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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 Niiio-Southern Oscillation
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In memory off Mathieu Rouault

(ENSO), Benguela Niiio 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,

Photo: Bundesregierung / Guido Bergmann

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

vii



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.

R [t
(

* Bundesministerium
“x> 0 firBildung
und Forschung

Member of the German Bundestag, Federal Minister Bettina Stark-Watzinger
of Education and Research, Berlin, Germany
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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 11
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.
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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



Today’s interdisciplinary research on highly complex ecological systems can only
be achieved through working in teams that bring together all relevant competences.
In order to make the various results of the SPACES II programme including its
publications possible, a large number of senior and junior staff members were
involved in the implementation of the research activities and the analysis and
interpretation of their results. We would like to thank the students, technicians,
and ship crews but also the land users, landowners, farmers, and resource managers
involved for their commitment to the research.

Special thanks go to Mari Bieri, who made the whole project and especially
the summer schools possible and kept them on track with her tireless and always
positive forward-looking work. Great thanks also to the regional coordinators and
research managers in southern Africa for hosting and supporting the many scientists
and students carrying out their “field work™ at the study sites (on the land and the
sea).

The editors gratefully acknowledge Lars Korner and his team at Springer Nature
Publisher in Heidelberg for their help, patience, and technical support during the
preparation of this Ecological Studies volume.

We would like to thank the Federal Ministry of Education and Research (BMBF)
and the Project management DLR in Bonn and Project Management Jiilich—PtJ in
Rostock for their steady interest and support, especially Oliver Dilly, Olaf Pollmann,
Dirk Schories, and Elisabeth Schulz. This book was only possible through the
generous funding from BMBF’s SPACES 1II programme which funded most of
the background studies leading to the chapters in this book as well as funding the
production of the book including ensuring it could be open access.

m Bundesministerium
fir Bildung
und Forschung

Science Partnerships for the
Adaptation to Complex Earth System ﬁ

Processes in Southern Africa

Xi
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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 1I 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 1I (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
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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;
Jiirgens et al. 2010; Schmiedel and Jiirgens 2010) were:

 Scientific support for sustainable use and conservation of biodiversity in Africa.

e 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 1)
was initiated in 2012 under the FONA framework and followed by a second funding
phase (SPACES 1I,) initiated in 2018 (PtJ 2021). Both SPACES I and SPACES 11
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 SDGI13 “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 Nifos;

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 1I (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 1II. 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 Il 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 BMBEF 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 Il 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 1 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

| German — SA collaboration
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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 CO; 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 CO; 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 CO,. 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 IIT 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 CO; 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 km? and surrounding seas of 1.1 million km?, 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 (Proches 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 (Proches 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
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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.
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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
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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
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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
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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 Liideritz (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 (17°S) to the Liideritz upwelling cell off
Namibia in the south (27°S). Upwelling in the nBUS is perennial, with total
cumulative upwelling being an order of magnitude greater than in the sSBUS (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 (H»S)
is maintained in large (1500 km?) bacterial mats produced by sulfur-oxidizing,
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nitrate- and sulfur-storing bacteria, which prevent H>S from constantly diffusing
into the water column. However, gas (methane and H;S) 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;
Briichert 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 Liideritz 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
Jjaponicus) (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 guasi-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 ! project of the SPACES II % 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.

I TRAFFIC - Trophic Transfer Efficiency in the Benguela Current

2 SPACES 1I — 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.
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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_s0285). 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 (Ay6n 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 pm, 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.
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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_s0285). 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 pm and 2 cm in size make up the mesozooplankton. As in other marine
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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 sSBUS 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).



2 Unique Southern African Terrestrial and Oceanic Biomes and Their. . . 41

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).
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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).
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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 Liideritz 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).
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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;

e Securing mariculture locations;

* Enabling exploration and promoting sustainable use of geological resources;

¢ QGuaranteeing 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).
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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 CO», 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 CO; 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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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
km? (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).
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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 m? 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 km?,
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 m? plot, with a
1000 m? 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
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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 km?; 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 km?; 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~! 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 km?) 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 km?, 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 km?>—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~! in winter rainfall regions or over 725 mm yr~! 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 km?) 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 km? 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 Swabhili 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 km? 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~!
(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~! precipitation in the West to over
3000 mm yr~—! 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 Nifio 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
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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)

Carbon production

Carbon production (standard deviation) Total biome GPP [TgC
Biome (mean) [gC m-? yr~!] spatial [gC m-2 yr~'] 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
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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™! 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™!) and savanna (10—
15 ha LSU™!) 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—! 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
25-35haLSU"! (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.
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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
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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 GEEF, 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
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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 WWEF.
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.

