Received: 7 June 2023 | Revised: 21 March 2024

'.) Check for updates

Accepted: 21 March 2024

DOI: 10.1111/geb.13841

RESEARCH ARTICLE

Global Ecology Adoumalof
and Biogeography S

WILEY

Coherent response of zoo- and phytoplankton assemblages to
global warming since the Last Glacial Maximum

T.Strack'® | L. Jonkers?

M. Kucera!

IMARUM - Center for Marine
Environmental Sciences, University of
Bremen, Bremen, Germany

?|nstitute for Chemistry and Biology
of the Marine Environments (ICBM),
Wilhelmshaven, Germany

3Departement of Geosciences, University
of Bremen, Bremen, Germany

“Helmholtz Institute for Functional Marine
Biodiversity (HIFMB), University of
Oldenburg, Oldenburg, Germany

SAlfred Wegener Institute (AWI),
Helmholtz-Centre for Polar and Marine
Research, Bremerhaven, Germany

Correspondence

T. Strack, MARUM - Center for Marine
Environmental Sciences, University of
Bremen, Leobener Str. 8, 28359 Bremen,
Germany.

Email: strack@marum.de

Funding information
Bundesministerium fir Bildung und
Forschung (PALMOD); Deutsche
Forschungsgemeinschaft (EXC 2077),
Grant/Award Number: 390741603

Handling Editor: Moriaki Yasuhara

| M.C.Rillo?® | K.-H.Baumann®® | H.Hillebrand®*>

Abstract

Aim: We are using the fossil record of different marine plankton groups to determine
how their biodiversity has changed during past climate warming comparable to pro-
jected future warming.

Location: North Atlantic Ocean and adjacent seas. Time series cover a latitudinal
range from 75°N to 6°S.

Time period: Past 24,000years, from the Last Glacial Maximum (LGM) to the current
warm period covering the last deglaciation.

Major taxa studied: Planktonic foraminifera, dinoflagellates and coccolithophores.
Methods: We analyse time series of fossil plankton communities using principal
component analysis and generalized additive models to estimate the overall trend
of temporal compositional change in each plankton group and to identify periods of
significant change. We further analyse local biodiversity change by analysing species
richness, species gains and losses, and the effective number of species in each sample,
and compare alpha diversity to the LGM mean.

Results: All plankton groups show remarkably similar trends in the rates and spatio-
temporal dynamics of local biodiversity change and a pronounced non-linearity with
climate change in the current warm period. Assemblages of planktonic foraminifera
and dinoflagellates started to change significantly with the onset of global warming
around 15,500 to 17,000years ago and continued to change at the same rate during
the current warm period until at least 5000years ago, while coccolithophore assem-
blages changed at a constant rate throughout the past 24,000years, seemingly irre-
spective of the prevailing temperature change.

Main conclusions: Climate change during the transition from the LGM to the current
warm period led to a long-lasting reshuffling of zoo- and phytoplankton assemblages,
likely associated with the emergence of new ecological interactions and possibly
a shift in the dominant drivers of plankton assemblage change from more abiotic-
dominated causes during the last deglaciation to more biotic-dominated causes with

the onset of the Holocene.
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1 | INTRODUCTION

