fields of various types (data source: contains modified 
Copernicus Sentinel data 2017–2021, compilation: A. Hirner, F. Thonfeld)
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A more detailed investigation regarding the cause of distinctive patches of high 
BSI was done by comparing them with the MODIS burned area product MCD64A1 
(Giglio et al. 2015) for the years 2017–2021. Figure 29.15a shows the western part 
of the site together with MODIS burned area polygons. Most dark red patches are 
associated with these polygons and thus show that the BSI is sensitive to fresh burn 
scars. This is especially pronounced in the northwestern corner of the site, which 
is highlighted in Fig. 29.15b. During 2020 strong wildfires, roughly 50% of the 
Pilanesberg National Park (Pilanesberg Wildlife Trust 2020) were severely affected, 
and burned areas are evident also further to the west. Here most of the MODIS 
polygons clearly overlap the BSI patches. Particularly low values of maximum BSI 
can be seen in the south-western corner of Fig. 29.15b, where a water reservoir 
is located. At the north-eastern edge of Fig. 29.15b, open-cast mining areas are 
visible that show comparatively low maximum BSI values. There is hardly any 
vegetation cover there. However, the spectral signature of the exposed rock and the 
unweathered tailings differs from that of bare soil, resulting in lower BSI values. 

A different situation is presented in the southern centre of Fig. 29.15a, which 
exhibits high BSI values but only a few MODIS burned area polygons. Zooming 
into this area (Fig. 29.15c) shows a dense pattern of arable fields, both rainfed and 
pivot irrigation. Some of the irrigated fields are seemingly almost always covered 
by vegetation and hence show some of the lowest BSI values encountered in the 
entire scene. However most of the rainfed fields and some pivot irrigation areas 
exhibit very high BSI values, indicating that the soil is exposed at least once a 
year, most probably during tilling. The high BSI values in this area are visible 
not only in 2020 but in all years covered in our investigation and confirm that 
this area is one of the few areas in the Bojanala Platinum site where intensive 
arable agriculture is practiced. Compared to this, the central part of Fig. 29.15a 
shows lower BSI maximum values. This region is predominantly covered by woody 
vegetation and hence less affected by intra-annual changes in vegetation cover. In 
contrast to cultivated land with large variation due to management (e.g. tillage), 
natural and semi-natural woody vegetation is characterized by less pronounced BSI 
dynamics. 

29.4.6 Ehlanzeni 

The SALDi study site 6, Ehlanzeni, is located in the summer rainfall region in the 
Northeast of the country. Covering the transition from the highveld in the western 
part of the study area to the lowveld in the central and eastern part, it is characterized 
by considerable diversity. Climate wise the difference in altitude results not only in 
considerable differences in mean air temperature, but also in precipitation amounts. 
Indigenous forests and plantation forest, as well as grassland is characteristic for the 
highveld areas, while plantations, mixed farming and extensive settlement areas are 
to be found in the lowveld with the exception of the part belonging to the Kruger 
National Park (KNP) and neighbouring private game reserves. Specially, the KNP, 
which has never been affected by European style agriculture and set aside as a
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protected area more than 100 years ago, can be considered a pristine benchmark site 
providing the opportunity to study land cover dynamics in semi-arid areas under 
near-natural conditions. 

In this section, we present an example highlighting the differences of surface 
moisture conditions in the pristine benchmark site on the one hand and the 
neighbouring areas under human impact on the other. As an approach to support 
land management on a local and regional level, an example of multidimensional 
land surface change analysis in one of the most thriving local municipalities of South 
Africa, that is Bushbuckridge, is provided. 

During 2015 and 2016, South Africa faced one of the most severe meteorological 
droughts due to exceptional ENSO (El Niño Southern Oscillation) conditions 
(Di Liberto 2016), causing a delay in the start and a strong reduction in the 
amount of rainfall during the summer rainfall season. Despite the Cape Town 
region dominating international headlines, according to Di Liberto (2016), the 
Mpumalanga province in northeastern South Africa was as severely impacted by 
this drought, despite it being less publicized. 

Figure 29.16 shows a comparison of the mean bi-monthly surface moisture 
conditions expressed as Surface Moisture Index (SurfMI, Urban et al. 2018) at the  
end of the dry seasons 2016 and 2017 for the SALDi Ehlanzeni site. The approach 
is based on Sentinel-1 backscatter time series and a change detection algorithm 
developed by Wagner et al. (1999) and Naeimi et al. (2009). This radar-retrieved 
surface moisture data reflects the water content of either the vegetation or the soil 
surface depending on the surface cover dominating the Sentinel-1 backscatter. In 
combination with optical products on canopy cover and phenology information, 
it is possible to separate biophysical versus geophysical spatio-temporal patterns. 
The Bare Soil Index (BSI) (Rikimaru et al. 2002) derived from optical Sentinel-
2 data was used to mask out areas with dense vegetation cover, that is areas with 
a BSI < 0.02 according to Diek et al. (2017). To avoid radiometric effects, slopes 
steeper than 15% (based on the Copernicus GLO-30 Digital Elevation Model, ESA 
2021) were also masked out. Thus, the coloured areas in Fig. 29.16 represent pixels 
with only moderate slope and either no or sparse vegetation. 

The surface moisture conditions at the end of the dry season 2016 and 2017 
in the SALDi Ehlanzeni study region, dominated by the southern Kruger National 
Park (KNP), is used to (1) show the variation in surface moisture conditions at 
the end of the severe drought and (2) to document, 1 year later, the recovery of 
the area from the drought. At the end of the winter 2016, most areas inside and 
outside the KNP are characterized by exceptionally dry conditions. Hilly areas, 
for example around Pretoriuskop in the SW of the KNP) and the footslopes of 
the escarpment in the west, are characterized by slightly more moist conditions. 
Outside the Park, moist areas are observed most probably due to irrigation. Inside 
the Park, one can distinguish variations in the surface moisture conditions which 
coincide with geological and soil patterns. A good example is the North-South 
striking wide strip indicating very dry conditions close to the eastern boundary of the 
Park, which corresponds to the occurrence of basalts and the corresponding clayey 
soils as compared to the granitic rocks and sandy soils to the East and West of
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Fig. 29.16 Bi-monthly average of Sentinel-1 retrieved surface moisture index SurfMI at the end 
of the dry seasons 2016 and 2017 for SALDi project region Ehlanzeni illustrating the impact of 
the severe 2015/2016 drought and the recovery. White regions represent masked pixels due to 
either dense vegetation or sloped relief. Black polygons show protected areas, southern KNP is 
covering the upper right corner (data source: contains modified Copernicus Sentinel data 2016– 
2017, compilation: M. Urban, C. Pathe, J. Baade) 

this feature (CGS 2019). The pattern visible in the western part of the Park strongly 
represents the distribution of thickets and woodlands in this area (Gertenbach 1983). 
Most interestingly, a year later, at the end of the 2017 dry season, these patterns 
are obliterated and it is postulated that the spatial variation of surface moisture 
conditions reflects spatial variations in rainfall amounts during the previous summer. 

Located at the NW corner of the SALDi Ehlanzeni study area is the Bush-
buckridge focus area of the EMSAfrica (Ecosystem Management Support for 
Climate Change in Southern Africa) project. This covers the Bushbuckridge Local 
Municipality as well as adjacent areas of the escarpment and highveld to the West 
and the lowveld to the East, that is the private game reserves like MalaMala 
and Sabie Sands as well as parts of the KNP (Fig. 29.17). This area is very 
diverse concerning natural resources and conditions as well as the utilization of 
the landscape making it a textbook example for a multi-use landscape. 

For this area, we provide an example of a land-use and land-cover (LULC) 
change and trend analysis based on Sentinel-2 optical earth observation data time 
series analysis for a period of 7 years starting in 2015. The targeted changes are 
savanna browning and greening trends, afforestation and deforestation, fire events, 
settlement expansion, as well as water level changes in reservoirs. To identify LULC 
change, all Sentinel-2 data acquired from 2015 to 2021 at a temporal resolution of 
2–3 days and a spatial resolution of up to 10 m were analysed. To improve change 
detection, firstly, the annual peak of the phenological season (i.e. the growing 
season) acquisitions was identified.
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Fig. 29.17 Change-Aftereffect-Trend (CAT) Analysis 2015–2021 derived from annual peak of 
the phenological season Tasseled Cap-Disturbance (TC-D) analysis at 10-m resolution. The white 
frame indicates the large-scale section shown in Fig. 29.18 (data source: contains modified 
Copernicus Sentinel data 2015–2021, compilation: P. Renner) 

Based on these, the Change-Aftereffect-Trend (CAT) analysis (Hird et al. 2016) 
developed in FORCE (Framework for Operational Radiometric Correction for 
Environmental monitoring) (Frantz 2019) on the Tasseled Cap-Disturbance index 
(TC-D, Healey et al. 2005) was performed. The TC-D is an index created to 
highlight relevant vegetation changes, but due to its complex combination of 
multiple bands, other LULC changes can be accentuated as well. The bands 
used are combined into three sub-indices TC-Wetness, TC-Brightness, and TC-
Greenness from which the TC-D is derived [TC-Disturbance = TC-Brightness − 
(TC-Greenness + TC-Wetness)]. Details of the workflow are documented in Renner 
(2022). 

In Fig. 29.17, the results of the CAT analysis, that is the most significant change 
from the time series, the average value after the change and the overall trend, are
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combined into an RGB composite. Overall, one can identify three broad, North-
South striking zones with dominant change and trend patterns: The highveld in the 
West and including most part of the escarpment and the foothills, where blueish hues 
dominate, is characterized by a clear browning trend of the vegetation. Between 
Sabie, Graskop, Bushbuckridge and Hazyview forestry activities, that is clear-cuts 
and afforestation, are clearly detected by the dominant reddish hues. The centre 
of the area is characterized by bluish hues indicating browning and light greenish 
colours indicating stable conditions, for example on grassland, for roads and in 
settlements. In the East, that is the protected areas including KNP, yellow to greenish 
colours indicate a combination of sudden change and a trend towards greening 
despite rather sparse vegetation. This greening trend could however be mainly an 
artefact of the period of observation which started in the 2015/2016 drought. 

The large-scale section focusing on the surroundings of the Inyaka Dam south of 
Bushbuckridge (Fig. 29.18) clearly shows the high spatial resolution of the analysis, 
providing the opportunity to identify spatial features in great detail. These include 
the road (R533) and the aisle of the power line crossing the dam, forest and other 
roads and settlement patterns in Bushbuckridge. In particular, boundaries between 
different land cover and land use areas are characterized by sharp delineations 
and become more noticeable and accessible to interpretation. In addition to the 
observations described above, it provides evidence for the application of the CAT-

Fig. 29.18 Change-Aftereffect-Trend (CAT) Analysis 2015–2021 derived from annual peak of 
the phenological season Tasseled Cap-Disturbance (TC-D) analysis at 10-m resolution. Section 
focusing at the Inyaka Dam south of Bushbuckridge. For the color legend see Fig. 29.17 (data 
source: contains modified Copernicus Sentinel data 2015–2021, compilation: P. Renner)
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analysis to highly dynamic processes like the change of water levels in reservoirs. 
These are evident from the pinkish frame around the blue water body of the dam 
indicating a mixture of sudden significant change and a continuous drying trend. In 
the West, the CAT times series analysis of the boundary of the municipality, clearly 
marked in the field by a fire break, indicates marked differences in the management 
of forested areas on either side of the boundary. This can be attributed to more 
homogeneous forests plots and plot-wise management (clear-cuts and afforestation) 
west of the boundary. In Bushbuckridge, one can distinguish a pattern of light 
greenish colours indicating rather stable conditions and turquoise colours indicating 
change due to vegetation removal and exposure of bare soil in the framework of 
building activities. 

29.5 Summary of Implementation Opportunities 
and Conclusions 

This chapter showcased examples for Earth-observation-based support for regional 
policy implementations against the background of land surface change under 
anthropogenic and climate pressure. Based on long Sentinel-1 and Sentinel-2 time 
series assembled in the SALDi data cube, we present a wide range of application 
approaches to analyse land surface and vegetation dynamics. Table 29.5 provides an 
overview and summary of the surface processes and properties targeted, the methods 
implemented and an evaluation of possible obstacles. The table shows that all data 
and procedures needed for an analysis of the addressed processes are available. 
The necessary satellites exist and the data streams are guaranteed for decades to 
come. However, an operational retrieval of land surface dynamics and degradation 
indicators need hard- and software implementations as described in Sect. 24.4 
(Chap. 24). Furthermore, expertise of analysts in the field of optical and radar 
remote sensing, support from local experts and in-situ data is essential. In addition, 
data on land properties as well as temporal changes on the surface (including, 
e.g. precipitation) facilitates the interpretation of the observations. Furthermore, 
to evaluate observed land surface trends, consistent long duration time series are 
needed against the background of the high inter-annual and decadal variation of 
precipitation characterizing semi-arid climates (e. g., Fig. 29.4). 

As a conclusion, further research is indeed needed on validating and re-fining 
the existing procedures and products with respect to spatial and temporal detail 
and accuracy. For example investigations of radar-optical synergies have only 
started, and longer time-series will result in better pattern recognition. National 
requirements on thematic contents of the remote sensing retrieved maps have to 
be considered, too. A close and continuous dialogue between Earth observation 
experts and stakeholders is considered most beneficial for both scientific excellence 
and programmatic implementation for sustainable land management. The results 
presented showcase local to regional investigations and cannot—at this stage— 
be extrapolated to national assessments. Since the presented results are based on 
physical interactions, regularities exist (e.g. for slangbos monitoring). However,

http://doi.org/10.1007/978-3-031-10948-5_24#Sec12
http://doi.org/10.1007/978-3-031-10948-5_24
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Table 29.5 Summary of examples for observational support for regional policy implementations 
with respect to land surface processes and properties 

Study sites Processes and properties Implementation Obstacles 

1 Overberg  Land management 
(bare soil) 

Easy implementation: 
Sentinel-2 Bare soil index 
(BSI) multi-temporal statistics 
maps based on existing 
products and methodologies. 

None, but BSI not easy 
to convert to proportion 
of bare soil (see Table 
29.3) 

Land surface and 
vegetation dynamics 
(general and fire) 

Feasible implementation: 
Sentinel-2 NDVI 
multi-temporal statistic and 
breakpoint analyses 
methodologies available. 

None, but a multi-year 
time series is required 

Land surface dynamics 
(flooding) 

Easy implementation: 
Sentinel-1 backscatter is 
sensible to water surfaces. 

None, but water surface 
roughness impacts 
detection of water 
bodies 

2 Kai!Garib Land surface and 
vegetation dynamics 
(land use change) 

Easy implementation: usage of 
South African National Land 
Cover (SANLC) map products. 

None, but classification 
and terminology 
changed over time 

3 Sol Plaatje Land surface and 
vegetation dynamics 
(vegetation mapping) 

Feasible implementation: 
Sentinel-1 multi-temporal 
statistics supports subtle 
grassland and savanna 
structural mapping, 
comparable to optical 
approaches. 

None, but requires 
radar backscatter 
understanding 

4 Mantsopa Land surface and 
vegetation dynamics 
(bush encroachment) 

Challenging implementation: 
Sentinel-1 multi-temporal 
backscatter and coherence 
analysis for bush 
encroachment mapping needs 
understanding of radar 
scattering mechanisms. 

None, but Sentinel-1 
coherence analysis 
requires radar expertise 
and in-situ observations 
for model building 

5 Bojanala 
Platinum 

Vegetation dynamics 
(inter-annual change) 

Easy implementation: 
combination of Sentinel-2 BSI 
and MODIS burnt area 
products are readily available. 

None 

6 Ehlanzeni Land surface and 
vegetation dynamics 
(surface moisture) 

Feasible implementation: 
Sentinel-1 Surface Moisture 
(SurfMi-model) is available, 
but constraints regarding 
vegetation cover and 
topography need to be 
understood. 

None, but Sentinel-1 
time series need to be 
modelled, which 
requires radar and local 
expertise 

Land cover and land 
use change 

Feasible implementation: 
Sentinel-2 CAT trend analysis 
and FORCE modelling 
framework is available. 

None, but Tasseled 
Cap-procedure needs to 
be understood 
thoroughly
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these need to be consolidated, as suggested above and adapted to specific regional 
concerns and requirements, especially in a diverse country like South Africa. 
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30Research Infrastructures as Anchor Points for 
Long-Term Environmental Observation 

Gregor Feig, Christian Brümmer , Amukelani Maluleke, 
and Guy F. Midgley 

Abstract 

In this chapter, we highlight the importance and value of key Environmental 
Research Infrastructures, and how these can act as anchor points for long-
term environmental observations and facilitate interdisciplinary environmental 
research. We briefly summarize the development of these efforts in South and 
southern Africa over the last three decades and from this perspective discuss 
how their successful maintenance and further implementation may turn such 
RIs into important anchor points for long-term environmental scientific work 
in support of environmental sustainability, national commitments under selected 
international policy discussions, and societal well-being. The fundamental role of 
Environmental Research Infrastructures is multifold and includes the provision 
of data that enable reporting and policy development, the provision of validation 
sites in the development of new observational sensors, measurement techniques 
and models, and the provision facilities for training of scientists and technicians. 
Humanity currently faces a number of global crises, including the impact of 
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changes in the climate, resulting in droughts, floods, fires, storms, and other 
extreme events. These crises are significantly stressing and transforming the 
lives and livelihoods of the vast majority of humanity. The societal response 
to these events is dependent on the availability of scientific knowledge and its 
effective transfer to governance structures, industry, and the broader society. In 
order to effectively address these challenges, large amounts of long-term social-
ecological data are required across a broad range of intersecting disciplines that 
are available for analysis by the scientific community. Research Infrastructures 
have the ability to act as anchor points in the provision and utilization of this 
data, and the development of indigenous capacity to develop the observations 
and technical skills. 

30.1 Introduction 

The well-being of modern human societies is deeply dependent on natural resources 
(Angelstam 2018; Mirtl et al. 2018; Loescher et al. 2022), and recent global 
assessments have strongly advanced the predictive understanding of multiple, 
interacting dependencies (e.g., Díaz et al. 2015; Diaz  2019; Pörtner, Hans-Otto et 
al. 2021). Ecosystem processes and structures (both geophysical and biological) 
themselves interact in complex ways across various temporal and spatial scales, 
and it is important to understand these processes and how they are responding 
in a rapidly changing environment. This is especially important when trying to 
understand some of the grand challenges facing human societies, such as climate 
change, loss of biodiversity, land-use change, pollution, and eutrophication (Mirtl 
et al. 2018; Loescher et al. 2022). Many regions worldwide are experiencing the 
impacts of increasingly frequent and damaging climatic events such as heat waves, 
extended droughts, storms, or changes in rainfall distribution and intensity with 
increasingly adverse consequences for ecosystem functioning, biodiversity, and 
ecosystem services that support livelihoods (Masson-Delmotte et al. 2021). 

A number of research activities deployed since the 1990s have been enhancing 
knowledge of the functioning of biophysical components of the Earth system and 
their interactions. These enhanced understandings of fundamental processes now 
inform the implementation of mitigation and/or adaption measures for climate 
change impacts through guidelines, regulations, or policy briefs. Among the best 
developed, and most vital for global climate stability, is the science behind the global 
carbon cycle (e.g., Friedlingstein et al. 2022). However, significant regional gaps in 
the coverage of such research limit a fuller understanding, resulting in a reliance 
on the use of extrapolation and assumptions that have not been tested in these 
underrepresented regions. This weakens important global level insights into optimal 
policy development and implementation of planned responses. This is particularly 
true in southern Africa (López-Ballesteros et al. 2018; Nickless et al. 2020), which 
has historically had limited amounts of data collection and remains inadequately
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integrated with respect to key research infrastructure, human capacity, and networks 
to support this regionally and globally important work. 

The contribution of Africa to the global carbon cycle is characterized by its 
low fossil fuel emissions (with the exception of South Africa), and its rapidly 
increasing and urbanizing population, which is expected to change the fuel use 
patterns. However, due to the limited number of long-term measurements conducted 
in Africa, this region contributes significantly to the uncertainty in the global CO2 
budget (Ciais et al. 2011). Indeed, it is still not known if Africa is a net carbon 
source or a sink of carbon to the atmosphere, nor how it is likely to change in the 
future (Merbold et al. 2009; Ciais et al. 2011). Current risks include an expansion 
in cropland and increased rates of degradation and deforestation in the extensive 
dryland and savanna systems and the tropical forests of central Africa (Ciais et al. 
2011). 

Key questions that are increasingly highlighted for study in an African context 
include the ways in which ecosystems and biological communities are changing 
and potentially adapting as a result of both local and global drivers of change. 
These studies include analyses of factors that result in ecosystems approaching or 
crossing tipping points beyond which irreversible change may occur (Taylor and 
Rising 2021) and the related determination of ecosystem resilience vital for reducing 
environmental risks. These questions are also highly relevant for broader global 
and national policy commitments by African nations, providing evidence-based 
support for national positions including international UN conventions under which 
increasingly stringent requirements for credible data are needed, such as the Paris 
Accord of the UNFCCC, targets under the CBD, and the Sustainable Development 
Goals (United Nations 2021). 