24 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 Nifio 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~!, while annual mean rainfall amounts (excluding
fog precipitation) for the region are only between ~20 and 40 mm yr—! (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-/CO;-
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 (CO;) 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 CO; source while the sBUS acts
as a CO; 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 CO, (pCO;) in
surface waters: if the pCO, in the ocean falls below pCO; in the atmosphere,
the ocean takes up CO,, whereas it emits CO, if the pCO, in surface waters
exceeds that in the atmosphere. The solubility pump increases pCO; in seawater
and favors CO;, emission when upwelled water warms at the surface. Conversely,
the biological carbon pump reduces the pCO; as it is driven by the photosynthesis
of phytoplankton converting CO; into biomass which is subsequently exported into
subsurface waters. TRAFFIC research has supported the conclusion that the sBUS
operates as a regional CO, sink where the CO; uptake by the biological carbon
pump exceeds the CO; release by the solubility pump, whereas the nBUS acts as a
CO; 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, CO, uptake by the biological carbon
pump in the BUS compensates up to 38% of its CO, loss in the Atlantic sector of
the Southern Ocean (Chap. 25). Hence, changes in CO; uptake by the biological
carbon pump in the BUS could significantly affect the marine carbon cycle and its
role as a sink of anthropogenic CO; (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


http://doi.org/10.1007/978-3-031-10948-5_25
http://doi.org/10.1007/978-3-031-10948-5_25

66 A.F.Sell etal.

pump, associated changes of its CO; 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
CO; 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 CO, 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 (Garcia-Reyes et al. 2015; Rykaczewski et al. 2015; Wang
etal. 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 Liideritz 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 Liideritz 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 CO; concentrations (Bouchenak-Khelladi et al. 2009). As climate change
is associated with elevated levels of atmospheric CO», 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 CO;
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 CO, 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
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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~!. 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
CO; 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 CO,. 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
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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

S. S. Mutanga (2<) - F. Skhosana - M. Mateyisi - H. Thenga - S. Naidoo - T. Lumsden -

S. S. Nangombe

Council for Scientific and Industrial Research (CSIR), Holistic Climate Change, Smart Places,
South Africa

e-mail: SMutanga@csir.co.za

A. Ramoelo
Centre for Environmental Studies (CFES), Department of Geography, Geoinformatics
and Meteorology, University of Pretoria, Pretoria, South Africa

© The Author(s) 2024 89
G. P. von Maltitz et al. (eds.), Sustainability of Southern African Ecosystems

under Global Change, Ecological Studies 248,

https://doi.org/10.1007/978-3-031-10948-5_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-10948-5protect T1	extunderscore 3&domain=pdf

 885
51799 a 885 51799 a
 
mailto:SMutanga@csir.co.za
mailto:SMutanga@csir.co.za
mailto:SMutanga@csir.co.za

90 S.S. Mutanga et al.

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.
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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,
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14"

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 CO, and climatic conditions (Spriggs et al. 2014). Freshwater
biodiversity on land is also exceptional, with cichlids being an outstanding example
(Zahradnickova 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; Vorosmarty 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
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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 km? 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 (Vorosmarty 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 CO, 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 CO», 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

Woody cover change (%)

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)
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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 CO, 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
etal. 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 m® in South Africa largely by
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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~! 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).
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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 Nifio 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).
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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 (D&l 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
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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.
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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

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.

3.8 Conclusion

Interactions between SDG 15 and other SDGs

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)

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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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 Africa! 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 QLFES 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?



118 J. F. Kirsten et al.

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
$2900/0z. 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
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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 ThePolicy 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.

e 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.

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

e 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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e 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.

e Maintenance and upgrading of key infrastructure (roads, rail, ports, electricity.)

* QGreater inclusion, participation and competition in agroprocessing.

e 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
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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
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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 /and 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 '°Be 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 Nifio-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 '30 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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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 (Ferndndez-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 100 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
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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



140 E. Zorita et al.

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-CMAS-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
etal. 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 CMIPS 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:

e 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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e 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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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 Nifio Southern Oscillation
(ENSO) influences interannual rainfall variability. In austral summer, drought
tends to occur during El Nifio, while above-normal rainfall conditions tend
to follow La Nifia. During El Nifio, 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 Nifia. 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).
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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)
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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



6 Southern Africa Climate Over the Recent Decades: Description, Variability. . . 153

(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 Nifio in austral summer since 1982. This
would be the average difference from normal during a typical El Nifio 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 Nifio 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 Nifio in austral summer (anomaly from the mean of
November to March divided by the climatological corresponding standard deviation for 11 El Nifio
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 Niflo 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 Nifio. 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 Nifio Index (ONI) provided by the Climate
Prediction Center to detect El Nifio and La Nifia 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 Nifios, 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 Nifio 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 Nifio 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 Nifio, and blue bars denote La Nifia austral summers
according to the ONI

mature phase of El Nifio (Fig. 6.5), this provides ample early warning for drought
monitoring. Droughts lasting two seasons always involve El Nifio (Rouault and
Richard 2003, 2005). The relationship between El Nifio 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 Nifio did not lead to widespread drought (Lyon and
Mason 2007), and severe drought can occur during a weak El Nifio (Rouault and
Richard 2005). Such nonlinear behavior in the El Nifio-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 Nifio 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 Nifia, 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 Nifio events, near-surface divergence,
detrimental to rainfall, is observed over southern Africa due to changes in the Walker
and Hadley circulations. Along with the anomalous near-surface divergence, high-
pressure anomalies (Fig. 6.6) over the landmass during El Nifio also reduce the
maritime moisture transport from the Indian Ocean to southern Africa.