Current global warming is already affecting global marine biodiver-
sity (Antao et al., 2020) and is expected to have a stronger effect in
the future (Beaugrand et al., 2015; Garcia Molinos et al., 2016; Nolan
et al., 2018). Understanding the response of marine organisms to
climate change is an important yet challenging task as biodiversity
dynamics are influenced by simultaneous processes of geographic
range shifts, local extinction, as well as speciation on longer time
scales (i.e. hundreds of thousands to millions of years). These pro-
cesses may be further affected by ecological drift, natural selection
via interacting biotic and abiotic variables in conjunction with dis-
persal ability (Vellend, 2010). On shorter time scales (i.e. thousands
of years), in order for species to persist in a changing environment,
they can either adapt to the new environment or disperse, shifting
their distributions (habitat tracking; Brett et al., 2007). Indeed, the
potential for high adaptation rates on short time scales has been
shown for different marine plankton species (Bach et al., 2018;
Geerts et al., 2015; Lohbeck et al., 2012; Padfield et al., 2016).
Also, geographical range shifts have been observed in many species
across different environments (for reviews see Parmesan, 2006;
Poloczanska et al., 2013; Root et al., 2003; Walther et al., 2002) and
are especially common in marine plankton due to their high disper-
sal potential in an environment with fewer physical barriers than in
the terrestrial realm (Lenoir et al., 2020; Poloczanska et al., 2013).
Considering the complexity of the marine realm and the multi-
layered interactions between local species and their environment,
migrating species will experience new direct and indirect ecological
interactions (Van der Putten et al., 2010). Furthermore, range shifts
in response to environmental change may vary among species and
occur at varying pace, resulting in the potential emergence of novel
assemblages that are different from those that existed before the
environmental change (Antao et al., 2020; Chen, Hill, et al., 2011;
Garcia Molinos et al., 2016; Poloczanska et al., 2013).

Given these different and complex ways in which taxa can re-
assemble in response to environmental change, it is difficult to pre-
dict how current communities will change with current and future
climate change. Observational records can help us in these predic-
tions; however, longitudinal ecology studies rarely span more than
100vyears (Dornelas et al., 2018), resulting in small observed envi-
ronmental change compared to the expected magnitude of future
anthropogenic global warming. The fossil record can expand this
observational window. In particular, sedimentary records of eukary-
otic microplankton that produce microfossils have a high potential
to serve as archives to study the species response to past climate
change of comparable magnitude to projected future anthropogenic
global warming (Rillo et al., 2021; Yasuhara, Huang, et al., 2020).
Even though the marine plankton consists mainly of soft-bodied

organisms with low fossilization potential (Buitenhuis et al., 2013),
several plankton groups secrete resistant organic or inorganic re-
mains that are preserved in the sediment and the resulting fossil as-
semblages can be reliable indicators of the biodiversity of the living
assemblages (Kidwell, 2001; Tomasovych & Kidwell, 2009; Yasuhara
et al.,, 2012). Many marine plankton groups that are preserved in the
sediment record have been shown to be sensitive to ongoing climate
change (coccolithophores: Rost & Riebesell, 2004; diatoms and di-
noflagellates: Hinder et al., 2012; planktonic foraminifera: Jonkers
et al., 2019) and can therefore be used to study past biodiversity
changes in response to climate change. The microfossil record has
been widely used to reconstruct past climate change, resulting in
a wealth of data from past time slices and time series (de Vernal
et al., 2005; Gersonde et al., 2005; Kucera, Rosell-Melé, et al., 2005;
Kucera, Weinelt, et al., 2005). However, their potential to reveal
biodiversity changes across continuous periods of environmental
change has been less explored.

Recently, Strack et al. (2022) used the fossil record of planktonic
foraminifera to study their relationship to climate change during the
past 24 thousand years (kyr) on a basin-wide scale (North Atlantic
Ocean). During this period, the world transitioned from the Last
Glacial Maximum (LGM) to the current warm period (i.e. the Holocene).
Planktonic foraminifera assemblages started to change with the
onset of global warming, but their shift continued during the cur-
rent warm period, when climate change was less pronounced (Strack
et al., 2022). One explanation for this prolonged assemblage change
into the established warm period is a shift in the drivers of species
assembly from more abiotic causes during the last deglaciation (i.e.
temperature change) to more biotic causes during the beginning of
the Holocene (i.e. species interactions). These results were based only
on planktonic foraminifera, a group of zooplankton. It is important to
investigate the generality of these results—whether these observed
biodiversity dynamics during the last deglaciation also happened in
other plankton groups. For instance, phytoplankton ecology is gen-
erally characterized by higher species richness, shorter generation
times and potentially other environmental drivers than zooplankton
ecology, and so phytoplankton groups may differ from planktonic for-
aminifera in their relationship to climate change.