Research Infrastructures include facilities, resources, and related services used by 
the scientific community to conduct cutting-edge research, knowledge transmission, 
knowledge exchange, and knowledge preservation (European Strategy Forum on 
Research Infrastructures 2018). In this chapter, we aim to highlight the impor-
tance and value of key Environmental Research Infrastructures focused on land 
surface–atmosphere interactions, with relevance for the carbon cycle and associated 
biogeochemical functioning, and challenges inherent in building and maintaining 
these efforts. Our contribution is based on experience gained in South Africa, and 
more broadly across the subcontinent, with regard to the installation, maintenance, 
and long-term sustainability of such infrastructures, including capacity building 
(e.g., Bieri et al. 2022; Chap. 31). We briefly summarize the development of these 
efforts over the last three decades and, from this perspective, discuss how their 
successful maintenance and further implementation may turn such RIs into impor-
tant anchor points for the positioning and long-term development of environmental 
scientific work in support of environmental sustainability, national commitments 
under selected international policy discussions, and societal well-being.

http://doi.org/10.1007/978-3-031-10948-5_31
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30.2 Rationale for Coordinated Terrestrial Research 
Infrastructure in Southern Africa 

To obtain an Earth systems’ view of environmental processes, large amounts of 
diverse data are required that are often measured over the long term in a consistent 
manner. This is beyond the capacity of individual scientists or research sites to 
maintain and synthesize. Therefore, collective efforts have been needed to create 
Environmental Research Infrastructures (ERIs) at a large enough scale to provide 
data to answer the types of large ecosystem-scale questions being asked (Mirtl et al. 
2018; Loescher et al. 2022). 

Research Infrastructures that focus on biogeochemical cycles must confront the 
challenge of measuring relevant aspects of systems with a high degree of temporal 
and spatial complexity. For example, understanding changes in atmospheric com-
position requires information about the sources and sinks of terrestrial and marine 
ecosystems as well as the processes governing the surface–atmosphere exchange. 

Biogeochemically focused research infrastructure in a region like southern Africa 
cannot focus merely on biophysical aspects, but must also consider the complexity 
of the region’s biological diversity and ecosystems, and the vital activities of people 
in these landscapes. The status of multiple drivers of ecosystem structure and func-
tioning are particularly relevant, including vegetation, soil, land-use and disturbance 
regimes, hydrological flows, and the omnipresent role of human activities in all 
aspects. For this reason, independent research projects focusing on subelements 
of the greater Earth system may not capture important linkages to factors that 
are beyond the scope of the specific project aims, even when coupled to larger-
scale models of frameworks. By contrast, well-coordinated efforts supported by RIs 
designed to provide comprehensive platforms of deliberately monitored variables 
can enhance the potential for improved systems’ understanding. These are to be 
supported by RI staff to provide and operate the platform, while external researchers 
have access to the infrastructure for undertaking additional research, on a project 
basis. 

These concepts are being addressed by a number of national or regional science 
programs such as the Integrated Carbon Observation System (ICOS) in Europe 
(Heiskanen et al. 2021), the National Ecological Observatory Network (NEON) 
of the United States (Keller et al. 2008; Metzger et al. 2019), the Terrestrial 
Ecosystem Research Network (TERN) of Australia (Cleverly et al. 2019), the 
Chinese Ecosystem Research Network (CERN) (Li Shenggong et al. 2015), and 
the international Long-Term Environmental Observation Network (ILTER) (Haberl 
et al. 2006; Mirtl et al. 2018). Within Africa, the establishment of such continental 
scale networks is not as advanced and there is a marked shortage of observations 
that cover the variety of natural and human-altered biomes that occur in Africa. 
This is detrimental in the assessment of the drivers of global change of feedback 
interactions. This is also of consequence to understanding the contribution of the 
African continent to global processes, such as its contribution to the global carbon 
cycle (López-Ballesteros et al. 2018; Nickless et al. 2020).
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Long-term Environmental RIs have been noted to have four characteristics or 
“Conceptual pillars” (Loescher et al. 2022), including long-term time horizon of 
decades to centuries, the need for in situ observations at different spatial scales 
across ecosystem compartments of in natura sites, zones, and socio-ecological 
regions, strong process orientation on the study of ecosystem processes as they 
respond to both internal and external drivers related to ecosystem and social 
processes, and the use of a systems approach where abiotic and biotic components 
interact at different scales and human use of the systems is highlighted. For such 
a challenging set of characteristics to be met in a southern African setting, strong 
networking within and between research and academic institutions will be needed, 
and this would need to be supported by commitments to funding support and 
investment in human capacity on a time scale of at least a decade. 

The fundamental position of Environmental RIs in the scientific value chain is 
the provision of reliable long-term observational data. This data is then available to 
support research into the process-level understanding of ecosystem interactions, the 
development of remote sensing and modeling products, data applications, and the 
support of national and global policies (Fig. 30.1). 

One of the core roles of Environmental RIs is to drive and facilitate further 
research, through a number of processes including the provision of data for use by 
national and international researchers, and the provision of a research platform on 
which local and international researchers can conduct studies and train students, 
a set of sites and infrastructure to train environmental observation technicians, 
and a focal area to establish citizen science projects and engagement (Ramoutar-
Prieschl and Hachigonta 2020). The research platform nature of many RIs allows for 

Research platform – 
conducting studies, 

training students 

Fig. 30.1 Conceptual diagram illustrating the foundational components of an environmental 
Research Infrastructure and their interaction embedded in natural processes of global biogeochem-
ical cycling
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collaboration with universities and other research organizations to conduct research 
at the higher levels of the knowledge generation pyramid. 

The provision of long-term large-scale data is one of the core functions of 
environmental RIs. These data can be used in a myriad of ways, including 
providing essential background and contextual data for research at the RI sites and 
supplementary observations for national and international routine environmental 
monitoring and reporting. For example, specific output in terms of the carbon fluxes 
and ecosystem carbon storage will support efforts to comply with the United Nations 
Framework Convention of Climate Change (UNFCCC) Paris agreement reporting 
regulations (Edenhofer et al. 2014). Data from the observations of C exchange 
and environmental carbon stocks will provide an independent observational-based 
estimate of the state of annual CO2 inventories in understudied sections of the 
Agriculture, Forestry and Other Land Use (AFOLU) sectors, complementary to 
the traditional activity-based emissions estimates, and it could help in assessing the 
efficacy of CO2 mitigation strategies. 

The large suite of environmental observations will provide much of the necessary 
background information and will allow researchers to build on the data being 
produced in order to develop ecological theory and delve into process-based 
studies. This in turn will drive theory development, with a stronger emphasis on 
incorporating processes related to the functioning of the ecosystem in which the RIs 
operate into the global knowledge base. 

By design, RIs offer innovation platforms for the development and validation 
of novel sensing and data acquisition technologies, instruments, and methods. 
Examples of this may be the provision of essential validation datasets for researchers 
to use in the development of remote sensing products for vegetation and ecosystem 
functioning and the hydrological cycle: for example, evapotranspiration data is 
essential in validating components of the Earth system and hydrological models and 
there are limited observation sites on the African continent (Khosa et al. 2019, 2020; 
Gokool et al. 2020). In the development of novel observational instrumentation, 
it is necessary to compare the instrumentation to well-established measurement 
methodologies under field conditions. The availability of RI platforms facilitates 
such intercomparisons and instrument development. 

Moreover, RI Platforms provide a human capacity development facility to train 
students and young researchers on the use of, and operation of advanced envi-
ronmental observation instrumentation and provide a facility where undergraduate 
students can be introduced to the various measurement techniques and operations. 
The datasets generated through these RIs will provide ample opportunities for 
postgraduate level students to work with large and integrated data sets in order to 
develop Data Science competencies and provide scientific value to the operations of 
the RI. Many parts of the world have a shortage of skilled environmental observation 
technicians, particularly in areas related to air quality management, hydrological, 
climate, and biodiversity observations. The operations at the environmental RIs 
will need to train and develop the skills of junior technicians in maintaining these 
observation networks. This effectively functions as a pipeline for the development
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of trained and experienced environmental observation technicians who will be able 
to move into roles in other spheres of government or industry. 

30.3 Status of a Coordinated Terrestrial Environmental 
Research Infrastructure in Southern Africa 

Over the past three decades, a number of land surface atmosphere flux-related 
infrastructures have developed across the African continent. While these have 
provided some early indications of the relevant carbon cycle functioning, the density 
of these installations across the continent is well below the level required to derive 
globally credible insights, especially given the diversity of ecosystems, land uses, 
and soil and climatic gradients within this vast region. The first of these were 
developed through the SAFARI 2000 project (Scholes and Andreae 2000; Scholes et 
al. 2001; Scholes 2006), which established the Skukuza (South Africa) and Mongu 
(Zambia) towers (Gatebe et al. 2003). Further observations in southern Africa were 
established by Veenendal et al. (2004) in Botswana and Brümmer et al. (2008) 
for Burkina Faso. This individual work was eventually consolidated through the 
CarboAfrica project (Ciais et al. 2011); however, this has not continued as a coherent 
integrated network of observation platforms, thereby limiting the interoperability 
between these measurements, nor has it allowed for the development of a cohort 
of skilled technicians and researchers. Besides the need for highly skilled staff for 
installing and maintaining an eddy flux tower as well as large investment costs 
for instruments, limited implementation is likely due to funding limitations and 
conflicting priorities for scarce funds. The limited funding is illustrated in that africa 
receives less than 5% if the global-climate-related funding (IPPC) of which less than 
half goes to the maintenance of institutions. 

At present, there are only seven flux measurement sites on the continent that 
are reporting to Fluxnet (https://fluxnet.org/), and many of these are out of date 
(Table 30.1). FluxNet is an international “network of networks,” tying together 
regional networks of Earth system scientists who use the eddy covariance technique 
to measure the cycling of carbon, water, and energy between the biosphere and 
atmosphere. 

The challenge of maintaining and growing this capability has constrained the 
further elaboration of these African RIs, but in 2016, South Africa selected an 
ecosystem flux RI called the Expanded Freshwater and Terrestrial Environmen-
tal Observation Network (EFTEON) as one of its key national investments in 
environmental monitoring. The roll-out of this program has been a vindication of 
SPACES and SPACES II investments in similar components, and the landscape scale 
approaches taken in the SPACES II program, in particular. 

With the rising need for developing environmental observation and research 
capacity in Africa, there have recently been a number of projects initiated. Particular 
emphasis has been placed on how the in-house skills are developed and how the 
operational transfer of the infrastructure to local institutions can be accomplished 
(Bieri et al. 2022). Within the context of highlighting several research activities in

https://fluxnet.org/
https://fluxnet.org/
https://fluxnet.org/
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this book, the BMBF program Science Partnerships for the Adaption to Complex 
Earth System Processes in Southern Africa (SPACES) offered the opportunity to 
coestablish both equipment and capacity for scientific monitoring that is intended 
to operate beyond typical project lifetimes, thereby eventually turning into an RI or 
becoming a part of an already existing network coordinated by a national science 
institution. With regard to greenhouse gas (GHG) flux measurements, the projects 
ARS AfricaE (Adaptive Resilience of Southern African Ecosystems, https://ars-
africae.org/) and EMS Africa (Ecosystem Management Support for Climate Change 
in Southern Africa, (https://www.emsafrica.org/) were designed to set up flux towers 
for continuous observation of CO2 and energy exchange between the land surface 
and the atmosphere in managed and (semi-)natural South African ecosystems. An 
example of the variety of research options provided by operating flux towers over 
the long term is given by Rybchak et al. (in Chap. 17). The authors demonstrate 
the effect of grazing intensity and weather on the CO2 sequestration potential and 
biodiversity in typical Nama-Karoo ecosystems. In that chapter, they offer useful 
suggestions and a roadmap for a transfer of project infrastructure and capacity into 
a longer-term initiative, such as the described RIs. 

Recent experience gained during the initial establishment of an RI in the 
EFTEON network (Benfontein Nature Reserve) revealed the potential to capture the 
impact of rare extreme events. An extreme wildfire event occurred in the footprint 
of the flux tower sites, following thorough vegetation sampling and a lead-up period 
of 2 years of flux measurements. The impact of the fire on the magnitude of the CO2 
Fluxes can clearly be seen in Fig. 30.2 where the flux response before and after the 
fire can be seen (Fig. 30.3). 

Fig. 30.2 Eddy-covariance flux data for the Benfontein Site before and following the rare fire 
event of the 28 September 2021

https://ars-africae.org/
https://ars-africae.org/
https://ars-africae.org/
https://ars-africae.org/
https://www.emsafrica.org/
https://www.emsafrica.org/
https://www.emsafrica.org/
https://www.emsafrica.org/
http://doi.org/10.1007/978-3-031-10948-5_17
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Fig. 30.3 Repeat 
photographs for the 
Benfontein Tower, top taken 
on 24 August 2021 (1 month 
prior to the fire), middle 6 
October 2021 (7 days 
post-fire) (courtesy 
Amukelani Maluleke), and 
bottom 9 March 2022 (at the 
end of the following growing 
season)
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30.4 Design and Observational Aims of an Environmental RI 

Environmental RIs are designed to implement a broad set of observations and 
allow for the deployment of additional research through projects. This provides the 
opportunity to study processes through identifying and quantifying the drivers of 
environmental change and the ecosystem response to those drivers. 

In the recent paper on the development of a Global Ecosystem Research 
Infrastructure (GERI), a number of key features of environmental RIs include 
that they estimate and provide essential environmental observations (including 
GHG flux), they adopt a cause and effect paradigm, they implement a focus on 
understanding spatial and temporal variability in ecological drivers and processes, 
they have implemented a scaling strategy and a focus on reporting observational 
uncertainty (Loescher et al. 2022). The initial questions of an environmental RI 
are important and influence the scope and design, however much of the greatest 
value in a RI may be derived from opportunistic studies that build on the baseline 
of the infrastructure that has been set up and operated. Therefore, it is imperative 
that environmental RIs accommodate researchers and research questions outside the 
original scope of the design. 

In the context of the South African Environmental Observation Network 
(SAEON), the drivers of terrestrial environmental change that have been considered 
include 

• Weather and climatic conditions, such as long-term climatic change, the impacts 
of ultraviolet radiation, and hydrological functioning and sediments. 

• Changes in atmospheric composition as drivers of environmental change include 
issues such as an increase in atmospheric CO2 concentration, changes in the 
concentration of other atmospheric gases and particulates, the deposition of 
acidic species to the land and water surface, and changes in nutrient loading 
(eutrophication) through atmospheric deposition processes. 

• Land-use change is an important management option through alteration in the 
way land is used and valued, and the activities (economic and otherwise) that 
occur on the land. 

• Biotic changes can drive ecosystem processes; classic examples include events 
such as disease epidemics or pests and the introduction and spread of invasive 
alien organisms. 

• Finally, disturbance events can drive changes in ecosystem structure and func-
tion; these might include issues such as fires (see Fig. 30.2), droughts or floods, 
or other large infrequent events. 

The establishment of long-term environmental RIs in the landscape with a 
detailed record of baseline characteristics to benchmark impact of changes is 
essential to document and elucidate the magnitude of the drivers. At the same 
time, the geographic distribution of terrestrial South African RIs allows one to 
monitor and quantify large-scale ecosystem responses through various thematic 
studies including inter alia:
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• Biodiversity: Observations of changes in biodiversity are conducted at four 
(interrelated) hierarchical levels, with the aim to quantify changes and understand 
the drivers responsible for observed changes, such as shift in extent and position 
of biomes, shifts in the extent and position of ecosystems within biomes, changes 
in biodiversity integrity (richness, composition, and structure) across trophic 
levels within ecosystems, and changes in the distribution and abundance of 
species. 

• Biogeochemical cycling and productivity: Biogeochemical cycling plays a cen-
tral role in the fate of greenhouse gases and the supply of provisioning ecosystem 
services; observational foci relate to carbon cycling and storage, primary and 
secondary production and other biogeochemical cycles, such as (the N and P) 
cycles. 

• Hydrological functioning and sediments: These processes play a crucial role in 
the provisioning and quality of water; observational foci relate to the hydrological 
flow regime, the quality of the water in the various components of the system, 
and other impacts such as redistribution of sediments. 

• Fire Regime: Fire is a key determinant and management tool of the structure 
and function of many terrestrial biomes, and changes in the fire regime (type, 
intensity season, and frequency of burning) may have widespread consequences 
for biodiversity, biogeochemical cycling, carbon sequestration, and hydrological 
functioning. 

• Social response: How do societies drive and respond to a changing environment? 

These themes highlight, for example, a number of overarching research questions 
that would be appropriately underpinned by terrestrial RIs: 

• Provisioning ecosystem services:How do different land use, disturbance regimes, 
soil fertility, and climate constrain the capacity of South African ecosystems to 
deliver human needs such as clean water, clean air, nutrition, energy, and a safe, 
productive, and attractive environment? 

• Biogeochemistry and productivity: What is the potential for South African 
ecosystems to sequester CO2? What is the likely size of the change in carbon 
pools and fluxes in South Africa as a result of changes in land cover and land 
use, and what trends are observable? What is their resilience under changing 
climatic and land-use conditions? 

• Biodiversity: What are the biodiversity and ecosystem services implications of 
using South African landscapes in different ways? 

• System variability: What are the spatial patterns in South Africa of diurnal, 
seasonal, annual, and interannual ecosystem pools and fluxes of C, water, 
nutrients, and energy and how are they changing? 

• Ecosystem resilience: What are the implications of changing biodiversity for 
the resilience of the ecosystem functioning and ecosystem service delivery, 
under ongoing climate and land-use change? How do various land management 
approaches affect ecosystem productivity, efficiency, and sustainability? Which 
strategies maximize societal resilience to climate extremes and other shocks?
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With these considerations in mind, when South Africa embarked on developing 
an environmental RI for freshwater and terrestrial processes (EFTEON) (Feig 2018), 
the following principles were considered essential in the infrastructure planning: 

Long-term environmental research (LTER) The EFTEON is intended for long-
term continuous operation and the primary purpose of the network is to provide 
long-term environmental data for the national and global research community. Site 
operations need to undertake measurements and observations that are of value at 
both the short and long term. As a result, the selected landscapes need to be available 
for multidecade operation and allow regular (daily) access to the core site by the 
EFTEON staff and researchers using the platform. 

Research Platform EFTEON is intended as a research platform with an open data 
and open platform use policy. This is in order to facilitate the use of the infrastructure 
and data by other researchers, both nationally and internationally. The selected 
landscapes must allow for the use of the facilities by multiple researchers or partners 
from multiple research organizations (managed by rules of site usage and selected 
via evaluation of submitted project proposals). 

Spatial diversity coverage Landscapes selected for the network are to represent 
South African biomes and human-transformed ecosystems and their embedded 
aquatic systems, this design concept places a focus on lived-in landscapes and 
landscapes in transition (driven by climate change or land-use change). The selected 
landscapes shall enable the long-term observation of the coupled terrestrial/aquatic 
systems in the face of change and shall include a number of relevant land uses, such 
as conservation, urbanization, agriculture, post-mining rehabilitation, etc. 

Historical observations and experimental datasets Incorporation of existing 
research and linking to existing socio-ecological datasets is a strong focus of the 
EFTEON design concept. The availability of long-term existing social-ecological 
and Earth system data sets would be considered an advantage in the selection of the 
landscapes. There is a strong emphasis on data archiving and data archaeology to 
ensure long-term availability and continuity of datasets. 

Experiments and manipulations The use of experiments and manipulations 
provides considerable insight into environmental processes. The landscapes 2must 
offer the opportunity to implement and sustain appropriate experiments, at a scale 
matched to the scales of key processes, to help elucidate process-level understanding 
of ecosystem changes. They could include things like disturbances, irrigation or 
fertilization, withholding or adding herbivores, excluding fire or increasing fire 
frequency. These may be experiments undertaken and managed by the EFTEON 
staff or those experiments operated by landscape users from one or many institutions 
(managed by rules of site usage and selected via evaluation of submitted project 
proposals). Landscapes that only consist of strictly protected land covers failed this 
principle.
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The general situational characteristics of the landscape These include the 
opportunity to observe the coupled terrestrial and aquatic (fluvial and groundwater) 
systems, the opportunity to observe social-ecological systems in the South-African 
developmental context, the opportunity to act as a National RI allowing and 
encouraging the use of these landscapes by multiple research organizations (both 
nationally and internationally), and spatial coverage across important biomes. 

The landscape location in the face of Global Change This focused on the 
presence of representative near-natural land cover (i.e., land uses where most key 
ecological processes are autonomous, rather than imposed by human agents) and 
modified land uses (e.g., cultivation, plantation, urbanization, mining, etc.), the 
climatic impacts (e.g., anticipated climate change hotspots), or gradients, which 
can be optimally observed (altitudinal gradients/projected climate change hotspots), 
transition zones between biomes, which occur within the proposed landscape, and 
the expected development pathways for the landscape (including any evidence or 
published plans for regional developments or other evidence as may be appropriate). 

Logistical and operational suitability of the core and associated sites This 
includes, inter alia, security of tenure for the operations, particularly for the core 
site, existing facilities for hydrological observations such as gauging weirs, dams, 
testing boreholes et cetera, suitability for the deployment of micrometeorological 
observations (i.e., the assumptions of horizontal heterogeneity and steady-state 
conditions are met), any existing long-term observations or experiments, including 
details of the research, availability of the data, data users and key findings, and the 
availability of office facilities for staff and guest researchers. 

Stakeholder analysis This includes an in-depth analysis of the relevant stake-
holder communities within the nominated landscapes, including land owners and 
land custodians, communities and residential areas, engagement with relevant 
authorities or resident groups, and assessments of current land uses. 