A mid-tropospheric anticyclone becomes established and persistent during El
Nifio 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 Nifio normalized anomalies of the 500 hPa
geopotential height in austral summer indicating global anomalies of atmospheric circulation in the
mid-troposphere

phase of El Nifio. 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 Nifio 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 Nifio (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 Nifia, 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 Nifia years compared to El Nifio years,
during which these systems are located too far south of the country to contribute to
seasonal rainfall amounts (Favre et al. 2012). El Nifio and La Nifia 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 Nifio 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
Nifia, the opposite occurs. Refer to Chap. 9 in this volume for more information
on the northern and southern Benguela systems. El Nifio 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
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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 Nifia years than
during EI Nifio 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 Nifio years

0o
70 7580 8590 95 00 05 10 15

Fig. 6.7 Total summer stream flow volume averaged for all stations of the Water Management
Area 6 (Usutu Mhlathuze Swazi). El Nifio years are in red, and La Nifia 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 Nifia 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 Nifio (1982/1983, 2015/2016, 1994/1995, 1984/1985 and 1991/1992),
although one occurred during la Nifia. Three out of five of the highest stream flow
volume years happened during La Nifia.

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, ERAS, 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



6 Southern Africa Climate Over the Recent Decades: Description, Variability. . . 161

00

0° 7
\ A
(G)\ _ N ; g%

8°s
A,
16 e // / 16°
/
\
24 \‘ ! qﬂt'r 24°s

32% |M(m/ ; 32°

9°F 18°E 27°E 36°E 45°E 9°E 18°E 27°E 36°E 45

" (;\)\ ig’ e .
}

8% B £ 8%
" ! ‘J \

16°s £ ( 1 3 . /

24° \1 ! J/ i 2495
™\ F,

16°S

\ / £/
32% ) : - 32% - i
b
9°E 18°e  27°E  36°E  45°E 9°E 18°  27°e 36°E  45°E
-50 0 50

Fig. 6.9 Precipitation trends of CRU (a, b) and ERAS5 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, (¢) 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 ERAS provide somewhat different results.
CRU shows a slight decrease in precipitation (Fig. 6.9a), while ERAS shows an
increase in the southwest of the winter rainfall zone (Fig. 6.9¢), 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 ERAS. Both CRU and
ERAS 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, ERAS 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
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Fig. 6.10 2 m air temperature trends of CRU (a, b) and ERAS reanalysis (¢, 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, (¢) 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 HadISSTI, (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 Nifio and La Nifia. 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.,

e 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?

e 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?

e 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?

e What is the contribution of the different synoptic systems and the diurnal cycle
of rainfall to the annual cycle of precipitation and temperature?

e 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?

e Why is there no robust relationship between the strength of El Nifio or La Nifia
and their impact on the intensity and spatial extent of southern African rainfall
and temperature?

¢ Why is La Nifia better correlated with southern African rainfall than El Nifio?

*  What exact mechanisms link El Nifio and La Nifia to southern African rainfall?

¢ Why is ENSO not related to the southern African climate for some decades?

e 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?

e What is the role of the Indian Ocean and the tropical Atlantic Ocean?

e 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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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).
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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
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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:

(203.2 — Q) [0.968 x ¢-0875T+1.5552) _ g 3()]
Q= [1+10.88 x 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
O has been updated by dQ, the drought index is calculated from the equation

100

= 7-2
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:

FEDI = 26(—0.45+0.987ln D4-0.03387 —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™!).
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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
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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 /ikely 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.
2015Db).

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 km?) 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 Nifo and related drought in southern Africa. The 2015/16 El Nifio
was the strongest in recorded history, at least in terms of the magnitude of anomalies
in the Nifio 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 Nifio and La Nifia 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 EI 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 Nifio 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


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

184 F. A. Engelbrecht et al.

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 Nifio 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 1.5m s~! 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°m3 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; Riihs 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 Nifio/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~ ! 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



8 The Agulhas Current System as an Important Driver for Oceanic and. .. 195

1 | | | 1
00 02 04 06 08 10

surface speed In m/s

~ 1000

— 2000

depth [m]

3 dally standard deviation of
i urface speed in m/s

5000
0° 10°E 20°E 30°E 40°E 50°E 27.4°E27.8°E 28.2°E 28.6°E 29.0°E 29.4°E

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 15th grid point). (¢) 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
etal. 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 Boning 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 Boning 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
JRAS55-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), (¢) Agulhas current (AC), and (d) ratio AL /
AC within simulations with the eddy-rich ocean model configuration INALT20 under JRAS55-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 4= 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~ !, (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
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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 Boning 2013;
Weijer and van Sebille 2014). From the Agulhas Current, the most frequent transit
time to the North Brazil Current is 7 years (Riihs et al. 2019), to 26° N one to
two decades (Riihs 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 j