To assess how other groups of plankton besides planktonic fora-
minifera changed in relation to climate change during the last degla-
ciation, we here also study the relationship of fossil dinoflagellates
and coccolithophores. Not all dinoflagellates are fossilisable, but
about 13%-16% of dinoflagellate species produce organic-walled
resting cysts which are preserved in the sediment (Head, 1996).
All three plankton groups show a strong modern latitudinal diver-
sity gradient in the North Atlantic Ocean with lowest diversities
at the highest latitudes and a peak in diversity in the mid-latitudes
rather than the equatorial region (planktonic foraminifera: Fenton
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TABLE 1 Overview of studied plankton groups.

No. of extant

Predictors of biogeography®

Trophic mode?

Preservation®

fossilisable species1

No. of extant species®

Plankton group

SST, strength of stratification, photo-synthetic

Mixotrophic (symbionts) or

Calcium carbonate (calcite)

50

50

Planktonic foraminifera

biomass, ocean kinetic energy

heterotrophic

tests

SST, photosynthetic biomass, nutrient

Organic-walled resting cysts Autotrophic, mixotrophic or

260-320°

2000

Dinoflagellates

availability, strength of stratification

heterotrophic

SST, nutrient concentration, light availability,

Mainly autotrophic, also

Calcium carbonate (calcite)

120

280

Coccolithophores

strength of stratification

mixotrophic (osmotrophic)

plates

@Not all dinoflagellates are fossilisable, but about 13% to 16% of dinoflagellate species produce organic-walled resting cysts that are preserved in the sediment (Head, 1996).

Planktonic foraminifera: Brummer and Kugera (2022); Dinoflagellates: Head (1996), Taylor et al. (2008); Coccolithophores: Young et al. (2005).

2Planktonic foraminifera: Schiebel and Hemleben (2017), Takagi et al. (2019); Dinoflagellates: Stoecker (1999), Jeong et al. (2005), Taylor et al. (2008); Coccolithophores: Godrijan et al. (2020, 2022).

3Main predictors are indicated in bold font. Planktonic foraminifera: Morey et al. (2005), Fenton et al. (2016), Rillo et al. (2021), Rufino et al. (2022); Dinoflagellates: Esper and Zonneveld (2002), Taylor

et al. (2008), Chen, Irwin, and Finkel (2011), Hohmann et al. (2020); Coccolithophores: Mohan et al. (2008), Charalampopoulou et al. (2016), O'Brien et al. (2016), Benedetti et al. (2023).

Macroecology

and Biogeography

et al., 2016, 2023; Rutherford et al., 1999; Tittensor et al., 2010;
Yasuhara, Wei, et al., 2020; dinoflagellate cysts: Chen, Irwin, &
Finkel, 2011; coccolithophores: Boeckel & Baumann, 2008; O'Brien
et al., 2016). By considering dinoflagellates and coccolithophores
alongside planktonic foraminifera, our study design includes plank-
ton groups that differ in their diversity, trophic strategy and preser-
vation (Table 1). Also, the groups differ in terms of their ecological
importance and functions and they play vital roles in the global food
webs with dinoflagellates and coccolithophores being primary pro-
ducers. Understanding how these plankton groups responded to
past climate change is important in assessing the fate of trophic re-
sources that are fundamental to the future of humanity and may pro-
vide valuable policy-relevant information on future anthropogenic
climate change impacts (Kiessling et al., 2023).