30.5 Toward the Regional and Multidisciplinary Integration 
of Terrestrial Biogeochemical Research Infrastructures 

In order to meet the long-term environmental research and monitoring needs, a 
number of authors have suggested the concept of essential variables. Essential 
Climate Variables (ECVs) were first defined by GCOS as “Physical, chemical or 
biological variables or groups of linked variables that critically contribute to the 
characterization of the Earth’s climate” (Reyers et al. 2017; López-Ballesteros et 
al. 2018). A number of organizations have published lists of essential variables, 
including the Global Climate Observation System (GCOS) for ECVs (WMO 2015), 
the Group on Earth Observations Biodiversity Observation Network (GEOBON) 
for Essential Biodiversity Variables (EBVs) (Guerra et al. 2019), the Ecosystem and 
Socio-Ecosystem Functional Types project (ESEFT) for essential social-ecological
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functional variables (ESEFT 2019) and the EU funded SEACRIFOG project 
(Supporting EU-African Cooperation on Research Infrastructures for Food Security 
and Greenhouse Gas Observations, reference) has published essential variables for 
GHG observations in Africa. The Global Climate Observation System (GCOS) 
stipulates a suite of 54 essential climate variables: these are divided into the 
components for the land and atmosphere (reference). GEOBON lists 6 classes 
of essential biodiversity variables with 21 variables identified, the classes include 
genetic composition, species and populations, species traits, community composi-
tion, ecosystem function, and ecosystem structure (Guerra et al. 2019). ESEFT lists 
the Essential Social-Ecological variables in classes (Components and Functional 
Dimensions): the social system, the ecosystem, and interactions (ESEFT 2019). 

The availability of long-term observations aligned to the applicable essential 
variables mentioned above is of crucial importance in the development of, and the 
validation of, ecosystem models and remote sensing products. A prime example of 
a closely linked relationship between the flux observations infrastructure and the 
modeling community can be found in the link between Oz Flux and the CABLE 
model development team (Kowalczyk et al. 2006; Haverd et al.  2013, 2016a, b; De  
Kauwe et al. 2015). In South Africa, this same dynamic has been demonstrated with 
the flux measurements at Skukuza and the CSIR CABLE development team (Khosa 
et al. 2019, 2020). 

A wider fitting frame for the SPACES projects and the above-mentioned activities 
form the BMBF-initiated and funded science centers, that is, SASSCAL, and its 
West African sister organization WASCAL. SASSCAL is the Southern African 
Science Service Centre for Climate Change and Adaptive Land Management, a 
joint initiative of Angola, Botswana, Namibia, South Africa, Zambia, and Germany 
in response to the challenges of Global Change. The center understands the role 
of science as a service to societies that are most severely affected by climate 
change and to provide decision-makers with evidence-based results and advice. 
Hence, SASSCAL may act as a facilitator for supporting research infrastructures 
as it is conceptualized and operationalized to complement the existing research and 
capacity development and research initiatives in the region. Very similar objectives, 
although a bit more tailored to the regional conditions, are pursued by WASCAL, 
the West African Science Service Centre for Climate Change and Adaptive Land 
Management, thereby likewise offering opportunities for supporting RIs in the 
long term. Cooperation within all these activities and among the several groups 
involved is a key aspect for the success of the work and for achieving the specific 
aims of the infrastructure. Critical issues like unbalanced resource distribution, 
paternalism, or misuse of good scientific practices have been observed in the past 
and must be combatted in all present and future endeavors. A review of North–South 
relationships and recommendations on how to avoid mistakes of the past are given 
in Chap. 31 by Lütkemeier et al. 

In South Africa, the South African Environmental Observation Network 
(SAEON) has been tasked with the development of long-term environmental in-
situ research infrastructure and the data management facilities that support such 
research. Recently three Research Infrastructures have been awarded to SAEON:

http://doi.org/10.1007/978-3-031-10948-5_31
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these include the Expanded Freshwater and Terrestrial Environmental Observation 
Network (EFTEON), the Shallow Marine and Coastal Research Infrastructure 
(SMCRI), and the South African Polar Research Infrastructure (SAPRI). These RIs 
all focus on facilitating interdisciplinary environmental research. In the terrestrial 
sphere, the EFTEON RI is establishing six research landscapes, with a thematic 
focus on (1) Biogeochemistry, including eddy covariance measurements and 
atmospheric deposition in order to quantify the exchange of CO2, nutrients, and 
energy between the land surface and the atmosphere, (2) Biodiversity, to quantify 
the abundance, diversity of a diverse range of biological communities, including 
vegetation, avifauna, invertebrates, and others, (3) Hydrology, with a focus on 
quantifying water quantity and quality and the movement through the landscape, 
(4) Climatology and Atmospheric Processes, to establish a detailed climatological 
record and understanding of atmospheric chemical exchanges, and (5) Social 
Ecological Systems, to gain an understanding of how humans interact with and 
make decisions relating to the ecosystems in which they operate (Feig 2018). 

Similarly, the SMCRI is developing infrastructure across four Sentinel sites; 
these include (1) the Algoa Bay Site, located around Gqeberha (Formally Port 
Elizabeth), (2) the Two Oceans Sentinel Site, around Cape Town, (3) the Natal Bight 
Sentinel Site, located north of Durban, and (4) the Marion Island Sentinel site in 
the South Indian Ocean. SMCRI is developing a number of research platforms that 
include airborne remote sensing, a Coastal Biogeochemistry Laboratory, acoustic 
telemetry arrays, and marine remote imaging. In addition to the science platforms, 
they operate a number of platforms that facilitate the work, including a Coastal Craft 
Platform, a Hyperbaric Chamber, and a Science Engagement Platform. 

The SAPRI is in the early stages of development and will facilitate research in 
the Southern Ocean and the Antarctic. 

30.6 Impact of a Research Infrastructure and Its Assessment 

Setting up an environmental RI like outlined above requires comprehensive coor-
dinated effort and resources including a variety of communities. Expectations from 
operators, scientists, the private and the public sector, and other stakeholders may 
vary with individual perspectives and aims. Therefore, it is important to understand 
and assess what impact on the environment, science, and society a fully functional 
RI is able to cause. 

Broad types of impact usually fall under one of the following categories: 

• Science and technology 
• Social impact 
• Human capital impact 
• Economic and innovation impact 

For environmental RIs, these can be more specifically tailored to the main 
strategic objectives of the groups involved. As an example, ICOS has undergone an
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impact assessment in 2018 where key indicators were defined along these strategic 
lines (Heiskanen et al. 2021): 

• Producing standardized high-precision long-term observational data 
• Stimulating scientific studies and modeling efforts and providing a platform for 

data analysis and synthesis 
• Communicating science-based knowledge toward society and contributing 

timely information relevant to the greenhouse gas policy and decision making 
• Promoting technical developments 
• Ensuring high visibility of the RI 

It is then possible to fully grasp the RI impact at various levels by evaluating 
specifically designed indicators such as, but not limited to, lengths of the acquired 
data sets, degree of harmonization of the data sets, number of related articles 
published, media appearances, provision of policy-relevant data, publications used 
outside the scientific domain, new knowledge generated on carbon sources and 
sinks, investments mobilized by the RI, and application of data in globally leading 
models. Two further, highly important indicators are the improvement of long-term 
decisions through enhanced political discourse based on evidence and a reduction 
of damage by extreme weather events and through more effective climate mitigation 
policy. 

30.7 Conclusion 

In this chapter, we aimed to highlight the importance and value of key Environ-
mental RIs focused on land surface–atmosphere interactions, with relevance for the 
carbon cycle and associated biogeochemical functioning, and challenges inherent in 
building and maintaining these efforts. 

It is clear that the presence of long-term environmental RI provides a strong 
opportunity for furthering a wide range of environmental research. In some cases, 
these observations can be undertaken by the RI itself; however, the nature of the 
questions to be asked and the techniques that may be employed in these RIs advocate 
for the role of the RIs acting as a research platform where they provide the long-term 
high-quality baseline observations, while other research entities such as universities, 
science councils, and others build off of the base that the RIs create and build 
the knowledge base through short-term projects that either elucidate process level 
questions, the link between fields in a multi- or interdisciplinary manner, or utilize 
different or novel observation techniques to fill in the observational gaps left in the 
initial RI design. 

Studies presenting a synthesis of available methods and data for estimating the 
African carbon budget stressed the associated large uncertainties due to a very 
limited number of long-term observations (Ciais et al. 2011). The contribution of 
Africa to the global carbon cycle is characterized by its low fossil fuel emissions, 
a rapidly increasing population concomitant with cropland expansion, potential
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degradation, and deforestation. Published estimates are in the range of −0.6 
to −0.2 PgCyr−1 associated with uncertainties in the same order of magnitude 
indicating a small net sink of carbon for the whole African continent (Valentini 
et al. 2014). Coordinated endeavors such as environmental RIs will help reduce 
the large uncertainties in the continental-scale carbon budget. In this chapter, we 
briefly summarized the development of these efforts over the last three decades 
and, from this perspective, discussed how their successful maintenance and further 
implementation may turn such RIs into important anchor points for long-term 
environmental scientific work in support of environmental sustainability, national 
commitments under selected international policy discussions, and societal well-
being. 

Humanity currently faces a number of global crises, including the impact of 
changes in the climate, resulting in droughts, floods, fires, and other extreme events. 
These crises are significantly stressing the lives and livelihoods of the vast majority 
of humanity. The societal response to these events is dependent on the availability of 
scientific knowledge and its effective transfer to governance structures, industry, and 
the broader society. In order to effectively address these challenges, large amounts 
of data are required across a broad range of intersecting disciplines that are available 
for analysis by the scientific community. Research Infrastructures have the ability 
to act as anchor points in the provision and utilization of this data. 
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31Lessons Learned from a North-South Science 
Partnership for Sustainable Development 

Robert Luetkemeier, Mari Bieri, Ronja Kraus, Meed Mbidzo, 
and Guy F. Midgley 

Abstract 

SDG goal 17 seeks to strengthen global partnerships, especially between Global 
North and South. However, in research and development, experiences indicate 
a mismatch in expectations with perceived power, funding and workload imbal-
ances, a situation derogated as ‘parachute science’ or ‘helicopter research’. The 
research programme SPACES seeks to enhance North-South collaborations. As 
an inter- and transdisciplinary research programme focusing on the interactions 
between land, sea, atmosphere, biosphere and society, it aims to be a forum for 
fruitful partnerships. In this chapter, we carve out lessons learned from the nine 
projects involved in the programme’s second phase. Based on a survey amongst 
66 SPACES II scientists, we explored their motivations for collaboration, their 
involvement in decision-making, the assigned resources and workloads as well 
as conflicts between Northern and Southern teams. Furthermore, we conducted 
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bibliometric analyses and observed an intensification of the North-South co-
authorship network over time. We conclude that SPACES can be considered a 
success as researchers acted largely as peers on an equal footing. Nevertheless, 
our insights show that (1) the asynchrony in funding is a threat for effective 
collaborations, (2) continuous project evaluation should incorporate a North-
South component and (3) collaborative publications should be formalised as a 
tool for integration. 

31.1 Introduction 

A rapidly growing human population and global environmental change, particularly 
the impacts of climate change, are expected to put pressure on the natural resource 
base of the African continent (Gasparatos et al. 2017), on which the majority of 
the population depends for their livelihoods and which are important for economic 
growth and inclusive development (Gupta and Vegelin 2016). In order to meet 
the Sustainable Development Goals (SDGs), there is a need to deal with the 
multi-faceted and interlinked sustainability challenges faced by countries in Africa. 
This needs to be done from an inter- and transdisciplinary research approach 
with multiple perspectives to produce knowledge relevant to real-world problems 
(Pohl and Hirsch Hadorn 2007). In addition to working on pressing environmental 
challenges, respective research projects are now increasingly expected to consider 
the needs of society (Tress et al. 2005), whilst also having policy implications. 
Fulfilling these expectations requires collaboration of teams from the natural and 
social sciences, including non-academic stakeholders (e.g. institutional actors and 
local communities) to work on sustainability challenges (Patel et al. 2017). One 
key component for sustainable development is described in SDG 17, which calls 
for strengthening global partnerships (Waage et al. 2015). Respective partnerships 
can take the shape of South-South research collaborations, which are important 
for regional scientific and political integration (Boshoff 2010). Since the mid-
twentieth century, however, North-South collaborations (NSCs) have received more 
attention particularly in the discourses around post-colonialism and the diverse 
strands of development aid (Gaillard 1994). In 1979, the United Nations adopted the 
‘Vienna Program of Action’ stating key criteria to strengthen international research 
collaborations such as accounting for development priorities of the South, joint 
participation and control as well as capacity development (Gaillard 1994; UN  1979). 
Unfortunately, respective aspirations have still not been fully met as current critical 
perspectives on NSC confirm. Bradley (2017), for instance, explores the agenda-
setting processes and power imbalances between Northern and Southern research 
partners and finds prevailing deficits (Bradley 2017). The term ‘parachute science’ 
or ‘helicopter research’ evolved in this regard to critically describe the way Northern 
researchers conduct research in the South without adding any benefit to the Southern 
science sphere (Giller 2020; Stefanoudis et al. 2021). Approaches to account for 
the deficits in NSC often refer to the necessity to follow a transdisciplinary mode
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of research (Schmidt and Pröpper 2017). More specifically, recent investigations 
particularly highlight the need to acknowledge the double-role of scientists from the 
South (acting as researchers and field facilitators), the need for joint publications to 
foster capacity building, as well as methodologically guided knowledge integration 
and co-production (Luetkemeier et al. 2021). 

One such NSC initiative is the research programme Science Partnerships for 
the Adaptation to Complex Earth System Processes in Southern Africa (SPACES), 
funded by the German Federal Ministry for Education and Research (BMBF). The 
programme’s first phase was launched in 2012 (SPACES I), whilst the current 
second phase was initiated in 2018 (SPACES II). The programme can be classified 
as a type-I NSC (Bradley 2007:13) as it is characterizsed by research teams that are 
explicitly constructed to carry out a certain project. The BMBF funds collaborative 
German-African research projects in South Africa and Namibia that contribute to 
the formulation of policy recommendations for Earth system management. The 
programme is aligned with the national and international trends and initiatives on 
international collaboration, including SDG 17 and the BMBF’s Africa strategy of 
2014. The programme was from the start defined as a joint endeavour with the 
Department of Science and Innovation (DSI) of South Africa and was intended 
to contribute to intensified cooperation with the Namibian Ministry of Education 
(MET). A core aim of the programme is to promote scientific networking between 
African and German research institutions. The programme’s research projects were 
intended to focus on jointly defined areas, consider both African and German 
interests, emphasise partnership and ownership and should enable continuity and 
reliability of collaborations. Scientific exchange between partner countries and 
international networking were stressed as expectations from BMBF. In this regard, 
the success indicators put strong emphasis on NSC in the form of, for example, 
the number of joint German-African publications, and jointly supervised students 
(BMBF 2017). 

Against this background, this chapter examines the structure and quality of 
NSC within SPACES II to carve out both successful ways of collaboration, but 
also deficits in how Northern and Southern researchers worked together. We 
draw lessons learned to contribute to more efficient and equitable future research 
and development projects between Northern and Southern partners. Section 31.2 
provides an overview on the methods we applied to explore the North-South 
collaborations. Section 31.3 presents the results of our investigations and Sect. 
31.4 discusses our findings against the current state of knowledge in the scientific 
literature. Section 31.5 draws conclusions for future collaborative research projects. 

31.2 Material and Methods 

For exploring the structure and quality of NSC in SPACES II, we applied three dis-
tinct methods. First, we screened the research proposals of the projects involved to 
qualitatively assess how the research teams initially designed the North-South col-
laboration technically and conceptually. Second, we conducted a structured online
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survey amongst researchers involved in SPACES II to obtain their perspectives on 
how the collaboration actually manifested. Third, we quantitatively explored the 
evolution of co-authorships amongst Northern and Southern project partners over 
time. In general, we separate between Northern and Southern researchers based on 
their actual institutional affiliation and not based on their personal nationality. This 
means that a researcher from South Africa who is currently affiliated to a German 
institution is considered a Northern researcher in our investigations and vice versa. 

31.2.1 Structured Online Survey 

Most studies that seek to evaluate North-South collaborations follow a qualitative 
research design (Luetkemeier et al. 2021; Schmidt and Pröpper 2017; Casale 
et al. 2011), as the topic itself is highly diverse and case-specific as well as 
often subject to a small number of researchers involved in respective projects. 
As SPACES is a research programme with nine individual research projects in its 
second phase that partly build upon prior collaborations, a reasonable number of 
researchers were involved. Taking advantage of this large number of researchers, a 
quantitative empirical research approach was considered as a valuable way forward 
to representatively identify similarities and differences on how researchers consider 
NSC amongst German, Namibian, and South African partners. 

We initially compiled a list of researchers who were involved in ongoing research 
activities of SPACES II at the time of writing this chapter, based on the feedback 
of the respective project leads. Though the projects apply varying definitions in 
terms of who qualifies as a ‘project researcher’ (e.g. Southern researchers are not 
formally funded [cf. Sect. 31.3.1], so their actual affiliation to SPACES may be 
hidden), we consider the compiled contact list as reasonably comprehensive. All 
projects listed both Northern (124) and Southern researchers (87) with an average 
of 10 on the Southern and 14 on the Northern side. This results in a total statistical 
population of N = 211. The online survey was pre-tested amongst four researchers 
(two from the North, two from the South) and adapted somewhat to increase clarity 
in the language used in some questions. It was implemented and rolled out using the 
software LimeSurvey (2021) in July 2021. 

In agreement with the project leads, we initially screened the nine project 
proposals for statements on how the collaboration between Northern and Southern 
researchers was designed. We specifically looked into the structural project setup in 
terms of (1) how the lead team was composed, (2) if prior collaborations existed, 
(3) what tasks Northern and Southern partners were assigned to and (4) which tools 
were planned to foster collaboration. This helped us to gain a basic understanding 
of how the nine projects were developed and what importance NSC received in 
initial considerations. Against this background, we built a structured questionnaire 
to gain quantitative insights into the researchers’ viewpoints on selected NSC issues. 
In order to receive as many responses as possible, we considered a time span of 
about 10 min for answering the questions as a suitable compromise between scope
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and applicability of the survey. The survey received an ethical clearance from the 
ethics board of Institute for Social-Ecological Research (ISOE). All respondents 
were guaranteed that their participation was fully anonymous and the results were 
solely used for the analysis of NSC as presented in this chapter. 

As a basic structure of the survey, we made use of the ‘SDG Partnership 
Guidebook’ that suggests four pillars for effective partnerships in international 
collaborations for sustainable development (Stibbe and Prescott 2020). Though this 
framework is not specifically targeted towards research projects, we consider it as a 
comprehensive list of aspects to analyse the quality of NSC. The structured part of 
the survey was set up along the following topics:

• Fundamentals: What is the benefit for project partners to collaborate and how 
were the projects developed?

• Partnership relationship: Do researchers work transparently and trustfully with 
adequate involvement in decision-making processes?

• Structure and setup: Were resources, tasks and workload assigned fairly to all 
project partners?

• Management and leadership: Did tensions and conflicts occur between project 
partners and how was the communication implemented? 

In addition to the structured questions, open questions on the impact of COVID-
19 on project work and crucial issues to consider when developing future NSC 
projects were posed at the end of the survey. The structured questions were designed 
in a way to apply a four-point Likert-scale (Joshi et al. 2015). The respondents were 
hence asked to reveal either a tendency for approval or rejection of the questions 
and statements presented. As a fifth category, respondents were able to select ‘no 
answer’, which we did not treat as a neutral category in between approval and 
rejection, but rather as a non-response or missing value. The ordinal scale responses 
can be statistically evaluated, especially with respect to the differences between 
Northern and Southern partners. For doing this, the non-parametric Mann-Whitney 
U test (also known as Wilcoxon rank-sum test) for two independent samples was 
applied (MacFarland and Yates 2016). The null hypothesis that the two samples’ 
means do not significantly deviate from each other was rejected, if p < 0.05. 

For analysing the open questions posed in the survey, we used the software 
MaxQDA (VERBI Software 2019) to code the respondents’ statements. The coding 
scheme evolved whilst working through the statements with a final grouping of 
similar codes. 

31.2.2 Co-authorship Network Analyses 

The purpose of the bibliometric analyses was to back up and verify statements and 
literature insights on the role of collaborative publications. The analyses served 
to visualise the evolution of the cooperative publication network, with a focus 
on Northern and Southern researchers, prior and during the SPACES I and II
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programmes. Publication data of SPACES II researchers (211 researchers as well 
as other academic staff in the nine research projects) was collected from the Scopus 
database. Scopus was selected due to the availability of full author affiliation data. 
The searches were limited to articles, conference papers, reviews, book chapters, 
books and data papers in English language. The scientific field was limited to Earth 
and Environmental sciences, Geosciences, Ecology, Marine sciences, computer 
sciences and related disciplines. 

To study the evolution of collaborations, we analysed three 4-year periods: (1) 
immediately prior to SPACES (2009–2012); (2) during the first phase of SPACES 
(2013–2016); (3) immediately before and during SPACES II (2017–2020). These 
time brackets are indicative, as there were large differences in the start and end 
dates of the different projects (i.e. the first SPACES II project started in June 2018 
and the last in February 2019). The final dataset for 2009–2012 consisted of 852 
publications; 2013–2016 consisted of 1175 publications; and 2017–2020 of 1436 
publications. 

For visualising co-authorship networks by individual researchers and by insti-
tutes, we used the network visualisation function of VOSviewer (van Eck and 
Waltman 2010). For the analyses, different forms of author names were merged by 
building a dictionary (e.g. G.F. Midgley would be synonymous with G. Midgley). 
Similarly, different forms of spelling institute names were combined for the 
analyses, and furthermore, different departments of the same institute were merged 
to represent the parent institute as unit of analysis (e.g. ‘Stellenbosch University’). 
Only collaborating institutes of SPACES I or II were selected in the visualisations. 

For the network visualisations, we included all individuals and institutes who 
had co-authored at least one publication with another SPACES II researcher or 
another SPACES II institute. We used fractional counting to control the dispropor-
tionate impact of multi-author documents (see Perianes-Rodriguez et al. 2016 for 
discussion on benefits). In fractional counting, the number of co-authors affects 
the weighting: for example a paper co-authored by 20 authors gets a weight of 
1/20. We also excluded publications with more than 50 authors from the analyses, 
with the expectation that these outputs are less representative of true collaborative 
relationships. To construct the mapping, VOSviewer uses the ‘association strength’ 
similarity measure, which was normalised to control the large differences between 
author publishing activities. Clustering resolution was set to 1.0, as by default in 
VOSviewer; by changing the resolution, clusters can be made larger or smaller to 
explore the data (van Eck and Waltman 2009). Network visualisation was used to 
show the development of co-authorship links amongst individual researchers, and 
overlay visualisation was used to identify the main institutes contributing to NSC 
publications.
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31.3 Results 

For presenting the results of our study, we begin with a brief overview on how 
the proposals of the nine SPACES II projects addressed NSC. Subsequently, we 
present selected results of the online survey with a particular focus on common 
grounds and significant differences between the viewpoints of Northern and South-
ern researchers. Afterwards, we particularly shed light on the evolution of the 
collaboration between Northern and Southern researchers, based on co-authorships 
in scientific publications. 

31.3.1 Designing Effective Collaborations in Project Proposals 

Screening the proposals confirmed that the projects cover a broad range of topics 
from Earth system sciences and likewise differ strongly in their scientific setup rang-
ing from clearly focused interdisciplinary to extensive transdisciplinary approaches. 
In this sense, the projects also deviated in terms of (1) formal assignment of 
responsibilities to African partners, (2) allocation of grants and resources for African 
institutions as well as (3) tools planned to enhance collaboration between Northern 
and Southern researchers. 

The responsibilities of African partners varied strongly across the projects. 
Whilst the work packages of some projects were solely led by German partners, 
most projects explicitly implemented a tandem structure in which both a Northern 
and a Southern partner were formally considered as work package leads. For some 
projects, this even held true for the structure of the overall project lead. Though 
the lead structures were rather heterogeneous, most proposals clearly outlined the 
responsibilities and tasks of Northern and Southern partners. 

In SPACES II, the BMBF funded the German partners, whereas the African 
partners were expected to apply for funding from their country or provide evidence 
of counter-financing on their own, according to prior agreements with the South 
African and Namibian ministries. Therefore, African partners were not formally 
allowed to be funded in the same way as the German partners. Some projects sub-
contracted their African collaborators and hence made financial means available 
for researchers to carry out particular tasks. However, funds provided through sub-
contracts are limited to a certain proportion of the total project budget and to 
service-based rather than research contracts. 

In terms of collaborative tools, the projects formally referred to the SPACES-
associated programme of the German Academic Exchange Service (DAAD) to fund 
mutual visits of researchers. Some projects went further and explicitly mentioned 
publications as a key tool for collaboration as well as data-sharing protocols. One 
project even introduced a steering committee composed of Northern and Southern 
researchers to guarantee joint decision-making.
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31.3.2 Researchers’ Perspectives on North-South Collaboration 

In total, 66 researchers of the SPACES II programme participated in the online 
survey (response rate of 31%) during the month of July in 2021. About 36% of 
them came from a South African or Namibian institution, whilst the remaining 64% 
were affiliated to a German institution. These shares correspond to the distribution 
in the statistical population of Southern (87) and Northern (124) researchers. 
About 38% of the respondents were female, 59% were male and about 3% 
preferred to not answer this question. Most of the respondents (12 Southern and 
23 Northern researchers) described themselves as holding a leading position in their 
respective projects, either as overall project leads, work package leads or principal 
investigators. Only about one-fourth of the respondents declared themselves as PhD 
students. About 48% of the respondents (11 Southern and 21 Northern partners) 
stated that they did not have any prior collaborations with their current Northern or 
Southern project partners, respectively. 

31.3.2.1 Fundamentals 
When considering the motivations of project partners to join the SPACES II 
programme, the differences between Northern and Southern researchers were not 
statistically significant (question 5). They expected benefits (1) in expanding their 
professional network, (2) in sharing knowledge and mutual learning as well as 
(3) from gaining novel research insights, which conventional projects might not 
provide (Fig. 31.1). ‘Access to a new study area’, ‘tapping into new research 
funds’ and ‘gaining access to resources to carry out research’ were less important 
than the aforementioned ones but still more than 50% of the respondents consider 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Creation/expansion of professional contacts/networking 

Benefits from knowledge sharing and mutual learning among working groups 

Potential to make novel research findings/do cutting edge research 

Gain access to/tap into new study area 

Tap new research funds 

Gain access to relevant resources (e.g. for field research, using IT-infrastructure) 

Absolutely To a large degree To some degree Not at all No answer 

Fig. 31.1 Motivations for researchers and research groups to join the North-South collaboration. 
Results are based on question 5 of the online survey with a sample size of n = 66. According to the 
Mann-Whitney-U-test, no significant differences could be found between Northern and Southern 
researchers



31 Lessons Learned from aNorth-South Science Partnership for Sustainable. . . 911

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Northern partners (n = 38) 

Southern partners (n = 24) 

Completely integrated To a large degree To some degree Not at all No answer 

Fig. 31.2 Researchers’ evaluation regarding their integration into the initial process of defin-
ing/drafting the overall research question(s). Results are based on question seven of the online 
survey with a sample size of n = 66. The responses of Northern and Southern partners are 
significantly different with p < 0.05  

them relevant. Looking at the fulfilment of these motivations and expectations, the 
majority of the Southern researchers indicated that they were ‘absolutely satisfied’ 
or at least ‘to a large degree’ (question 6). The expectations for improved networking 
scored highest with a consent of about 78%. 

In terms of designing the overall research question, the participants’ responses 
revealed that this process was organised in a collaborative manner in most cases. 
Often, SPACES II projects could build on prior collaborations to develop the 
project proposal, and researchers carried out an integrating process, for example, 
via workshops (question 8). As Fig. 31.2 presents, a high proportion of Northern 
partners (81%) compared to Southern partners (54%) were either ‘completely’ or 
‘to a larger degree’ involved in the initial drafting of the overall research questions. 
This difference is statistically significant. 

Aside from the initiating process, a partnering mindset amongst the researchers 
is a key attribute of successful North-South collaborations (Stibbe and Prescott 
2020:70). Our respondents used terms like ‘communication’, ‘transparency’, 
‘knowledge sharing’ and ‘respect’ to illustrate what they consider a partnering 
mindset. In this regard, about 69% had a positive view on the partnering mindset 
without a significant difference between Northern and Southern researchers 
(question 10). 

31.3.2.2 Partnership Relationship 
To look at how the researchers evaluated their partnership in more detail, we asked 
the respondents if they consider their respective Northern or Southern counterparts 
as acting transparently (question 13) and as committed in the project (question 12). 
The responses showed an appreciation for each side with no significant differences 
between the North and the South. Both groups evaluated the commitment and the 
transparent way of acting as largely positive (>90%). However, when looking deeper
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20% 

20% 

33% 

13% 

14% 

Absolutely 

To a large degree 

To a small degree 

Absolutely not 

No answer 

Fig. 31.3 Researchers’ evaluation on whether the fact that official project reports to the funder had 
to be written exclusively in German language was an obstacle to collaboration. Results are based 
on question 14 of the online survey with a total sample size of n = 57. Differences in responses 
from Northern and Southern partners are not statistically significant at p < 0.05  

into specific issues of project collaboration, some critical aspects appeared to be 
of concern. One issue was that according to formal funding requirements, official 
project reports had to be written exclusively in German. This may pose a challenge 
to a collaborative project, in which working and publication language is English. 
Figure 31.3 shows that about 40% of the researchers considered this requirement as 
a serious obstacle for project collaboration, whilst no significant difference could be 
found between the two groups (question 14). 

A discrepancy between Northern and Southern researchers became obvious in 
terms of involvement in decision-making processes with respect to project admin-
istration and management (question 16) as well as practical research conduction 
(question 15). In both cases, the Southern researchers felt that they had been less 
involved in decision-making processes than their Northern counterparts had. For 
both questions, the differences between the groups were statistically significant (Fig. 
31.4). 

Moving on to even more practical and tangible issues in research collaboration, 
the question of authorship was assessed. We asked the researchers if they considered 
the way they have been involved in publishing collaborative research results was 
adequate or not (question 17). Figure 31.5 shows that overall, 84% of the respon-
dents had a rather positive view on their involvement in publishing collaborative 
research results. None of the researchers chose to answer that ‘absolutely no’ 
involvement took place. However, in contrast to all other answer categories more 
Southern researchers answered ‘somewhat involved’, though this difference is not 
statistically significant due to the small sample size. Section 31.3.4 looks deeper into 
the evolution of co-authorship amongst Northern and Southern partners throughout 
the course of the programme.
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0% 20% 40% 60% 80% 100% 

Involvement in decision-making for practical research 

Involvement in decision-making for administration 

Fully involved Largely involved Somewhat involved Absolutely not No answer 

Southern partners (n=23) 

Northern partners (n=39) 

Southern partners (n=23) 

Northern partners (n=39) 

Fig. 31.4 Perceived degree of involvement in (a) decision-making process with respect to 
project administration (e.g. funding formalities, reporting, representation) and (b) decision-making 
processes with respect to practical research conduction (e.g. field work planning, case study 
selection, method selection). Results are based on questions 15 and 16 of the online survey with 
a total sample size of n = 62. The responses of Northern and Southern partners are significantly 
different with p < 0.05  

53% 

31% 

13% 

0% 
3% 

Fully involved 

Largely involved 

Somewhat involved 

Absolutely not 

No answer 

Fig. 31.5 Evaluation of researchers from the North and the South, whether they have been 
adequately involved in the publication of joint research. Results are based on question 17 of the 
online survey with a total sample size of n = 64. The responses from Northern and Southern 
researchers do not differ statistically significantly (p < 0.05) 

31.3.2.3 Structure and Setup 
From a structural perspective, the survey results revealed insights into the 
researchers’ focus of work (question 18). Figure 31.6 shows to which activities the 
respondents allocated their personal workforce. More than 60% of all respondents 
indicated that they spent most of their work on empirical research, followed 
by student supervision and field logistics. Overall, the differences between 
Northern and Southern researchers were not statistically significant, except for the 
communication with the funding agency, for which the Northern partners allocated 
more work than their Southern partners did.
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Empirical research (n = 65) 

Field logistics (n = 63) 

Student supervision (n = 64) 

Stakeholder involvement (n = 63) 

Workshop organisation (n = 62) 

Public communication (n = 64) 

Funder communication (n = 64) 

All my work Largely Moderately Nothing to very little No answer 

Northern partners 
Southern partners 

Fig. 31.6 Workload assigned to certain project activities by researchers. Results are based on 
question 18 of the online survey with a total sample size ranging between n = 62 and n = 65. 
The responses from Northern and Southern researchers do not differ statistically significantly 
(p < 0.05), except for ‘funder communication’ 

8% 

17% 

46% 

25% 

4% 

Fully supported 

Largely supported 

Somewhat supported 

Absolutely not 

No answer 

Fig. 31.7 Researchers’ evaluation of if Southern partners have been adequately supported with 
resources (e.g. funds, staff, equipment). Results are based on question 20 of the online survey with 
a total sample size of n = 63 

In terms of funding and resources endowment, the online survey assessed 
respective viewpoints. With respect to the Southern partners’ in-kind or non-
monetary contributions, such as the provision of working hours and equipment 
(question 19), the results show that 58% of the respondents consider these as 
adequately acknowledged. Here, no significant differences could be found between 
the North and the South. 

Considering the endowment of Southern partners with adequate resources for 
conducting project activities, Fig. 31.7 shows the perception of Northern and 
Southern researchers (question 20). The responses showed a critical perspective as 
about 71% of the respondents considered the Southern partners as only ‘somewhat 
supported’ or worse. The views between Northern and Southern researchers did not 
vary. Interestingly, though not statistically significant, a larger share of the Southern
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0% 20% 40% 60% 80% 100% 

Bilateral exchange (e.g. via phone, chat) (n = 63) 

Regular project meetings (e.g. monthly/annual) (n = 63) 

Multilateral exchange (e.g. mailing list, chat) (n = 60) 

Research stays (e.g. for empirical field work) (n = 61) 

Uni-directional information media (e.g. newsletter, blog) (n = 61) 

Completely To a large degree To some degree Not at all No answer 

Fig. 31.8 Evaluation of researchers, which communication channels/tools helped them during 
the course of the project to stay informed about the activities of their Northern/Southern partners. 
Results are based on question 22 of the online survey with a sample size ranging from n = 61 to 
n = 63. The responses from Northern and Southern researchers do not differ significantly 

partners considered their own resources endowment as being adequate, whilst more 
Northern partners considered it the other way round. 

31.3.2.4 Management and Leadership 
As a key component of formal project collaboration and integration, sharing data 
and results was highlighted by most projects in their proposals. In this regard, 
86% of our respondents confirmed respective processes were implemented as 
intended (question 23). Similarly, the researchers had a positive perception of how 
responsibilities and expectations were shared amongst the involved researchers. The 
majority declared that only minor tensions and conflicts were registered during the 
project period (question 21). In both cases, no significant differences could be found 
between the two groups. 

Figure 31.8 shows how the researchers evaluated different tools in their potential 
to keep Southern or Northern colleagues, respectively, up to date about ongoing 
research activities (question 22). Regular project meetings and bilateral exchange 
were considered as the primary means for mutual updates. However, a considerable 
number of respondents revealed that respective tools have either not been used in 
the projects, or have been implemented poorly so that no continuous mutual update 
was possible. 

31.3.3 Qualitative Insights from the Survey 

Alongside the structured survey part, the respondents were invited to comment on 
two issues in an open, unrestricted way. First, we assessed how the COVID-19 
pandemic affected NSC and second, the researchers were asked to mention the key
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issues in which they see a need for action to enhance NSC in a hypothetical follow 
up funding programme. 

31.3.3.1 Impact of COVID-19 
About 91% of our respondents took the opportunity and reported about outcomes for 
project collaboration. In general, the researchers agreed that the COVID-19 related 
restrictions of public life like travel restrictions (Devi 2020) led to impairments of 
research activities. The following consequences were highlighted in more detail.

• Delay of research activities: Due to travel restrictions, empirical fieldwork (e.g. 
data acquisition) was delayed or even cancelled. Some projects missed essential 
periods to assess relevant data to accomplish their research goals (e.g. missed 
growing season). Experiments had to be cancelled or restarted, which led to 
higher costs. Overall, researchers assume that this may have led to reduced 
scientific output.

• Exchange between researchers suffered: Travel restrictions prohibited joint 
fieldwork sessions, which are usually seen as a key element for productive 
exchange between Northern and Southern researchers. No conferences and 
project meetings could be held in person and thus, important forums for exchange 
and networking could not be implemented. However, some respondents observed 
an improved communication between Northern and Southern partners via the 
increased use of digital communication technologies (cf. Fig. 31.8). Long-
established research collaborations were considered as more effective in coping 
with the COVID-19-induced research restrictions.

• Higher workload for Southern partners: Though the quantitative survey results 
did not indicate a significant difference between the workload of Northern and 
Southern researchers, some respondents indicated that COVID-19 put more 
pressure on the South. As travel restrictions prohibited German researchers to 
travel, Southern partners had to take over essential research tasks (e.g. data 
acquisition, stakeholder communication).

• Negative psychological impacts: The delay of research activities was considered 
by some of our respondents as having negative impacts on the motivation of 
researchers to conduct project tasks. This may have been particularly true for 
student researchers who only had a limited period available to conduct their 
research tasks and who may have cancelled their activities. 

31.3.3.2 Fields of Action to Improve North-South Collaborations 
We asked our respondents to state crucial aspects that should be considered for 
future research projects to enhance NSC (question 24). In this regard, 55 out of 
66 shared their opinions on this issue and we condensed these into the following 
dimensions.

• Improved funding opportunities for Southern partners: Most respondents from 
both the North and the South indicated that they see the necessity to improve 
the funding opportunities of Southern partners. The recommendations covered
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a wide range of topics, but frequently touched upon the points of enhancing 
financial endowment for fieldwork and laboratory analyses, more options for 
Southern researchers and students to visit their Northern counterparts (e.g. for 
mutual learning and utilising research infrastructure) and improved funding 
modalities for Southern students, in general. One female African scientist boiled 
it down to ‘funding directed to Southern partners reduces the “parachute 
science” feeling and empowers the Southern partners’.

• More equitable project design and management: Respondents often highlighted 
the necessity to better integrate Southern partners into overall project manage-
ment. This includes both the design phase for proposal writing (aligning research 
activities to local needs) as well as continuous project management and decision-
making processes. One key issue raised was the request to more explicitly declare 
certain research objectives and clearly assign tasks and responsibilities to certain 
actors of the project team.

• Enhanced exchange between researchers and students: The respondents saw the 
need to improve the exchange between Northern and Southern researchers on 
both the Post-Doc and the student level. Personal exchange with one another was 
seen as a key element to enhance NSC, which could, for instance, be fostered 
in the field of empirical research, collaborative teaching, student supervision and 
exchange programmes. 

31.3.4 Role of SPACES in Fostering Collaborative Publications 

In addition to the insights into the role of co-authorships between Northern and 
Southern researchers, we explored this issue in a quantitative way to reveal if 
SPACES was able to enhance collaboration as measured by this indicator. For this 
purpose, the following subsections first look into the co-authorship networks of 
individual researchers, then zoom out onto the institutional level and finally assess 
the relative proportion of collaborative papers against the total number of papers 
published by SPACES researchers. 

31.3.4.1 Co-authorship Networks Between Individual Researchers 
During the years 2009–2012, one-third (69 out of 211) of SPACES II net-
work researchers were involved in publications co-authored with another SPACES 
researcher, irrespective of his/her regional affiliation. During 2013–2016, the pro-
portion had increased to 45% (95 researchers), and during the last time bracket, 
2017–2020, the majority 82% (147 researchers) had co-authored publications with 
another SPACES II researcher. All authors contributing most to the total co-
authorships were German: during 2009–2012 F Jeltsch (total link strength, i.e. the 
total strength of the co-authorship links of the researcher with others in the network 
14.0) and N Blaum (11.0); during 2013–2016 S Higgins (17.0), T Haberzettl and R 
Mäusbacher (14.0), and during 2017–2020, H Kunstmann (27.0) and P Laux (22.0). 
The strongest co-authorship links (i.e. those with most co-authored publications; by 
fractional counting, publications with higher number of co-authors are given less
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weight) were between two German authors (during 2009–2012 Jeltsch and Blaum, 
9.3; during 2013–2016 Higgins and Scheiter 8.5; and during 2017–2020 Kunstmann 
and Laux 21.5) or two South African authors (during 2009–2012 Chirwa and 
Syampungani, 7.0). 

Similarly, an expanding network is seen when limiting the focus to North-South 
co-authored publications (i.e. links between German and southern African authors). 
Figure 31.9 shows the co-authorship network constructed from the publications 
of SPACES II researchers during the three selected time brackets. Each circle 
represents a researcher, and the size of the circle indicates ‘total link strength’. Lines 
amongst researchers represent co-authorship links: researchers connected with a 
line have at least one co-authored publication, and those with thicker lines have a 
stronger link. In addition, authors are clustered together according to collaboration 
strength, i.e. those authors that publish more with each other are located closer 
together. To highlight the evolution of NSC, only respective collaborative linkages 
are shown in the visualisations. Note that the vertical and horizontal coordinate 
locations of the authors in the visualisation reflect the full collaboration network: 
this way, natural collaboration clusters (marine-terrestrial clusters; remote sensing 
cluster etc.) were maintained. 

During the years 2009–2012, only 9% (20 authors) were involved in North-South 
co-authored publications with other SPACES II researchers. Within 2013–2016, the 
network had broadened to 41 researchers (19%), and in 2017–2020, nearly half 
(103) of the researchers had published with a Northern or Southern SPACES II co-
author. Nearly all authors contributing most to NSC co-authorships were Namibian 
or South African: during 2009–2012 B Strohbach (3.0) and H Verheye (3.0); during 
2013–2016 M Meadows (3.8), A van der Plas (3.6) and K Kirsten (3.5); and during 
2017–2020, I Smit (6.5) and I Grass (5.0). The strongest co-authorship links were 
between H Verheye and W Ekau (1.5) and H Verheye and W Hagen (1.5) (2009– 
2012); B Bookhagen and T Smith (2.0) and V Morholz and A van der Plas (1.5) 
(2013–2016) and B Bookhagen and T Smith (4.0) and I Grass and S Weier (2.5) 
(2017–2020) (Fig. 31.9). Notably, most of these are senior researchers and none 
are early-career researchers. When considering all NSC collaborative publications, 
German collaborators dominated lead authorship during all three time brackets. 
During the years 2009–2012, 52% of collaborative papers were led by a German 
author, whereas 26% had a southern African lead author. During the years 2013– 
2016, the difference was proportionally slightly smaller, with 51% German-led, and 
34% southern African led publications. During the last bracket 2017–2020, 47% of 
the collaborative publications were German-led and 27% by a southern African lead 
author. 