Using time series of assemblage composition data since the LGM
(past 24 kyr), we examine how planktonic foraminifera, dinoflagel-
lates and coccolithophores responded to the environmental change
during the last deglaciation—a climatic upheaval that is compara-
ble to projected future anthropogenic global warming (Jackson &
Overpeck, 2000). If the main predictor of the biogeography of these
three plankton groups was temperature, their thermal niches re-
mained static since the LGM (as shown for planktonic foraminifera:
Antell et al., 2021; Waterson et al., 2017) and their capacity for range
shifts remained unhindered because of high dispersal potential, all
three groups should show a similar response to climate change. On
the other hand, if the biogeography of any of the groups was strongly
affected by biotic interactions or factors other than temperature
change, their response to the warming could differ. For instance, Rillo
et al. (2019) found no evidence for interspecific competition among
extant planktonic foraminifera, but they mention the option that
competition among other distantly related groups might be feasible
and potentially explain the observed mismatch between fossil and
modern observations. Furthermore, if evolutionary responses and
adaptation in any of the groups would be faster, as hypothesized for
coccolithophores (Bendif et al., 2023), the response to the warming of
the last deglaciation could also differ among plankton groups.

2 | METHODS
2.1 | Data

The analyses are based on a previous compilation of 25 planktonic
foraminifera assemblage time series (Strack et al., 2022) that, after
an exhaustive search, has been expanded with 6 organic-walled
dinoflagellate cyst (dinocyst) and 6 coccolithophore assemblage
time series to compare patterns across groups (see Supporting
Information Table S1 for full list of time series). Throughout this
study, the terms ‘assemblage’ and ‘community’ are used as defined
by Fauth et al. (1996), where ‘community’ refers to all species that
occur in the same place at the same time, and ‘assemblage’ refers to
all taxa of phylogenetically related groups within a community. Age
information is presented throughout as kyr and ka (kyr referring to
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time periods and ka to a specific date; Aubry et al., 2009), with Oka
denoting the 1950 Common Era. All assemblage time series were
selected from records that were initially identified in public data-
bases (e.g. pangaea.de), have available data for the entire assem-
blage (i.e. all individuals identified and counted), are located in the
North Atlantic Ocean and adjacent seas, span the period from the
LGM to the current warm period (i.e. past 24 kyr, but at least from
22.5 to 3.5ka), and have sufficient temporal resolution to resolve
millennial-scale climate events (i.e. average resolution of 0.57 kyr,
ranging from 0.04 to 1.39 kyr). Some dinocysts species are affected
by aerobic degradation in well-oxygenated waters (Zonneveld
et al., 2007, 2008, 2019). However, we do not expect aerobic deg-
radation to have a big influence on the composition of the dinocyst
assemblages used here, because of the relatively high average sedi-
mentation rates of 13 to 120cm/kyr per dinocyst time series (see
also Holzwarth et al., 2010).

All coccolithophore time series presented in this study are new
and unpublished datasets because all initially identified published
coccolithophore time series did not fit our selection criteria. Most
of these identified coccolithophore time series either did not cover
the entire time period of interest, were of too low a resolution, or did
not provide sufficient information on the entire assemblage down to
species level. Often species are lumped together by size (e.g. ‘small
Gephyrocapsa’ or ‘small placoliths’) or by ecological preference (e.g.

80

‘warm-water group’). These groups often do not contain the same
species from site to site, but sometimes make a significant contri-
bution to the assemblage. This made it impossible to harmonize the
coccolithophore taxonomy to a satisfactory degree, leading us to
reject most of the published data. Finally, we excluded one of the
initially identified coccolithophore time series because it is known
to be affected by dissolution, thus altering the species composition
in these time periods, resulting in a total of 6 coccolithophore time
series used in this study.

Although there are fewer dinocyst and coccolithophore time se-
ries than planktonic foraminifera time series, they also cover large
parts of the latitudinal and thermal gradients in the North Atlantic
Ocean (Figure 1). To ensure the chronological comparability of all
analysed time series, we either used the revised age models in-
cluded in the PALMOD 130k marine palaeoclimate data synthesis
V1.1 (Jonkers et al., 2020) or we revised the published age models
following the same approach as in Jonkers et al. (2020). Their age
models are based on benthic foraminifera oxygen isotope data that
have been manually calibrated to regional benthic foraminifera ox-
ygen stacks (Lisiecki & Stern, 2016) as well as radiocarbon ages (see
also Strack et al., 2022).