Specific observations can be made when focusing on the clusters that indicate 
topical collaborations of SPACES II researchers (based on broad definition of the 
researchers’ main field). The oceanography researchers cluster publishing partic-
ularly on the Benguela upwelling system, including A Van der Plas and D Louw 
(Namibia), W Ekau (Germany), H Verheye (South Africa) and others, exists before 
SPACES and stays relatively stable throughout the research programme. In the last 
time bracket (2017–2020), this cluster is larger and linked to others, with P Brandt



Fig. 31.9 Networks of SPACES (II) researchers with North-South co-authorship links (i.e. 
publishing with a Northern or Southern SPACES (II) research partner) on the 2009–2012 (above); 
2013–2016 (middle) and 2017–2020 (below) publications. Size of circles indicates total link 
strength (i.e. authors with more co-authored publications show larger). South-South and North-
North collaboration links have been removed from the visualisation
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(Germany) and M Rouault (South Africa) as significant contributors (see violet, 
orange, light yellow and pink clusters). Furthermore, there is a topical cluster with 
focus on earth observations and related topics, composed of prominent researchers 
like B Strohbach (Namibia), C Schmullius and U Gessner (Germany), R Mathieu, 
and I Smit (South Africa), with others. This cluster grows and gets connected to 
(agri-)ecosystems, in the last time bracket (see red, light red and bright yellow 
in 2017–2020). The vegetation and ecosystems (modelling) cluster, involving G 
Midgley and J Slingsby (South Africa), with S Higgins, S Scheiter, T Hickler 
and F Jeltsch (Germany), exists before SPACES but extends further during the 
observed periods, linking with other terrestrial research. The paleo environmental 
researchers collaboration, including especially M Meadows, K Kirsten and L Quick 
(South Africa) with T Haberzettl, R Mäusbacher (Germany) becomes prominent 
during the second time period (2013–2016) and grows into a set of clusters with 
more collaborators during the last time period (see turquoise and green clusters in 
2017–2020 graph). Few clusters appear only when SPACES II collaborations are 
elaborated. However, the agroforestry-related cluster (blue in 2017–2020), including 
P Chirwa (South Africa), J Sheppard, L Borrass, H.-P. Kahle, C Morhart (Germany) 
and others, seems to appear only on the third studied bracket, indicating that with 
this specific topic, the NSC was initiated as result of SPACES II. 

31.3.4.2 Institute Co-authorship Network 
Figure 31.10 presents the institute co-authorship overlay visualisation constructed 
from all publications authored by SPACES II researchers during 2009–2020. Each 
circle represents an institute, and its size indicates the total link strength (strength 
of the co-authorship links of the institute with other institutes in the network). Lines 
amongst institutes represent co-authored publications; thicker lines indicate more 
co-authored publications, however, multi-author publications are given less weight. 
The colour of the circles indicates the average publication year of the institute. 
To highlight the evolution of NSC within SPACES II, only linkages between 
institutions from Germany and Africa are shown in the visualisations. Coordinate 
locations of the institutes reflect the full collaboration network. 

The vast majority of the SPACES II institutes (63 out of 66, 95%) were 
involved with at least one NSC collaborative publication (Fig. 31.10). The strongest 
collaborating institutes were the UCT (South Africa) (total link strength 56.2), 
FSU Jena (26.9), and the Senckenberg Research Centre (20.0) (Germany). The 
strongest links were between UCT and GEOMAR (collaboration link strength 
14.8), UCT with Goethe University Frankfurt (6.5) and UCT with FSU Jena (6.5). 
Notably, although several Namibian authors came up as main collaborators in the 
individual analyses, no Namibian institute made it in the group of the 10 strongest 
collaborating institutes. The first Namibian institute, the MFMR, was the 12th 
strongest collaborating institute, with a total link strength of 12. 

The average publication year score indicates that publications from FSU Jena, 
CSIR, and the University of Hamburg came out on average a bit earlier than
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Fig. 31.10 Network of SPACES institutes (both SPACES and SPACES II) with North-South co-
authorship links (i.e. publishing with a Northern or Southern SPACES II research partner) during 
2009–2020. Size of circles indicates total link strength (i.e. institutes with more co-authored 
publications show larger, however fractional counting reduces the influence of multi-author 
publications). The colour of the circles indicates the average publishing year. South-South and 
North-North collaboration links have been removed from the visualisation 

those from e.g. the UCT, Goethe-University, University of Göttingen, Senckenberg 
Research Institute, Stellenbosch University, and the University of Kwa-Zulu Natal. 

31.3.4.3 Relative Proportion of Collaborative Publications 
We further expected that the impact of SPACES I and II would show as an 
increased proportion of North-South co-authored publications over time. Using 
the same set of SPACES I and II authors publications and counting the total 
number of publications per country, those publications where at least one author’s 
affiliation was a German university or institution were considered ‘German’. Those 
publications where at least one author’s affiliation was an African university or 
institution (including South Africa, Namibia, Angola, Botswana, Lesotho, Mozam-
bique, Swaziland/Eswatini, Zambia, Zimbabwe, and SASSCAL) were considered 
‘African’. Figure 31.11 shows that the proportion of collaborative publications 
peaked in 2018, probably indicating the higher number of project publications that 
came out at the end of the SPACES I projects.
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Fig. 31.11 Number of SPACES II researchers’ total publications, North-South ‘collaborative’ 
publications and the relative proportion of collaborative publications for the years 2009–2020 as 
obtained from Scopus 

31.4 Discussion 

Having presented a wide spectrum of results above, in the following subsections, 
we take a closer look at certain issues uncovered or raised that we consider as 
essential to address when designing future NSC. In this respect, we first reflect 
upon the (financial) resources endowment of the Southern partners, as the majority 
of our respondents indicated the need for improved funding schemes. Second, we 
discuss the way Southern partners were involved in project design and continuous 
management as a significant difference in viewpoints between the North and the 
South could be uncovered. Third, we explore the results of the co-authorship 
analysis to discuss the potential of collaborative publications as a key tool for 
effective NSC. Finally, we critically reflect upon the applied methods and the 
representativeness of our results. 

31.4.1 Resources Endowment of Southern Partners 

Both the quantitative survey results as well as the qualitative statements of our 
respondents are critical of the resources endowment of the Southern partners, 
especially with respect to monetary means (cf. Sects. 31.3.2.2 and 31.3.3.2). The 
observation of an imbalance in funding is shared by researchers from the North and 
the South. Comparable results were found in other meta-studies that looked into
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NSC programmes elsewhere (Giller 2020; Skupien and Rüffin 2020; Schneider et 
al. 2019). 

Formally, the SPACES II programme was set up as a cooperative funding scheme 
together with the South African Department of Science and Innovation (DSI) 
and the Namibian Ministry of Education (MET) (BMBF 2017). With both coun-
tries, Germany had developed pre-existing arrangements to enhance collaborative 
research. According to the funding regulations, which are legally bound by the 
German federal budget law, only German institutions were entitled to apply for 
research grants awarded by BMBF. African partners had to apply for respective 
linked grants at their home country’s collaborating partner institution (DSI or 
MET), had to be subcontracted by their German partners for particular service-
based activities or had to contribute in-kind or non-monetary means (BMBF 2017). 
This model applied to all project research activities, whilst support for student 
exchange and mutual research visits by partners was enhanced through an exchange 
and researcher mobility programme established by the German Academic Exchange 
Service (DAAD) for which both African and German students and researchers could 
apply. 

These funding formalities do not appear to have been sufficient to establish an 
adequate resources endowment of the Southern partners to conduct research and 
ensure sufficient researcher mobility, as the experiences of our respondents indicate. 
This imbalance became exacerbated during the COVID-19 pandemic, when travel 
restrictions (Devi 2020) inhibited German researchers from carrying out activities 
in South Africa and Namibia. According to the respondents, African partners stood 
in to replace these functions, without being fully compensated for their efforts, 
though the situation was somewhat alleviated by flexible responses in funding 
arrangements. Overall, the COVID-19 pandemic can be considered a caesura for 
project collaboration, but it might also provide a window of opportunity to enhance 
NSC (Jeppesen and Miklian 2020). Despite the drawbacks that our respondents 
state with respect to the limitations of meetings in person, we particularly see the 
potential of digital communication tools to enhance the quality of collaboration 
in a post-pandemic world. Respective tools like video conferencing, data sharing 
and project management can act complementary to standard project tools such as 
annual meetings, phone conferences and research visits. In this regard, Sowe et al. 
(2021) found an increased utilisation of digital communication and collaboration 
tools amongst Northern and Southern research partners during lockdown periods 
with certain challenges in particular for Southern researchers like the availability of 
reliable power and internet connections (Sowe et al. 2021). 

In order to improve the funding situation of Southern researchers in NSC 
programmes, potential improvements can be explored in (1) more concrete mul-
tilateral agreements for securing research funds prior to programme start, (2) equal 
treatment of Southern and Northern researchers in terms of (staff, material, travel) 
funding to conduct research as well as (3) the reduction of structural institutional 
barriers for Southern researchers which prohibit southern partners from getting the 
same incentives as their northern counterparts from third-party grants (e.g. lack 
of research incentivising policies in some Southern universities). Furthermore, we
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consider multilateral independent institutions such as the Southern African Science 
Service Centre for Climate Change and Adaptation (SASSCAL, Helmschrot and 
Jürgens 2015) as a blueprint. It is intended to be capable of funding research projects 
based on its own agendas and with its own monetary means. If such an institution is 
successfully set up and operated, efforts in this direction could provide an effective 
model to overcome respective funding imbalances. 

31.4.2 Involvement in Project Design and Management 

Our survey revealed significant differences amongst the views from Northern and 
Southern researchers with respect to their involvement in project design and ongoing 
management, as well as fieldwork decisions (cf. Sects. 31.3.2.1 and 31.3.2.2). 
As these findings might indicate a top-down approach from the Northern to 
the Southern partners—possibly caused by funding imbalance—we consider the 
following insights as crucial in order to enable effective, balanced and equal NSC. 

The initial steps in project design are known to be particularly crucial for 
a fruitful and collaborative atmosphere and thus an overall successful project. 
Referring to transdisciplinary research in this regard, the process of ‘problem 
framing’ is essential in which perceptions of scientific disciplines and non-scientific 
stakeholders are brought together (Jahn et al. 2012). Almost half of the respondents 
from the South indicated that they were not adequately involved in these processes, 
which may relate to the long time lag of more than a year between the participatory 
process that involved workshops with scientists and funding representatives, and 
the announcement for grant applications and their award. On the contrary, these 
perceptions are also likely due to ongoing staff turnover and the subsequent lack 
of awareness of these original discussions by those who joined the projects later 
or were not in a position to participate in respective processes (e.g. PhD students). 
Nonetheless, this result confirms to a degree previous findings on the difficulties 
of Southern researchers to participate in the processes of agenda setting (Bradley 
2017). Ideas to overcome an inadequate involvement of Southern researchers in 
the agenda-setting process could be found in an explicit initial project phase for 
collaborative problem framing via ‘quick-initiation-funding’ schemes (Luthe 2017). 

In terms of involvement in overall project administration and management, 
the discrepancy between Northern and Southern researchers continues. In both 
fields, Southern partners indicated lower levels of involvement, as confirmed by 
other studies previously (Luetkemeier et al. 2021; Schmidt and Pröpper 2017), 
which might be a direct consequence from being less involved in project design. 
Though we could assume that heavy involvement in project administration and 
management is somewhat time-consuming and even burdensome, it affords power to 
influence overarching strategies. Hence, being not involved at these levels limits the 
subjective feeling of ownership. Likewise, Southern researchers indicated that they 
had not been involved in fieldwork planning or practical project decisions, largely. 
This is again crucial, because it could even be counterproductive, as important 
Southern knowledge stocks remain untapped (i.e. environmental and institutional
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setting). Excluding them from decision-making processes therein may hamper the 
effectiveness of actual research tasks. 

Overall, the evaluated projects within SPACES II show a heterogeneous degree 
of involvement. Whilst some projects explicitly applied a ‘tandem structure’ in 
lead positions, in other projects, the role of African collaborators was less obvious. 
Tandem-structuring the leadership of work packages within a project can be a tool 
to balance opportunities and responsibilities for Northern and Southern partners. 
However, having two leaders might also complicate the decision-making process. 
Furthermore, especially if funding comes from the North, the actual leadership 
might remain in the hands of the Northern partner. One option to circumvent these 
challenges could be to keep the leadership of each work package to one person 
only, either coming from the South or North and in any case equally balanced 
across all work packages. Alternatively or in addition, a Steering Committee can 
be an adequate tool to foster joint decision-making within the collaborative research 
project. 

The aspect of under-valuation may also be reflected in the answers of our 
respondents to the question, if in-kind or non-monetary contributions were ade-
quately acknowledged (cf. Sect. 31.3.2.3). Here, 42% of the Southern respondents 
indicated that their contributions were not adequately appreciated. This could 
possibly lead to dissatisfaction and even frustration amongst Southern partners, as 
found in a qualitative evaluation of two German-Namibian collaborative projects 
by Luetkemeier et al. (2021). The imbalance in involvement and appreciation of 
contributions could likely result in unclear responsibilities and research tasks as 
well as skewed workloads. 

Interestingly, our survey does not support a qualitative finding from Luetkemeier 
et al. (2021) that Southern researchers were less involved in actual empirical 
research, but rather in activities such as field logistics, stakeholder communication 
or student supervision. Our results do not show a significant difference between the 
tasks and workloads of Northern and Southern researchers, indicating that Southern 
partners did not implicitly have to act as ‘field facilitators’ of Northern researchers. 
Both Northern and Southern researchers have been equally involved in empirical 
research, which we consider a positive sign—apart from the considerations above— 
for a truly cooperative research project. 

31.4.3 Co-authorship as a Key Tool for Effective Collaborations 

When observing all SPACES II researchers’ collaborative publications via bib-
liometric networks, the main contributors were German (senior) researchers, and 
strongest links were formed within organisations. These relationships remained 
stable, probably indicating that the SPACES II projects were largely established on 
existing collaborations within Germany. The total network of collaborating authors 
grew rapidly with time, as researchers were taking up collaborative publication 
activities with their SPACES II colleagues. Similar growth was observed when 
limiting focus to NSC co-authored publications. Prior to SPACES, less than 10%



926 R. Luetkemeier et al.

of authors were publishing together with their Northern or Southern partners, whilst 
immediately before and during SPACES II (2017–2020), this had increased to a half. 
This indicates that SPACES II was successful in meeting its objective of improving 
the networks of NSC, when using co-authored publications as a measure. On the 
other hand, whilst during the last time bracket, the vast majority of researchers 
(82%) co-published papers with SPACES II-colleagues, only a half published with 
their Northern or Southern partners. 

In the light of earlier studies, the proportion of NSC publications amongst 
SPACES II researchers (12% during the ‘best’ year of 2018) appears relatively 
low. Pouris and Ho (2014) found that in 2011, 58% of papers published on the 
African continent were co-authored with international partners; Germany was the 
fourth most important international collaboration partner. Access to funding and 
equipment were assumed to be the major reasons behind the high proportion of 
South-North co-authored papers in Africa, and also main factors explaining the 
comparatively low numbers of collaborative publications between southern African 
countries (Pouris and Ho 2014; Zravkovic et al. 2016). In the case of SPACES II, 
we can assume that a higher proportion of NSC papers would have been recorded 
especially from the German side if only those publications officially published 
‘under SPACES II’ were counted. In particular, the senior researchers were undoubt-
edly involved in various other (non-NSC) projects. Furthermore, the COVID-19 
pandemic and the cancellations of the associated researcher mobility programme 
may have decreased the overall number of co-authored NSC publications from 
SPACES II. For example Zravkovic et al. (2016) found that southern African 
researchers, who left their home country temporarily for scientific education and 
training (e.g. master/PhD studies), also published more NSC papers. 

In contrast to the overall network, the NSC co-authored publications network was 
dominated by Southern researchers as the most productive, best-linked researchers. 
It appeared that the NSC papers were more focussed on fewer, very active 
collaborators particularly on the Southern side. Similarly, a few South African 
institutes contributed disproportionately to the NSC co-authorship network. The 
strongest collaborator, UCT, is both the highest-ranked South African university, 
and the highest-ranked African university on the main global university rankings 
(rank 269 on the Center of World University Rankings 2021–2022 Edition; rank 
155 on the Times Higher Education University Rankings 2021; and rank 226 on the 
QS Top Universities Ranking of 2022). This trend may have two distinct reasons: 
First, most fully funded project researchers (i.e. PhD and post-doctoral researchers) 
are German-affiliated, including southern African PhD students funded with 4-year 
PhD grants, each publishing some NSC papers. Second, the largest and wealthiest 
institutes on the Southern side may have longer history and better preparedness for 
international collaborations and thus outperform smaller institutions in the South. 
The question of how this may be a result of or may even consolidate power 
asymmetries in research amongst Southern partners goes beyond the scope of 
this study but can be a valid entry point for further investigations of South-South 
collaborations.
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Besides bibliometrics of published articles, it is relevant to look at the process 
leading to co-authored papers. The question of authorship is often a difficult and 
disputed topic in research collaborations (see, e.g., Luetkemeier et al. 2021). It 
would be an unwanted outcome if Southern collaborators felt themselves not invited 
to co-author in publications where they would have had a clear role. Previous studies 
have raised concern over North-South collaborations where Southern partners were 
confronted with implicit expectations of acting as facilitators of communication to 
stakeholders and policy-makers, or even field managers (Luetkemeier et al. 2021). 

31.4.4 Critical Reflection on Methodology 

Against the background of our experiences in carrying out the survey, we consider 
a structured online survey as a suitable method to collect perspectives from 
researchers in the field of Earth system sciences. We consider them as being open to 
such a survey format. Deliberately, we assembled an author team of Northern and 
Southern researchers to keep a balanced view on relevant NSC issues that should 
be part of the assessment. Furthermore, we designed the survey in a way to make 
the barriers for participation as small as possible. In this regard, we consider the 
available period of about a month and the required time for completion of only 
10 min as a good compromise. In addition, we assume that the inclusion of both 
quantitative and qualitative questions offered the researchers a suitable tool to share 
their views on NSC in a comfortable and anonymous way. 

Although we consider the response rate of about 31% as being adequate, the 
critical question is: why did not more researchers take the opportunity to participate? 
We can only make assumptions but reasons could be found in an incomplete or 
a non–up-to-date list of contact details, holiday season in the North in July, low 
interest in the subject, low involvement in practical NSC (e.g. on a student level) or 
frustration and resignation about the topic itself or current framing conditions (e.g. 
COVID-19 situation). 

To better evaluate the representativeness of the survey, it should be noted that 
the respondents evaluated their collaboration with all their Southern or Northern 
partners, respectively. However, it could likely be the case that they actually had 
different experiences with different partners. Hence, their actual responses either 
may be an averaged assumption about all their partners, or may be biased by 
a certain single case. Furthermore, the results we presented are averaged over 
all SPACES II projects. It is likely the case that the expectations towards NSC 
differed amongst the projects, depending on the actual research subject, the required 
methodology and, hence, (dis)satisfaction might differ. 

With regard to the co-authorship analysis, we must note that due to COVID-19, 
the publishing of project results was, in many cases, delayed, and due to the normal 
publication time lag, the proportion of NSC authors may still significantly increase 
after the publishing of this chapter. In addition, the Scopus database does not 
necessarily cover all publications, but was selected here because of the availability 
of institute affiliations data.
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31.5 Policy Message 

Handling Global Change phenomena such as climate change, biodiversity loss and 
environmental degradation, on the one hand, and approaching the challenges of 
poverty reduction and enhancing water and food security in the developing world are 
amongst the most crucial challenges today. SDG Goal 17 highlights the important 
role of international collaborations to develop applied solutions for these problems. 
Effective NSC in science is one key component therein. 

In this study, we assessed the quality and structure of NSC in the research 
programme SPACES II based on a structured online survey that was carried out 
amongst the involved researchers from South African, Namibian and German 
institutions as well as an extensive co-authorship network analysis. In synopsis of 
our results, we consider the SPACES programme as a good step forward in carrying 
out NSC, because Northern and Southern researchers acted largely as peers on an 
equal footing. Despite this success, room for improvement exists, in particular, with 
respect to the integration of Southern researchers in the processes of project design 
and continuous management as well as the equal availability of funds for research. 
In particular, the latter point turned out to be crucial for successful NSC as most 
challenges, we identified, likely, have their origin in unequal resources endowment. 
Against this background, we recommend the following key points to enhance NSC 
for future research programmes:

• Asynchrony of funding: Research requires funds to cover costs for staff, equip-
ment and mobility for all actors involved in a project. The persisting asynchrony 
of funds available to Northern and Southern partners is, however, a fundamental 
area of conflict and frustration and hence a potential threat to effective NSC. If 
collaborative research initiatives are an explicit intention by funders and research 
consortia, appropriate and sufficiently timed monetary means are required for all 
parties involved to carry out the intended research. We see four options to getting 
closer to this desirable state: First, multilateral negotiations between funders 
prior to an NSC programme should put emphasis on legally securing sufficient 
funds from all countries involved. Second, multilateral funding agencies based 
‘in the South’ should be (financially) supported to enhance the opportunities for 
independent research funding. Third, funding regulations should acknowledge 
the financial requirements of Southern researchers, for example, via direct 
provision of funds or explicit subcontracting opportunities. Fourth, remaining 
institutional barriers in Southern institutions that prohibit researchers from 
benefitting equally from third-party grants should be identified and reduced.

• Continuous NSC evaluation: We consider an investigation like ours not just of 
interest for final project evaluation. If a large number of scientists are involved 
in a collaborative research project, especially comprehensive quantitative met-
rics could well be used to periodically monitor the quality of NSC within 
a research programme or project. Hence, we suggest evaluating partnership 
expectations and perceptions in the project beginning as well as in the mid-
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term to immediately respond to dissatisfaction amongst partners that might 
negatively influence the achievement of project goals and lead to the abortion of 
existing or rejection of future collaborations. Therefore, we suggest monitoring 
the number of involved researchers as an important metric, especially from the 
South, where partners are often not formally funded. In addition, conducting 
surveys on the researchers’ changing perceptions throughout the project con-
cerning levels of involvement and opportunities to engage can quickly uncover 
negative developments and enable countermeasures. Furthermore, monitoring of 
continued co-publishing activities of the involved researchers (even after formal 
NSC programmes ended) may provide an effective indication of the quality and 
long-term impact of collaborative projects. Although we did not investigate the 
ratio between female and male project members within this study, we strongly 
recommend including gender balance in the evaluation of collaborative research 
projects. This includes the share of women in the overall project as well as 
their position (e.g. as leaders) and differences or similarities between Northern 
and Southern partners. Furthermore, knowledge gained over the last decades on 
transdisciplinary science with respect to formally setting up interdisciplinary 
projects in a methodologically guided way can be fruitful to structure future 
activities.

• Collaborative publications: Though alternative outputs and outcomes of 
research, such as societal impacts, are increasingly considered relevant when 
evaluating the quality of research, scientific publications remain the key currency, 
due to their quantifiability and associated metrics of researchers’ performance. 
In this regard, publications are a central tool to enhance collaboration 
between Northern and Southern researchers and our analysis shows that an 
intensification did emerge over time. However, we see a need to enhance this 
tool, as in particular on the Southern side, co-authored publications tend to be 
disproportionately focused on a few established, senior partners. Here, respective 
successes are strongly bound to available funding for Southern researchers to be 
able to invest time and money in respective authorship processes. 
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Abstract 

The sustainability of southern Africa’s natural and managed marine and terres-
trial ecosystems is threatened by overuse, mismanagement, population pressures, 
degradation, and climate change. Counteracting unsustainable development 
requires a deep understanding of earth system processes and how these are 
affected by ongoing and anticipated global changes. This information must be 
translated into practical policy and management interventions. Climate models 
project that the rate of terrestrial warming in southern Africa is above the global 
terrestrial average. Moreover, most of the region will become drier. Already 
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there is evidence that climate change is disrupting ecosystem functioning and 
the provision of ecosystem services. This is likely to continue in the foreseeable 
future, but impacts can be partly mitigated through urgent implementation of 
appropriate policy and management interventions to enhance resilience and 
sustainability of the ecosystems. The recommendations presented in the previous 
chapters are informed by a deepened scientific understanding of the relevant 
earth system processes, but also identify research and knowledge gaps. Ongoing 
disciplinary research remains critical, but needs to be complemented with cross-
disciplinary and transdisciplinary research that can integrate across temporal and 
spatial scales to give a fuller understanding of not only individual components of 
the complex earth-system, but how they interact. 

32.1 Introduction 

“We are not living in a stable world. Science needs to unravel the nature, causes 
and consequences of this change in a way that can lead to transformative change 
with positive impact on society.” This was the closing challenge from the South 
African Department of Science and Innovation’s (DSI) Prof Yonah Seleti at the 
SPACES II Programme Synthesis Meeting in Pretoria June 2022. This view strongly 
supports the idea that environmentally focused policy-related research, especially 
in developing regions such as southern Africa, be motivated by and embedded 
in the need to enhance the social-ecological basis to advance human well-being. 
While environmentally focused research addresses important unknowns about 
the functioning of the natural (ecological) world, such research thus cannot be 
decoupled from pressing social issues, such as the security and sustainability of food 
production, water supply and its quality, and how these issues link with poverty 
and developmental challenges. However, strengthening the relevant links between 
explanatory scientific research and its policy implications remains a difficult and 
complex challenge (Stringer and Dougill 2013; von Maltitz 2020). 
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It is now almost certain that the southern African social-ecological system, like 
several other regions of the world, is approaching potentially consequential “tipping 
points,” sets of conditions that entrain self-perpetuating changes that have adverse 
impacts (Chap. 7; IPCC  2022). These could include, for example, prolonged and 
intense drought leading to major cities and their surrounding regions running out 
of water, the collapse of food production systems and related food insecurity, novel 
intense weather events such as category 4 cyclones making landfall on southern 
Africa’s east coast ever further southward, and toward major cities and centers of 
human settlement, or unprecedented heatwaves (Mbokodo et al. 2020; Chaps. 6 and 
7). The impacts of such events would have extensive health and social consequences 
including loss of human life, disease, human displacement, human migration, 
infrastructure damage and related food and water insecurity, and increases in poverty 
and deprivation. These impacts would adversely impact on the region achieving the 
United Nations Sustainable Development Goals (SDG) (Chap. 3). A well-developed 
predictive understanding of such climate change-driven impacts enables society to 
develop strategies, approaches, and policies that can anticipate and avoid, adapt 
to, or mitigate against impacts. Working toward this goal underpins the Science 
Partnerships for the Adaptation to Complex Earth System Processes (SPACES II) 
program, with key outputs from this research and important gaps in knowledge 
highlighted across the chapters of this book. 

The southern African region is highly complex in terms of its environmental and 
socioeconomic setting and its diverse flora and fauna, and this is a fundamental 
condition that challenges explanatory scientific work in its efforts to tease out a 
predictive understanding at a level of credibility sufficient to inform appropriate 
societal responses. The region is an area of convergence of several global scale geo-
physical drivers of climate, ecosystems, and ecosystem processes. The mid-latitude 
southerly extent of this region gives rise to a globally unique meeting of warm, high 
salinity, and nutrient-poor waters carried polewards by the Agulhas Current down 
the east coast and the cold, nutrient-rich waters of the Benguela Current originating 
from the Antarctic Circulation and feeding the Benguela Upwelling System along 
the west coast. These currents have major impacts on precipitation, with the warm 
Agulhas Current bringing rainfall to the east, while the cold Benguela Current 
inhibits rain on the west. Two distinct climatic systems, partly linked to these ocean 
currents, exert seasonally variable impacts on the region. Midlatitude cyclones bring 
rainfall to the western Cape region with high predictability, and sometimes further 
northward and inland with lower dependability, during the austral winter months. 
The seasonal southward migration of the Inter-Tropical Convergence Zone (ITCZ) 
as summer months approach tends to enhance summer convective rainfall, as well 
as displacing the path of the midlatitude cyclones from their winter landfall track to 
the southern ocean. This West-East winter-summer seasonality pattern is overlaid 
by a roughly orthogonal trend in rainfall amount, with arid and semiarid conditions 
in the southwest transitioning over semiarid grasslands and savannas to subtropical 
woodlands and tropical forests in the north. High interannual variance in rainfall is 
associated with the lower influence of predictable winter rainfall regime, and annual 
rainfall total throughout the region. These climatic gradients, together with related
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disturbances like wildfire, have had major impacts on the biodiversity that has 
evolved in the region over millennia. The spatial variation in interannual variability 
in rainfall also poses multiple challenges for both agriculture and the provisioning 
of water for human and industrial use (Chaps. 5, 6 and 12). 

Southern Africa’s diversity in ocean currents, topography, including the ocean 
shelf, climate, geology, and disturbance regimes, has resulted in southern Africa 
having unique and high levels of biodiversity, with a disproportionate number of 
endemic species in both the marine and terrestrial environments (Chap. 2). This 
diversity is under increasing pressure from global change drivers (Chap. 3) including 
anthropogenic land cover and land-use change (Chaps. 3, 4, 13, 15, 17, 20 and 
22), spread of invasive alien plant and animal species (Chaps. 3 and 24), and 
overexploitation of terrestrial and marine biological resources (Chaps. 3, 11, 16, 
19, 25 and 26). Critical feedbacks of these impacts on the global climate system 
derive from resulting trends such as land degradation (Chaps. 13, 20 and 23), 
which is a CO2 source to the atmosphere (Chaps. 14, 17, 23, 25 and 30). Loss 
of biodiversity and ecosystems goods and services has profound impacts on local 
livelihoods (Chaps. 3, 4, 20, 22 and 23). Sustainable agriculture, ecotourism, and 
other nondepleting uses of natural resources are strategic imperatives for the region 
and would ensure the persistence of large contributors to individual livelihoods 
and countries’ Gross Domestic Products (GDPs), with varying priority in different 
countries (Chaps. 4 and 20). Both agriculture and tourism are disproportionately 
large contributors to job creation and livelihoods opportunities, in any region where 
unemployment is a key concern (Chap. 4). Direct access to natural resources is 
important to rural communities and is especially a safety net for the poor (Chaps. 
19, 20, 21, 22, 23 and 25). Despite this, the region has a distinct tension between 
developmental needs versus biodiversity protection and nature conservation (Chaps. 
3, 4, 20, 22 and 23). While biodiversity is the mainstay of a large number of both 
formal and informal livelihood opportunities in sub-Saharan Africa, for example, 
Shumsky et al. (2014), from a policy perspective, environmental concerns are often 
perceived as constraints to economic development (Chaps. 4 and 31). 

From a social-ecological perspective, a merging of vastly different resource 
management systems has occurred over four millennia in sub-Saharan Africa 
(Bjornlund et al. 2020). Colonialist practices from Europe converged with or 
dominated traditional Khoisan and Bantu tenure, land use, and land management 
systems, resulting in complex and often contested land management regimes in 
the region. Ancient traditional land management systems have been replaced or 
modified along with the conflicted history of land ownership in the region. Land 
tenure in sub-Saharan African countries is a postcolonial mix of private land 
holdings with their history in the colonial occupation of the region, mixed with 
a number of different forms of customary tenure with roots in traditions of the 
Bantu tribes that were resident in the area at the time of colonization. Some of 
these traditional approaches have themselves been modified through colonial and 
postcolonial processes. 

These differences in tenure and management legacies link to vastly different 
land-use practices, which range from large-scale high intensity farming through
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to small-scale subsistence types of farming (Chaps. 3, 15, 20–23). By far the 
single largest land use is rangelands for livestock or game production (Chaps. 
15–20). Rangeland management systems differ substantially with rangeland being 
either commercially managed, often using livestock rotational techniques reliant on 
fencing and with relatively low stocking densities, or being communally managed 
where livestock stocking rates can be close to the ecological carrying capacity 
(Chaps. 16, 19, 20, and 23). Increasingly, rangeland is also being managed for 
wildlife-based agri- and nature-based tourism industries (Chaps. 15 and 18). This 
diversity of agricultural practices poses multiple research priorities and challenges 
to support management decision-making in these varied land-based subsectors. The 
urgency for solutions is growing with the need to reconcile demands for increasing 
agricultural productivity with resource use constraints and environmental concerns 
(Chaps. 19–23). 

There is clear evidence that near-shore marine resources have been exploited 
by humans dating back at least to the late Pleistocene as evidenced by analysis at 
Pinnacle Point (Marean 2010; Wren et al.  2020). The advent of the commercial 
fisheries industry in the late seventeenth century greatly increased the levels of 
marine exploitation and gave rise to thriving fisheries industry, which can be 
divided into four main sectors: subsistence fishing, small-scale (artisanal) fishing, 
large-scale commercial fishing, and recreational fishing. The fishing industry is 
important in terms of supporting local food security, and the provision of job 
opportunities (Baust et al. 2015). However, it remains a politically contentious 
industry with ongoing disputes around licensing among main sectors and the 
associated access to resources, with clear historical evidence of discrimination 
against the artisanal sector (van Sittert 2017). Deep-sea, mostly commercial, and 
inshore (mixed commercial and artisanal) trawling target hake is a key component of 
the commercial fishing industry, while pelagic purse-seine fisheries target sardine, 
anchovy, and herring. Other important, largely artisanal sectors include shrimps, 
chokka squid, and numerous line fish species. The high value of crayfish and 
abalone creates a disproportionate revenue and amount of jobs for the biomass 
harvested (Baust et al. 2015), and pressure from poaching. Harvest levels have 
fluctuated greatly over time: between the different sectors and between the west 
and east coasts. Due to upwelling, the west coast has a globally high rate of net 
primary production and has been the main contributor to the tonnage of fish caught. 
Initially, this was mostly based on hake, with catches peaking in the late 1960s, 
but declined substantially thereafter. In Namibia, the small pelagic (mostly sardine) 
fisheries industry had largely collapsed by 1977 (Paterson et al. 2013). On a tonnage 
basis, the east coast contributes far less to the fishing catch, but it has far greater 
involvement of small-scale and subsistence fisheries, which play a proportionately 
more important role than on the west coast (Baust et al. 2015). Stricter management 
and quota systems reduced fishing pressure but have not resulted in a complete 
recovery of stocks (Paterson et al. 2013).
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32.2 Overview 

32.2.1 Climate Change 

Climate change is a global challenge that manifests differently across and between 
regions and subregions. The southern Africa region is anticipated to be subjected 
to severe impacts (Chaps. 3, 7, 20–23), being largely warm and dry. The interior, 
especially to the west, has historically warmed at twice the global average, a 
trend that is projected to continue for years to decades (Chaps. 6 and 7). Rainfall 
projections are less certain, but there is growing consensus that almost all of 
the region is likely to become more arid, with this effect being strongest in the 
already arid west. The combined impact of warming and reduced rainfall will 
greatly increase drought stress, an impact that will be felt both within the natural 
environment as well as in crop agriculture and rangelands (Chaps. 6, 7, 14, 19– 
23 and 26). The climate of the region already has high interseasonal variance, and 
this is likely to increase. Maximum, rather than mean, impacts are likely to have 
the greatest short-term social and ecological consequences, with more prolonged 
and intense droughts likely to occur. Despite overall projections of greater aridity, 
the warming of the Indian Ocean is likely to result in tropical cyclones of greater 
strength that move further south, bringing episodic flooding and related impacts on 
built infrastructure and the natural environment (Chap. 7). 

Southern Africa has two distinct rainfall regimes: the winter rainfall, 
Mediterranean-like climate of the Fynbos, and semiarid Succulent Karoo of the 
southwestern tip of the continent, where rainfall is dependent on midlatitude 
cyclones that sweep over the region in winter, and the summer rainfall interior region 
that is dominated by convection rainfall (Chaps. 5–7). These regions are separated 
by a zone with all-season rain. The winter rainfall region’s rainfall is projected 
to be reduced, because the path of the midlatitude cyclones will be displaced 
southward. This circulation pattern has occurred in years when the Western Cape 
has experienced severe drought, such as during the 1920s, and more recently during 
the 2015–2018 drought that almost resulted in a “day-zero” scenario, that is, the 
depletion of an urban water supply to the Cape Town metropolis. Climate change 
projections indicate a high likelihood of decreased rainfall and even more severe 
drought over the next few decades (Chap. 7). 

A key feature of the summer rainfall region is a high interannual variance in 
rainfall. There is good evidence that this is linked, in part, to El Niño Southern 
Oscillation (ENSO) events, with dry periods associated with the El Niño phase, 
and wet periods associated with La Niña phase. This relationship is not perfectly 
dependable, however, and can only be used as a partial predictor of annual rainfall 
in the summer rainfall region (Chaps. 5, 6 and 12). Additional influences of rainfall 
variability include oceanic conditions in the Angola-Benguela region, the Agulhas 
Current and its behavior within the Mozambique Channel, and the Indian Ocean 
(Chaps. 5–9). 

Reasons for the low correlation between the strength of ENSO events and 
realized rainfall remain unresolved. A better understanding of the drivers of climate

http://doi.org/10.1007/978-3-031-10948-5_3
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_20
http://doi.org/10.1007/978-3-031-10948-5_23
http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_14
http://doi.org/10.1007/978-3-031-10948-5_19
http://doi.org/10.1007/978-3-031-10948-5_23
http://doi.org/10.1007/978-3-031-10948-5_26
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_5
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_7
http://doi.org/10.1007/978-3-031-10948-5_5
http://doi.org/10.1007/978-3-031-10948-5_6
http://doi.org/10.1007/978-3-031-10948-5_12
http://doi.org/10.1007/978-3-031-10948-5_5
http://doi.org/10.1007/978-3-031-10948-5_9


32 Synthesis and Outlook on Future Research and Scientific Education. . . 939

is therefore imperative to fully understand climate change impacts, or to be able 
to accurately conduct seasonal weather forecasts. Chapter 8 considered changes 
in what is termed the Agulhas leakage and how this has a relatively small but 
important impact on local climate. The extent of Agulhas leakage is likely to 
increase as a result of climate change. The need to regionalize climate drivers that 
are often at scales below those of large-scale climate models is highlighted by this 
work. Feedbacks from vegetation cover to the climate system were explored in 
Chap. 10 where models were used to show that wide-scale land cover change (in 
this case, deforestation) would have direct and negative feedbacks on precipitation 
patterns. This preliminary evidence provides some justification for action to reduce 
deforestation and to promote reforestation in Angola and Zambia, and could add a 
novel interpretation to the impacts of exotic commercial plantations in South Africa 
if confirmed by credible modeling of the processes involved. 

Understanding past climate (Chaps. 5, 27 and 28) is important for calibrating 
future climate models and can also be directly used to better understand both current 
vegetation patterns and how vegetation has responded to climate variance in the past. 
Proxy climate data shows that there has been a succession of cooler and warmer 
periods over the past millennium with rainfall in the winter rainfall region negatively 
correlated with temperature, and the opposite in the summer rainfall region. This 
trend could not be replicated by modeling efforts, suggesting further research is 
required to explain this discrepancy (Chap. 5). 

32.2.2 Climate Change Impacts 

The combined impact of a hotter and drier future on an already arid region will have 
adverse impacts on net primary production (Chap. 26), biodiversity (Chaps. 15– 
17), agricultural systems (Chaps. 17–23), water provision, tourism, and many other 
natural resources (Chap. 3). Severe extremes, such as heat waves, droughts, and 
floods, which are assumed to be associated with this long-term trend, are expected 
to further increase these devastating negative impacts on the terrestrial biosphere 
(Chaps. 6, 7, 20, 22 and 23). 

Climate change also influences ocean currents, upwelling systems, and marine 
biogeochemical cycles. These changes become evident in oceanic warming with 
increased stratification within the upper ocean and a lowered supply of oxygen 
from the atmosphere. Since the marine fauna responds to temperature variations 
and are sensitive to oxygen levels, such changes can directly affect exploitable fish 
stocks (Chaps. 2, 11 and 25). Decreasing oxygen concentrations have, for instance, 
been linked to the southward shift of the rock lobster distribution and an increased 
frequency of rock lobster walkouts in response to associated events during which 
dissolved oxygen is completely consumed in the water column (e.g., Hutchings et 
al. 2009). 

Additionally, changes of upwelling systems are expected to influence primary 
production but due to the complex interplay of upwelling, mesoscale oceanographic 
features, and frontal zones, the link between upwelling intensity and primary
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production may not be linear (e.g., Rixen et al. 2021). Ocean changes are also likely 
to have direct feedbacks into the local climatic systems, but these feedbacks are far 
from fully resolved (Chaps. 8 and 9). 

32.2.3 Carbon Cycles 

The fate of atmospheric CO2 is critical in understanding climate futures. The vast 
extent of the southern African land surface and the surrounding oceans means that 
small changes in overall trends in emitting or sequestering carbon are important for 
understanding global carbon dynamics. Thus, both oceanic and terrestrial realms are 
potentially important global carbon sinks (Chaps. 2, 15 and 25). 

The global ocean is a critical sink of carbon, through what is termed the solubility 
pump and the biological carbon pump, and while the solubility pump is well 
studied, the response of the biological carbon pump to global change remains poorly 
understood. Currently, neither the magnitude nor the direction of its expected change 
is predictable. However, the Benguela Upwelling System along the west coast is 
known to act as CO2 source to atmosphere in the north and as a CO2 sink in the 
south due to varying relative strengths of these two marine carbon pumps (Chaps. 2 
and 25; Siddiqui et al. 2023). While in both systems, the solubility pump increases 
CO2 concentrations in the surface water due to the warming of upwelled water, the 
biological carbon pump lowers the CO2 concentration, because it fixes CO2 into 
biomass through primary production. Carbon is exported via the produced organic 
matter into deeper parts of the ocean and the underlying sediments. The CO2 uptake 
by the biological carbon pump was estimated to be 18.5 ± 3.3 Tg C year−1 and 
6.0 ± 5.0 Tg C year−1 for the Namibian and South African part of the Benguela 
Upwelling System, sizeable numbers that confirm the accumulated effect of small 
changes of CO2 exchange that could be of great relevance for national carbon 
budgets (Chap. 25). 

Bottom trawling for fish and the associated remobilization of sedimentary 
organic carbon could potentially impact CO2 uptake both by the biological carbon 
pump and through changes in the pelagic food web structure (Chap. 25). A near-
collapse of the fishing industry due to overharvesting has resulted in the system 
having currently a relatively low secondary production of fish relative to primary 
production, with a significant change in fish species dominance (Chaps. 2, 11 and 
25). There is also an order of magnitude increase in neritic copepods, though it is 
unclear if this is due to climate change or changes in fish stocks (Chap. 2). 

With respect to terrestrial trends in carbon sequestration, it was found that in the 
semiarid Karoo, grass-dominated, degraded, and less diverse sites had higher carbon 
sequestration rates than the more typical dwarf-shrub-dominated sites. This raises 
important questions about the preferred state of the landscape and how it might be 
managed. It also appears that slight changes to the management regimes can tip 
such systems from being a net carbon emitter to being a net carbon sink. Annual 
precipitation patterns both in terms of magnitude and seasonal distribution are also
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critical in this regard, with wet years resulting in net CO2 sinks, while arid years 
tend to show a net emission (Chap. 17). 

In savanna systems, both empirical data and modeling found that the vegetating 
productivity was able to recover rapidly from artificially created prolonged drought 
periods (Chap. 26). Landscape level changes in standing biomass due to tree 
encroachment in savanna are seen as a degradation of the natural vegetation and 
have major adverse impacts on ranching industries. It does however lead to large, 
but poorly quantified amounts of carbon sequestration, and Namibia has quantified 
this trend in its greenhouse gas inventory, reporting that the country is carbon 
neutral largely due to the wide-scale occurrence of bush encroachment. This raises 
important questions around trade-offs among carbon sequestration, biodiversity, 
livelihood opportunities, and other environmental goods and services (Chaps. 14–16 
and 26). 

32.2.4 Marine Systems 

In contrast to the terrestrial system where the ecology is largely determined by 
precipitation, temperature, disturbance regimes, and the nature of the soil, within 
the marine environment, the physical and biogeochemical properties of the sea water 
are the key determining variables affecting the marine ecosystem. Climate change 
impacts the thermal structure of the ocean with enhanced temperature increase near 
the surface, increasing stratification and reducing oxygen levels. Climate-warming-
driven changes to global and local wind patterns will impact both ocean currents 
and the strength of ocean upwellings. The nature of the southern African marine 
environment is largely determined by the contrasting ocean currents, the Agulhas 
Current transporting warm, salty, and nutrient-depleted tropical waters along the 
east coast, while the Benguela current system on the west coast is associated with 
cold and nutrient-rich water that upwells to the surface impacting the ecology of the 
region, particularly as it relates to regionally enhanced primary production (Chap. 
25). The southern tip of Africa is where these transition zones between Atlantic 
and Indo-Pacific water bodies occur, giving unique habitats with high levels of 
both speciation and endemism (Chap. 2). The marine habitat also differs from the 
terrestrial habitat in that it can be zoned by depth of the water column and depth of 
the seabed. Obviously, the nature of the seabed at each depth is also of importance. 
As discussed above, there is a level of mixing of the converging ocean currents in 
the form of rings of the Agulhas water “leaking” into the Benguela, which result in 
300-km wide swirling masses of Indian Ocean water moving northwestward within 
the Atlantic and that may persist for 3 years (Chap. 8). 

As in the terrestrial environment, southern Africa has above-average endemism 
within its marine waters (Chap. 2). This makes the region biologically important 
from a conservation perspective. As in the terrestrial biomes, it is the combined 
impacts of past and current human disturbances, in this instance pollution, bottom 
trawling, and overharvesting, combined with the impacts of climate change, that 
pose major threats to the region’s marine biodiversity in the longer term (Chap.
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25). Already there are clear impacts in changes to trophic chains due to the 
intensity of fish harvesting, with possible feedbacks into the biogeochemistry 
cycles as discussed before. Since the 1950s–1960s, there have been substantial, 
long-term changes in abundance, biomass, production as well as species and size 
composition of neritic (on the shelf) mesozooplankton communities in both the 
Northern Benguela Upwelling System (nBUS) and Southern Benguela Upwelling 
System (sBUS) subsystems (Chaps. 2 and 25). Long-term changes in zooplankton 
communities from the mid-1990s to mid-2000s, are likely to have fundamental 
effects on biogeochemical processes, food web structure, and ecosystem functioning 
of the BUS as well as on the ecosystem services, for example, carbon sequestration 
and fisheries, supported by the plankton (Verheye et al. 2016). 

Decoupling the climate change impacts on zooplankton and fish stocks from the 
management impacts on fish stock depletion remains an important question for the 
long-term sustainable harvesting and management of these globally important fish 
resources. This will also require a better understanding of what appears to be a 
jellyfish dominated dead-end food chain (Ekau et al. 2018). 

These changes have been described for the nBUS by Bode et al. (2014) and 
Verheye et al. (2016), for the sBUS by Huggett et al. (2009), Blamey et al. (2015) 
and Verheye et al. (2016). Abundances of neritic copepods have increased by at least 
one order of magnitude in both subsystems, with turning points reached around 
the mid-1990s in the south and around the mid-2000s in the north, but declining 
afterward. At the same time, there were marked changes in copepod community 
structure, with a gradual shift in dominance from larger to smaller species in both 
subsystems. 

32.2.5 Terrestrial Environment 

At the regional scale, a combination of climate change and enhanced CO2 concen-
trations was modeled to have profound biome level shifts in vegetation structure 
(Chap. 14). 

Loss of soil through soil erosion has long been identified as a threat to South 
Africa as soil loss in the region can be one to two orders of magnitude higher than 
soil genesis (Chap. 13). Conserving soil is fundamental to long-term sustainable 
agriculture, including adapting to climate change impacts (Chaps. 20 and 23). 
This critical and basic aspect of land management, though not new, must not be 
overlooked when focusing on new climate smart land management solutions (Chap. 
20). However, a reanalysis of potential erosion rates suggests that previous estimates 
may have been an order of magnitude too high (Chap. 13). Land transformation and 
degradation impact on the natural environment, potentially reducing net primary 
production (NPP) and causing a loss of biodiversity. The combined impact from 
land degradation, when coupled with climate change, may be more severe than when 
considering these impacts in isolation (Chap. 3). 

The process of increasing density of indigenous woody vegetation, locally 
referred to as bush encroachment, was identified as a major threat to current range-
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land livelihood activities. Its occurrence is widespread over most savanna areas, and 
increased woodiness within grasslands is also widely reported. Although SPACES 
II projects did not consider bush encroachment specifically, it is a background theme 
to many chapters considering rangeland management (e.g., Chaps. 15–19). 

Drought is a natural aspect of the savanna environment (Chaps. 5 and 6), and 
predictions are that droughts are likely to intensify with climate change (Chap. 7). 
Savanna vegetation responses to drought were investigated in Chap. 26. Drought 
causes substantive production and biomass loss, and a shift from perennial to 
annual species of grasses, but no signs of tipping points to alternative states were 
observed. Recovery from drought occurred rapidly, even after an artificial 6-year 
prolonged drought period. Resting periods from grazing were, however, identified as 
important. The methodology used could help identify undesirable vegetation shifts 
and recommend management interventions. 

32.2.5.1 Natural Rangelands and Agriculture 
Use of the terrestrial landscape ranges from total resource conservation through 
to land transformation for crop-based agricultural production. All countries in the 
region have complex land tenure arrangements where there is a dualism of tenure 
with some farmers having freehold or leasehold on vast individually owned farms, 
whereas other land users exist on areas of customary tenure where the rangeland 
resource is communally used, though small crop plots are privately used and 
managed, at least during the growing season (Chaps. 2–4). In addition, there are 
vast areas of state-owned and managed national game reserves, especially within 
the savanna biome (Chaps. 15 and 18). Within the private and communal sector, 
there has been a move from almost all land being used for livestock, to much of the 
dryer areas now being used for wildlife (Chaps. 15, 16, 18 and 19). It is suggested 
that wildlife is the economically optimal use for areas of low rainfall (Chap. 18). 

32.2.5.2 Primary and Secondary Production and Use in the Terrestrial 
Environment 

Given that the savanna biome is by far the largest biome within southern Africa, 
it received a disproportionately large focus in the SPACES II program. Use of the 
savanna ranges from pure conservation through wildlife and livestock management 
to food crop production. Much of the savanna is used by local communities who 
have traditional tenure to the land and use it for livestock, game, and a multitude 
of other natural products including woodfuels. However, large commercial farms, 
including game farms and private reserves, are also common. Chapter 15 gives an 
overview of rangeland use within the savanna biome and the threats and degradation 
challenge it faces. Bush encroachment is identified as one of the biggest threats 
to livestock and tourism dependent linked livelihood activities. Drivers of bush 
encroachment are complex and traditionally are attributed to livestock and fire 
regime management. The direct impact of raised CO2 levels in promoting bush 
encroachment is being increasingly recognised as one of the contributing factors 
to bush encroachment (Bond and Midgley 2012; Chap. 15).
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32.2.6 Understanding Rates of Change 

Monitoring and the critical importance of long term datasets was a common theme 
running through almost all chapters of this book, with monitoring data either being 
the basis of the studies, an identified shortcoming in resolving long term impacts 
or developed as part of the methodologies. Although our understanding of the 
degree and rate of environmental change as a consequence of climate change has 
advanced tremendously over the past three decades, many of the current studies 
highlight the degree to which uncertainty still remains. Fortunately the southern 
African region has extensive long term climatic and natural history data creating a 
sound baseline for some variables from which to track further change. The southern 
African region in general, and especially the Cape Floristic region, has attracted 
extensive botanical research which is mostly well archived (Chap. 2). The local 
avian research community, using citizen science approaches in addition to more 
traditional approaches has long term, extensive and replicated bird distribution 
data resolved to a quarter degree spatial scale and covering most of the subregion 
(Hugo and Altwegg 2017). In common with marine data, sampling intensity varies 
greatly and tends to bias to the more accessible areas. Most other taxa also have 
reasonable data sets due to a large and active population of environmental scientists 
in the region, linked to almost all of the main universities and additional research 
institutions. 

The need for ongoing and increased levels of monitoring in both the terrestrial 
and marine environments is critical for tracking and better understanding the long-
term impacts that the region is experiencing from climate change and human 
interventions. This needs to include both abiotic monitoring of climate, the atmo-
sphere and oceans, as well as monitoring of key biological variables such as net 
primary production and the associated sequestration of atmospheric CO2 (Chap. 
25). Earth based or ocean based, location specific monitoring is needed to calibrate 
satellite based observations. In this context, SPACES contributed with long-term 
greenhouse gas (GHG) measurement infrastructures to overcome the limits of our 
understanding of the temporal dynamics of the biosphere-atmosphere exchange of 
carbon (Bieri et al. 2022). This requires highly sophisticated monitoring equipment 
and well-educated scientists and technicians for data-analysis and maintenance. 
However, in the ocean, we have not yet reached this stage and further efforts are 
needed to understand the exchange processes. 

In the South African context the newly approved Expanded Freshwater and 
Terrestrial Environmental Observation Network (EFTEON) and the South African 
Polar Research Infrastructure (SAPRI) within the South African Earth Observation 
Network (SAEON, van Jaarsveld et al. 2007) is a major commitment by the 
South African government to further its monitoring and research network for the 
terrestrial, freshwater and marine environments. 

Despite this, across the subregion there is still insufficient long term commitment 
to long term environmental and climatic monitoring given the high probability of 
adverse livelihood and environmental impacts that will be experienced from climate
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change. This shortfall is probably most pronounced in the vast marine environment, 
partly due the cost of installing and servicing permanent monitoring sites being 
orders of magnitude more expensive than for terrestrial based monitoring sites. 

Global change drivers, including climate change, are impacting and changing 
natural environments in novel and fairly unpredictable ways. Understanding the 
nature of the change and the rates at which this change is taking place is critical 
for long-term sustainable management of these systems (e.g., Challinor et al. 2018). 

32.3 Emerging Issues for Integrated Ecosystems Research 

As is common in attempting to understand complex coupled human-environmental 
(or socio-ecological) systems, much uncertainty remains. Despite the considerable 
advances in knowledge from the previous studies, most of these studies have tended 
to be stand-alone investigations on single or few components of the system, and 
have not attempted integration across the entire system. Future studies should not 
only increase the depth of knowledge within systems components, but also develop 
an understanding of the linkages between (sub-)systems. Understanding of the 
linked ocean–climate–land interactions in southern Africa is not fully resolved, 
despite this triggering the climate change responses of the entire system. For a 
better understanding of climate change impacts and feedbacks and development 
of land management and climate-smart agriculture in the region, an integrated 
research approach supported by due involvement of, and interaction with, different 
stakeholder groups will be the next step. 

32.3.1 Ocean–Atmosphere–Land Interactions and Feedbacks 

The interactions between ocean, atmosphere and land are complex, with many 
feedbacks between the three components (Fig. 32.1). The ocean surrounding 
southern Africa has direct but still purely quantified feedbacks into the climate of 
the subregion as they influence air temperatures, rainfall, and the west coast fog 
banks. The seasonality of precipitation is also of high ecological relevance and 
controls the development of the vegetation and the biome. Climate change impacts 
on ocean currents could therefore have profound and poorly understood impacts on 
local weather and climate. 

Transports from the terrestrial landscape into the oceans via river discharges 
and eolian dust deposits strongly influence the ocean currents as, for example, 
seen in front of Congo river mouth (Chap. 9) as well as seawater chemistry and 
the sedimentation (Chap. 2). As illustrated in Chaps. 12, 27, and 28, sediment 
studies can indicate the major changes to biodiversity, land use, and pollution. 
Anthropogenic changes in the terrestrial environment from land use (Chaps. 20– 
22), increased erosion (Chap. 13), and other forms of pollution are transported 
by rivers and as eolian dust into the ocean (Chaps. 28 and 29). Eventually, these
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Fig. 32.1 Ocean–atmosphere–land interactions and feedbacks 

components are deposited at the continental shelf, potentially with multiple impacts 
on the marine environment and its biodiversity (Eckardt et al. 2020). 

Climate change and other human activities will directly impact on the intensity 
and nature of land–atmosphere–ocean linkages. For example, climate change is 
likely to increase drought conditions, which lead to dust storms where large 
quantities of dust are transported off-shore into the oceans (UNEP 2016; Eckardt 
et al. 2020). Land management practices, including a move to nontill agriculture, 
together with large-scale adoption of windbreak technologies, could greatly reduce 
wind speed, soil erosion, and have positive effects on the microclimate (Chap. 21; 
Veste et al. 2020). 

A feature of both savanna and fynbos vegetation is that the vegetation burns 
naturally at intervals ranging from twice a year to only once in 20–30 years, 
depending on vegetation type and rainfall. Timing and frequency of fires has direct 
anthropogenic links. The fires produce vast smoke plumes, which have direct and 
indirect climate feedbacks (Lu et al. 2018; Ichoku 2020). 

Wind-driven pollutants, soil, and smoke also enter the oceans, with both positive 
and negative effects. Extensive rangeland fires are the norm over much of the 
savanna during the late winter. During this period, a high-pressure system forms 
over the interior, with the smoke typically circulating out over the Atlantic and back 
again in what is termed the gyre effect, but also leading to extensive deposition over 
the Atlantic. At odd periods, especially during neutral El Niño Southern Oscillation 
(ENSO) events, there is also an observed fast flow of what has been termed a “river 
of smoke” that exits the east coast, travelling in a southeast direction over the Indian 
Ocean toward Australia (Kanyanga 2009). The actual smoke clouds have direct 
albedo effects, particles act as nuclei for cloud formation, and in addition there
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are nutrients, including soluble forms of iron, that are deposited in the oceans and 
leading to extensive algal blooms (Piketh et al. 2000). 

32.3.2 Mesoscale Effects and Across Scale Effects 

Many drivers of local climatic impacts (Fig. 32.2), and particularly precipitation, are 
driven by, or occur, at a spatial scale far smaller than can be determined from global 
circulation models. Examples include, but are not limited to, localized convectional 
thunderstorms, which are the mainstay of the summer rainfalls precipitation; deep 
mixing of surface and subsurface waters in the southern oceans due to localized 
events (Nicholson et al. 2016, 2022); the Agulhas leakage, which brings warm and 
salty waters as well as multiple organisms into the Benguela Current (Chap. 8); 
and the Benguela Upwelling System, which are critical to driving the high primary 
production along the west coast (Chap. 9). Resolving the impacts of these mesoscale 
events on both climate and ecological function is critical for a full understanding of 
the risks posed from climate change.\ 

Complex interactions occur between processes at different scales and from 
different drivers (Fig. 32.2). Clearly, global circulatory patterns impact on local 
drivers of climate such as the formation of convectional storms. Equally prevailing 
winds and their strength along the west coast of southern Africa have impacts on 
the location and intensity of upwelling systems (Chap. 8). A multitude of small, 
localized fires cause smoke plumes to extend far into the Atlantic and Indian 
oceans, These localized impacts feed directly into ecological processes, effecting 
for instance net primary production (NPP) at the local scale. Feedbacks can be in 

Fig. 32.2 The temporal and spatial scales of important climate change related processes
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both directions, and very direct, for instance increased evapotranspiration being a 
trigger for local thunderstorm development. Equally feedbacks can be slow and 
very weakly coupled, for instance increased NPP resulting in CO2 uptake from the 
atmosphere and hence feeding back into global CO2 dynamics and climate. 

Identifying the key mesoscale drivers of climatic and environmental processes as 
well as the way these are driven by and impact on processes at both the local and 
global scale remains poorly resolved within the southern African context. 

32.3.3 Biogeochemical Processes 
in Hydrosphere–Biosphere–Lithosphere 

Climate change leads to an increase in precipitation variability with changes of dry-
wet cycles and thus controls vegetation development and compositions in biomes. 
Previous studies have mainly focused on the carbon cycle (Chaps. 17 and 25), which 
is also linked to the increased atmospheric CO2 concentration, and the hydrological 
cycle (Chap. 6). Less attention has been paid to the interactions and feedbacks 
between carbon and other biogeochemical processes (particularly those including 
nitrogen, N, and phosphorus, P), water availability, and changes in vegetation in 
southern African biomes. Generally, southern African soils are characterized by a 
low nitrogen and phosphate content. The P-bioavailability is largely affected by 
adsorption and desorption processes of Fe-and Al-hydroxides in acid soils and P 
immobilization by Ca in alkaline soils. The mineral crystallinity is one important 
aspect, affecting P adsorption and desorption processes. Biological nitrogen fixation 
(BNF) with symbiotic bacteria plays an important biological role to overcoming the 
low soil nitrogen levels in nutrient-poor soils, and allows plants to build up their own 
N pool even in dry conditions, but under the conditions of larger portions of plant 
carbon transported toward the symbiotic microorganisms to maintain their BNF. 
Little information is available on the interconnected biological and soil chemical 
processes in the soil-plant system for most biomes in southern Africa. Studies in 
the fynbos show specific adaptations of plants depending on soil conditions (e.g., 
Griebenow et al. 2022). 

The biogeochemical processes on the ecosystem level are externally controlled 
by the precipitation (Fig. 32.3a). Beside the rainfall amount, the frequency of 
drought and wet conditions is crucial for the ecological processes in the soil-
plant systems. Therefore, changes in dry-wet cycles have drastic consequences 
for the uptake of macro- and micronutrients by the plants, but also the entire 
biogeochemical cycles and vegetation. Increasing droughts will alternate the carbon 
fluxes in plants and ecosystems and reducing productivity (Fig. 32.3b); however, 
for the coupled changes of P and N uptake and cycling by the vegetation and soil 
microbes, only few investigations were carried out. 

The implication of climate change for hydrological, biogeochemical, and eco-
logical processes in the different biomes is more complex due to the different 
rainfall amounts and the seasonality in the summer, winter, and year-round rainfall 
zones. In general, spatiotemporal characteristics of the various weather systems and
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Fig. 32.3 (a) Water is the 
most critical factor for the 
interactions among carbon 
(C), nitrogen (N), and 
phosphate in soil-plant 
systems. (b) Schematic 
illustration of the interactions 
and transport of N and C with 
good water supply and 
drought stress (modified after 
Gypser and Veste 2019) 

soil 

a 
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the biomes are broadly understood. However, the transition between these rainfall 
zones under climate change in southern Africa remains an open question and the 
transition zones are complex (Conradie et al. 2022). Changes in the rain seasonality 
and the length of dry-wet cycles were observed in the recent decades (Roffe et al. 
2021, 2022), which are coupled to the complex ocean–climate–land interactions in 
the different seasons (Sect. 32.3.2). Furthermore, there is clear evidence that with 
climate change, the frequency of extreme events will increase, like the extreme 
droughts in the Western Cape in 2015–2017 (Theron et al. 2021; Wolski et al. 2021; 
Chap. 7) or heavy rainfalls and floodings in the Karoo recently in summer 2022 and 
the KwaZulu-Natal floods in April 2022. 

Therefore, a better understanding of these changes in relation to the ocean 
and their impacts on terrestrial ecosystem functioning is needed. These requires a 
transcontinental study approach across the summer, winter, and year-round rainfall 
zones in southern Africa on the influence of changes of rainfall seasonality and 
their feedback on biogeochemical processes, vegetation composition and dynamics, 
biome development, and land-use systems. Such information is also important for 
the development of resilient and climate-smart agriculture in the region.

http://doi.org/10.1007/978-3-031-10948-5_7
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32.3.4 Thresholds of Change, Tipping Points, and Impacts 
from Unique Events 

Much of the southern African flora and fauna has evolved in a situation of high 
variance in climatic drivers, and especially related to annual precipitation (Chaps. 
2, 5, 6, 16 and 26). Some biomes, such as the savanna, are considered by many 
to represent disequilibrium systems, maintaining their structure because of, rather 
than despite the high levels of disturbance (Chap. 15). Ecological theory speculates 
that many systems experience critical thresholds, or tipping points, and if pushed 
to beyond these points, the system may collapse or change to a new stable state 
(e.g., Walker and Salt 2006). In Chap. 16, it was found that savanna systems exhibit 
high resilience to drought and despite artificially enforced intense drought, there 
was still high potential for recovery. However, in Chap. 14, it was shown that there 
is likely to be shifts in entire biomes as a consequence of climate change. Aspects 
such as bush encroachment have traditionally been seen as vegetation responses 
to overgrazing, but there is growing evidence that this might be a precursor to 
increased woodiness over much of the savanna and grassland biomes. The situation 
is different in the winter rainfall areas in the Western Cape and the Succulent 
Karoo. Even though a significant decrease in rainfall is expected here, seasonality 
plays an important role for the ecosystem. This is clearly linked to the ocean–land 
interaction, but its variability of dry-wet cycles and its importance for vegetation 
and land use is not understood. In general, temporal fluctuations in precipitation 
(rain and fog) in combination with spatial heterogeneity of water supply due 
to run-on and run-off processes are important factors for plant communities. A 
model developed by Reineking et al. (2006) shows that spatiotemporal variation 
of resource supply can maintain diversity over a long time. Furthermore, the 
importance of fire disturbances (Hebbelmann et al. 2022) and invasive plants (van 
Wilgen et al. 2020) for changes in natural ecosystems as well in agri-systems 
will be increased under climate change. These dramatic changes to thresholds in 
several stable ecosystems can be irreversible if caused by humans. The characteristic 
return time to equilibrium increases as a threshold is approached (Wissel 1984). 
Thus, in addition to information on the effects of stress on systems, we also need 
studies on the length of recovery phases, whose ecological importance has been 
underestimated. 

The environment is not in isolation of humans, and operates in a complex 
coupled human environmental system. Human population density has increased by 
between one and two orders of magnitude over the past 200 years. This has been 
accompanied by large scale replacement of indigenous mammals with domestic 
livestock, extensive deforestation, clearing of natural vegetation for crop fields, 
impoundment of streams, extensive fencing and provision of artificial water which 
change natural animal migration patterns and many other impacts (Chaps. 3, 4, 18 
and 29). Systems wide consequences of these changes are hard to model. Both 
climate change and anthropogenic activity are resulting in new and unique pressures 
on the environment. Responses of the environment to unique events that fall outside
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of the envelope in which the environment evolved may result in unanticipated 
environmental change. Breaching thresholds and tipping points in the climate and 
ocean systems could have even greater consequences for the region. 

32.3.5 Distinguishing Signals from Complex Drivers 

As discussed above, there are many complex changes taking place in the subregion 
driven by a mix of climate change and other anthropogenic impacts. We also are 
slowly developing better monitoring tools and building long term sequences of 
environmental data, including a better understanding of natural cycles of change. 
Disentangling the causes of observed impacts remains hugely difficult and problem-
atic, especially since there may be synergistic, or dampening effects from alternate 
drivers of change. For instance, the CO2 fertilization effect from anthropogenic 
emissions can to some extent offset impacts from poor land management. In the 
west-coast fisheries, the impacts from overharvesting may be difficult to distinguish 
from changes in the frequencies and intensities from near-shore upwellings (Blamey 
et al. 2015). To overcome this, there is a need for a combination of enhanced 
systems’ understanding of the drivers of systems dynamics, use of experimental 
manipulation, improved and enhanced long-term monitoring, and the use of model-
ing to understand probable consequences from specific impacts. 

32.3.6 Multifunctional Land Use and Integrated Landscapes 

It is expected that due to climate change, high rainfall variability and water scarcity 
will increase in the future, and this will affect the water use patterns in agricultural 
production (Chap. 7). Water resources in the region are limited and a more 
water-efficient landscape is needed to mitigate negative effects of climate change. 
An integrated approach to water and landscape management needs to combine 
agricultural, forestry, and natural ecosystems to increase ecosystem resilience, to 
optimize water use efficiency, to ensure a sustainable bioeconomy, and to strengthen 
conservation of biodiversity during the next decades. Land-use systems of the 
future have to be holistic to support different needs of the society. Systems must 
be able to balance ecosystem services such as water and food provision, carbon 
sequestration, and biodiversity (O’Farrell et al. 2010; Mastrangelo et al. 2014; Grass  
et al. 2020). Complex trade-offs are inevitable and so-called win-win solutions are 
not guaranteed, though some choices have less societal and ecological consequences 
than others. Coordinated actions between different stakeholders are needed to 
improve recent farming practices, while reducing the pressure on land conversion 
and improving food security in a sustainable way (Rötter et al. 2016). An improved 
understanding of the water–land-use relations is essential to develop strategies for 
integrating resource-efficient land use, agricultural productivity, sustainable water 
management and conservation of the natural ecosystem and ecosystem functioning 
(Quinn et al. 2011; Rötter et al. 2021; Pfeiffer et al. 2022). As the region urbanizes,

http://doi.org/10.1007/978-3-031-10948-5_7
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Fig. 32.4 Scheme of the concept of differentiated land use on a farm/landscape level: (a) state of  
development with large-scale agriculture and (b) ideal image of differentiated land use in integrated 
landscapes with the integration of natural habitats (modified after Veste and Böhm 2018) 

complex trade-offs between urban and rural needs intensify, with water allocation 
already identified as a critical resource to the region (Matchaya et al. 2019). The 
recent increase of renewable energy from photovoltaic and wind parks needs to 
be integrated in a sustainable way as part of a multifunctional land-use system 
(Murombo 2022). 

To develop more sustainable and resilient farming systems, there is a need to 
redesign agricultural landscapes and to integrate different land-use types including 
natural and seminatural areas from the farm to the landscape level (Chaps. 20, 22 
and 23; Landis 2017; Pfeiffer et al. 2022). A differentiated land use with complex 
landscape structure (Fig. 32.4) has been previously proposed for Central European 
agricultural landscapes (Haber 2007) but has rarely been realized in practice. A 
key challenge for implementing sustainable and resilient agricultural systems is to 
develop appropriate governance structures and set appropriate incentives for land 
users (Leventon et al. 2017). 

A particular challenge is the integration of habitats for the conservation of 
biodiversity within the farmed landscapes (see, Chap. 23). Depending on the 
species, different scales and demands must be considered. The combination of 
utilized agricultural landscapes and natural habitats has various advantages for 
the use of the landscape (Chaps. 21–23; Rötter et al. 2021). In the last decades, 
various initiatives have been developed in southern Africa, but more integration of 
biodiversity into the landscape and management is needed. There is clear evidence 
that transformation of farmlands and the integration of wildflower vegetation, old 
fields, or patches of natural vegetation within crop fields or orchards supports a 
wide range of insects and spiders and enhances pollinator activity and pollination 
services to crops and fruit trees (Chap. 22; Theron et al. 2020; Ratto et al. 2021). 
A recent study by Eckert et al. (2022) emphasizes the importance of small-scale 
spatial heterogeneity for soil arthropod biodiversity in two different regions in South 
Africa. For many African big game species, on the other hand, larger habitats and
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routes are needed to enable migration. Restrictions and direct confrontations often 
lead to conflicts between humans and wildlife, which must be regulated accordingly. 
However, smaller mammals, insects, birds, and even plants will need to migrate 
as a consequence of climate change and a more integrated landscape will aid in 
facilitating this movement (von Maltitz et al. 2007). 

In addition to the integration of biodiversity, the interactions and feedbacks of 
biogeochemical processes between the subcomponents must also be increasingly 
taken into account in the analysis of integrative landscapes (Chaps. 20–23; Rötter 
et al. 2021). In this context, agroforestry (Chap. 21; Sheppard et al. 2020) or  
adjacent riparian forests/woodland are combined land use that also has positive 
impacts on soil and hydrology. Furthermore, intercropping systems with diversified 
crop cultivation can enhance yield, environmental quality, production stability, and 
ecosystem services. 

To meet these challenges, more transdisciplinary research is needed to better 
understand the land-water-climate nexus and linking different ecological processes, 
including nature conservation research. Moreover, innovative methodologies and 
decision-support tools to manage land for a balanced provision of food, feed, 
timber, fiber, and fuel, a sustainable bioeconomy and conservation of biodiversity 
and development of natural ecosystems are urgently needed. A recent study by 
Chrysafi et al. (2022) emphasized the importance of understanding the Earth system 
interactions for sustainable food production. 

32.3.7 Connection Between Different Research Topics 
and Approaches: The Need for Integration Across Disciplines 
and for Interdisciplinary and Transdisciplinary Collaboration 

The complexity of climate change and environmental sustainability forces 
researchers to draw on interdisciplinary knowledge that spans social and natural 
sciences (Schipper et al. 2021). Climate change and its impacts on the socio-
environmental system is often referred to as a “wicked problem” (Rittel and 
Webber 1973), and there is a growing branch of science around how to best 
deal with wicked problems (e.g., Wohlgezogen et al. 2020; Daviter 2017; de  
Abreu and de Andrade 2019). Solutions to resolving climate change impacts to 
achieve environmental and social sustainability require a system-based approach 
integrating across multiple environmental and social disciplines (Stock and Burton 
2011). As illustrated throughout the book chapters, there are complex bidirectional 
feedbacks between the climate and the environment, as well as between different 
environmental systems, and subsystems. Clearly, there are also strong linkages 
between the oceans and the terrestrial environment, adding additional complexity. 
Further, in both the terrestrial and marine environments, there is a long history of 
human-led environmental change, much of this likely to interact in synergy with 
climate change to amplify the climate change impacts on the environment (Chap. 
3).
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An example of how transdisciplinary approaches have been implemented in 
agricultural science is given in the following section. Ecological science is influenc-
ing agricultural management choices—for example, climate smart agriculture/soil 
health/carbon. 

In agricultural systems science, for quite some time, integrated system modeling 
for ex-ante evaluation of agro-technologies involving multiple disciplines has been 
an important research topic. For instance, the approach has been applied to support 
explorations of alternative agricultural development scenarios, and constituted an 
important building block of generating information to feed the development cycle 
of policies on land use and natural resource management (Van Ittersum et al. 2004; 
Rötter et al. 2016). Such an inter- and transdisciplinary collaboration approach— 
supported by modeling—is described in the following section and illustrated in Fig. 
32.5. 

To identify technically feasible land management options, first, biophysical 
modeling (step 3, left) is needed as shown in Fig. 32.5. Integrated agro-economic 
modeling (step 3, right) can then deliver valuable inputs for identifying technically 
feasible as well as socially acceptable and economically viable options in close 
interaction with (key) stakeholders. Modeling frameworks for such kinds of anal-

Fig. 32.5 Schematic development cycle of policies for natural resource management and land use 
(steps 1–3 in the green box) supported by agricultural system modeling studies and stakeholder 
interaction (Rötter et al. 2016, modified from van Ittersum et al. 2004)
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yses have been developed in different contexts (see Van Ittersum et al. 2004); in 
the framework of climate change and land-use dynamics in southern Africa, such a 
framework has been designed and partly realized in the SALLnet project (Chap. 23; 
Hoffmann et al. 2020; Rötter et al. 2021; Nelson et al.  2022; Pfeiffer et al. 2022). 

32.3.8 Societal Impacts: Visions for the Future 

Although there is an intrinsic benefit from conserving ecosystems and understanding 
climate risks, it is the direct impacts on human well-being that is one of the key 
justifications of environmental research. Large parts of southern Africa can be 
considered developing, with countries varying in their level of development. Despite 
this, all the countries share many key developmental needs including job creation, 
ensuring food security, reducing inequalities, and the provisioning of basic services 
such as water. Although the level of agricultural dependency varies between the 
countries (see Chap. 20), all of the southern African countries have a high reliance 
on the agricultural sector for support of the economy and job creation. Throughout 
the region, the agriculture section is predicted to have negative impacts from 
climate change unless substantive adaptation measures are implemented (Chap. 
20). Increasingly, the role of nature based tourism is also becoming an important 
component of most countries’ economies, and is seen as an important component 
of rural job creation. Reducing climate risk through adaptation interventions is 
critical. These interventions can take many forms and have been given multiple 
names but, in most instances, relate to enhancing the resilience of the landscape 
or farming activity through improved management. This often involves reducing 
land degradation, enhancing water and soil conservation, and restoring biodiversity. 
In the biodiversity sector, this is referred to as ecosystem-based adaptation (EBA), 
while in the agriculture sector, sustainable agriculture practices such as conservation 
tillage, agroforestry, or climate smart agriculture may be used. Ensuring land based 
adaptation practices are implements and increasingly important for the sustainable 
future of livelihoods in the region. Two recent examples illustrate how critical this 
is. The 3 years of drought culminating in the 2018 water crisis in the city of Cape 
Town, which almost culminated in Cape Town becoming the first major city globally 
to totally run out of water (Sousa et al. 2018; Burls et al. 2019). This same problem 
is now occurring in a number of other towns and cities within the region, and 
predictions are that the situation is likely to become worse in the future. Secondly, 
the 2022 floods in KwaZulu Natal have illustrated the devastating impacts that can 
be anticipated from increased frequencies and intensities of storm events. In both 
cases, integrated management of the catchments would have helped mitigate the 
severity of the impacts. 

Impacts of bad management are less obvious in the marine environment and 
might only manifest through secondary measures such as fish yields per harvest 
effort. Sustainability of the marine resources is critical to many coastal industries 
as well as providing a critical source of protein. The marine resources need to be 
managed so that they can provide sustained social benefit in the future. In areas
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where the marine resource is already severely degraded, management strategies 
to allow for the recovery of the resource are needed, which will require a sound 
understanding of the ecological dynamics. 

There is an ongoing need to link results coming out from theoretical environmen-
tal research to the actual livelihood impacts of individual people and communities. 
This can take place in a number of different ways. Short-term weather forecasting 
can assist in avoiding impacts from floods, dry spells, and heatwaves. Medium-
term predictions can assist farmers in determining planting patterns for the season. 
Apart from these tactical decisions, strategic decisions need to be supported by 
transdisciplinary approaches. For example, projections on long-term climate change 
impacts will guide in the types of land-use systems that are biophysically and 
technically feasible for the future. In addition negotiation with various stakeholders 
(different interest groups) must also be considered to ensure social acceptability. 
(see Fig. 32.4), may even impact on spatial planning for settlement and investments. 

32.3.9 Governance 

Achieving sound environmental governance is a critical component for effec-
tive environmental management and conservation (Bennett and Satterfield 2018). 
Achieving sound governance is complex and although it involves many processes, 
at its core should be sound scientifically based decision making. Governance is 
generally considered to require institutions, structures, and processes that determine 
how, by whom, and for whom decisions are made (Bennett and Satterfield 2018). 
Clearly, for any decision making to be effective, it is critical that appropriately 
skilled and capacitated human resources are in place. Many aspects of governance, 
such as law enforcement, fall outside of the realms of environmental science; 
however, where possible, all aspects of governance from the initial formation of 
policy, rules, and norms through to on-the-ground implementation of policies and 
plans should be based on the best available scientific evidence. This requires both 
that policy relevant environmental research is being undertaken, and that there are 
appropriately skilled human resources within relevant government departments to 
assimilate this knowledge into governance processes. 

The fact that environmental issues are split across what are typically multiple 
government departments (e.g., Environment, Agriculture, Water, Forestry) and have 
impacts on many other departments (e.g., Health, Rural Development, Tourism, 
Industrial Development, Economics) means that sound environmental management 
requires integration across departments and cannot be achieved in isolation. Effec-
tive integration requires special skills as well as appropriate research to understand 
these cross sector linkages. Further, it requires political will and appropriate policies 
and structures to facilitate intergovernmental department collaboration. 

Given that our scientific understanding is not perfect, and that the environment 
is constantly changing, an adaptive management process is recommended. Over-
arching environmental objectives are likely to be based on national and global 
policy consideration. These need to be translated into operational and verifiable
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goals, which guide action that is taken. A monitoring system is then required to 
understand if the verifiable goals are being achieved as anticipated. If not, the action 
and potentially the goals (if they are unachievable) need to be reassessed. This 
entire system needs to be based on the most up-to-date scientific understanding, 
with the science underpinning the management assumptions being reassessed based 
on new data and the outcomes from the monitoring and evaluation process. Capacity 
building of both state and academic staff within the southern African region remains 
critical in ensuring the above process (see Chap. 31). 

32.4 Mutual Learning, Capacity Development, and Citizen 
Science 

Interdisciplinary programs such as SPACES play an important role in developing 
skills within young emerging scientists in the region. Southern Africa has world-
class expertise relating to its fauna and flora, and has also established itself as 
a continental leader in terms of climate change research. This makes it an ideal 
location for collaborative research with European partners in joint endeavors to 
understand the new challenges that global change is placing on the environment. 
European partners bring access to the most modern research ideas as well as access 
to advanced monitoring and modeling equipment and skills. The long-term data 
records from the region, together with good local infrastructure, make the region 
ideal for ongoing climate change research in a southern hemisphere developing 
world context. 

Developing and retaining new scientific capacity in southern Africa has its 
unique challenges. High turnover in national departments is a reality of the region, 
driven in part by the transitional nature of expertise put in place during the 
colonial past, which is being replaced by new appointees aligned to national 
transformation priorities. Currently, there is high demand for the relatively limited 
pool of top-class graduates from what are termed previously disadvantaged racial 
groups. One unfortunate consequence is that many emerging young scientists are 
promoted into managerial positions at a relatively young age, and the capacities 
they have gained around the science need replacing. The benefit is that they are 
bringing their scientific background into the management arena. This, coupled 
with decreasing local funding for scientific research, means that partnering with 
European institutions can greatly facilitate this local capacity generation. 

Climate change in particular is leading to new constellations and new ecological 
systems that cannot be understood in this form with previous knowledge alone. 
Mutual learning can better link previous experiences and point to new common 
paths for research and application. This also applies to knowledge transfer to 
Europe, where increased heat waves and drought will change living conditions. 
Joint summer schools and the exchange of students and scientists also offer the 
opportunity to get to know the other perspective between the continents. The newer 
IT-based technologies allow for shared classrooms and (blended) e-learning for 
certain courses (e.g., socio-ecological modeling). However, these learning methods
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cannot replace classical field work and experience in nature, but should be used in a 
complementary way in future projects. 

A high upcoming potential for scientific projects has the integration of citizen 
science. These formats can mobilize specific long-term local knowledge and have 
additional benefits for the interactions among science, stakeholders, and policy 
(Peter et al. 2021; Vohland et al. 2021). Particularly, in biodiversity research, the 
involvement of individuals or natural history societies is a growing source for long-
term monitoring and science. In the future, the direct involvement of people with 
expertise as citizen scientists should be supported in scientific projects in the context 
of land-use, landscape development, and climate change. These groups provide a 
link between research and education and, furthermore, thus are also multipliers of 
scientific results into society and for policy makers. 

32.5 Lessons Learned and Recommendations for the Future 

This book summarizes a very wide range of primary experimental, synthesis, and 
analytical work that has been generated over 5–10 years by a large group of authors. 
The composition and relationships between these authors has changed, in some 
cases dramatically (Chap. 1; Bieri et al. 2022), careers have been launched, new 
capacity has been created, and some strong long-term collaborative relationships 
have been built. Many new insights have been gained, new scientific findings have 
been made, and many important scientific and policy-relevant questions can now be 
asked from a new perspective and with a deeper background understanding. 

At a higher level, self-analysis (Chap. 31) provides many guidelines on how 
future multi- and transdisciplinary cross-national collaborative programs could 
be further enhanced. In an era when capacity building and skills transfer are 
paramount in international negotiations like the UNFCCC, UNCCD, and UNCBD, 
this learning is valuable indeed. While the conception behind this collaborative work 
lies more than a decade in the past, the fruits of this work show that much of that 
conception was sound, and despite the many changes in regional and global political 
and environmental imperatives, the results presented here add great value to the 
fundamental understanding of regional functioning, risks, and potential solutions to 
the essential challenges facing the region. 

Quoting Butts et al. 2016: “as we enter a world where extreme events, from 
natural disasters to deliberate attacks, become ever more common, sustainability 
and resilience become essential elements of our national security strategy. We 
ignore these values at our peril”. The concept of environmental security is not new, 
but with an increased certainty of the adverse impacts of climate change on both 
the environment and livelihoods in the southern African region (IPCC 6th report, 
Chap. 7), it is clear that the work summarized here provides increased support 
for addressing the environmental impacts that pose major risks to the security of 
the region. Substantive social disruption and displacements due to extreme weather 
events, and longer-term risks such as from a biodiversity perspective confirm that 
the products of this work are of increasing value.

http://doi.org/10.1007/978-3-031-10948-5_1
http://doi.org/10.1007/978-3-031-10948-5_31

 1068 53003
a 1068 53003 a
 


32 Synthesis and Outlook on Future Research and Scientific Education. . . 959

Climate-related risk has often been expressed in terms of the nature of the hazard, 
the vulnerability of the environment (or human population) being impacted, and the 
level of exposure. The work described here is particularly motivated by this framing. 
However, a fourth component to understanding risk was added recently, among 
others by WGII of IPCC (2014), and further elaborated by Simpson et al. (2021). 
This relates to the ability of society to respond to or manage the risks. Under this 
framing, there are complex interactions within and between the risk components and 
the responses to them that can amplify or reduce the final outcomes. Simpson et al. 
(2021) state “Indeed, recent evidence indicates how some of the most severe climate 
change impacts, such as those from deadly heat or sudden ecosystem collapse, are 
strongly influenced by interactions across multiple sectoral, regional, and response-
option boundaries.” It is with these complexities that the chapters in this book have 
only, in some instances, started to grapple. 

Understanding risk and determining response options is now seen as increasingly 
requiring a more integrated understanding of the dynamics of the complex systems 
involved (see also Challinor et al. 2018). The model of collaboration that the work 
described here followed could be applied to better understand the interlinkages 
between components that have been addressed here, and to answer the more 
complex questions that arise from a strong theoretical basis of understanding the 
components themselves. 

The SPACES I and SPACES II programs focused on key elements of the complex 
coupled earth system processes in the southern African region and have advanced 
our understanding on both the likely nature of future impacts as well as management 
and policy interventions that may assist communities in mitigating the effects of 
global environmental change. In this regard, these and previous international and 
national programs (e.g., BMBF-BIOTA, SAEON) have made substantive progress 
in understanding key and prioritized aspects of the environment and its climatic 
drivers. Looking further into the future, it is clear that that while an understanding 
of ecological processes remains the basis for robust policy recommendations, 
the critical feedbacks and influences of human responses at multiple spatial and 
temporal scales must become much more seamlessly integrated into such work. 

Taking the above into account, it becomes clear that the southern African region 
lacks a well-integrated view on the implications of the wide range of policy options 
now proposed and being implemented to address biodiversity loss, climate change, 
and development imperatives. There is no credible set of projections, for example, 
on how these will interact at the regional level to influence land-use change and 
ecological sustainability. Not only is this view lacking, the region does not have 
the predictive means to inform such a view, beyond some partial analysis. In the 
northern Hemisphere, many integrated modeling approaches have been developed 
along these lines, and this is now a critical skills gap that needs to be filled to allow 
the work presented here to be leveraged for better decision making. 

This synthetic view of the results of SPACES thus emphasizes more than ever the 
urgent need for integrated approaches to predictive modeling of coupled processes 
between the ocean, atmosphere and land, their feedback to the biosphere, and 
the outcomes as extrapolated spatially and taking into account a range of social-
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ecological responses. It is on this basis that concepts and plans for sustainable use 
of ecosystems on land and in the ocean, and related issues of climate protection, 
can be credibly developed in the future while taking into account social and 
economic development imperatives. Such approaches can provide guidance for 
implementation in practice without oversimplifying the scientific insights and 
findings that more properly represent a complex and dynamic world . 
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