All plankton assemblage count data used here were taxo-
nomically harmonized. Planktonic foraminifera assemblage data
were harmonized following Siccha and Kucera (2017) (see Strack

Plankton

I Planktonic foraminifera
@ Coccolithophores -

Dinoflagellate cysts ]

601 ssT(°C) O

lzo : |

10

@)

IS
o

Latitude (°)

Longitude (°)

FIGURE 1 Location of microfossil
assemblage data analysed including

data on 25 planktonic foraminifera (grey
squares), 6 dinocyst (yellow triangles) and
6 coccolithophore (blue circles) census
count time series. Background colour
gradient represents annual mean sea
surface temperature (SST) from the World
Ocean Atlas (WOA; Locarnini et al., 2019).
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et al., 2022 for further details). Dinocyst taxonomy was harmonized
following de Vernal et al. (2020) with minor additions following
Zonneveld et al. (2013). Names that could not be resolved using
synonym lists and assigned a harmonized name following de Vernal
et al. (2020) and Zonneveld et al. (2013) were treated as uniden-
tified specimens and excluded from assemblage analyses. These
specimens were present in 4 time series and were rare taxa (rel-
ative abundances <3%). The protoperidinoids were also excluded
from further assemblage analyses as this category includes all un-
identified brownish cysts (de Vernal et al., 2020). Coccolithophore
taxonomy follows Young et al. (2003), and coccoliths were counted
using a scanning electron microscope (SEM) to ensure that all sam-
ples were resolved to species level (see Supporting Information
for coccolithophore sample preparation). We merged Coccolithus
pelagicus subspecies because they were not distinguished in all
studies. Species not reported in the time series data were assumed
to be absent (i.e. zero abundance), which is in accordance with the
completeness of counts reported in the original studies. An aver-
age of 330 to 1250 planktonic foraminifera specimens, 200 to 550
dinocysts and 201 to 649 coccoliths were counted per sample and
study, which are sufficient sample sizes to reliably determine rela-
tive abundances of each species (Al-Sabouni et al., 2007; Dennison
& Hay, 1967; Phleger, 1960). The original data were given as either
absolute or relative abundances, and after excluding unnecessary
columns (unidentified or rare taxa that could not be harmonized),
the abundances were recalculated to 100%. In total, 41 species of
planktonic foraminifera, 53 species of organic-walled dinocysts and
34 species of coccolithophores were observed in our study (see
Supporting Information Tables $2-S4 for full species lists).

2.2 | Principal component analysis on species
composition

We applied a principal component analysis (PCA) on the harmonized
assemblage data of each individual time series and extracted the
first principal component (PC) axis (which explains most of the vari-
ance in the assemblage data) for each time series. Prior to conduct-
ing the PCA, the harmonized assemblage data were standardized
and the variables were scaled to have a standard deviation of one
and a mean of zero.

We acknowledge the site-specific nature of the PCA spaces,
with each site having its unique PCA space based on the individual
time series and recognize that the species contributing to the PCA
axes may vary between sites within the same plankton group and
between clades. This introduces potential challenges when directly
comparing these spaces. However, we emphasize that the focus of
this analysis is on evaluating the relative temporal pattern of com-
positional change and periods of significant compositional change
rather than making direct quantitative comparisons. This approach
mitigates potential issues arising from differences in the absolute
scale or magnitude of individual PC spaces within and between in-
dividual clades.

-\ | LEYJ—5 o

and Biogeography
2.3 | Generalized additive models on species
composition

We used generalized additive models (GAMs) on the individual first
PC axis scores to estimate the overall trend in each plankton clade.
To do this, the fitted GAM predicts the overall first PC score from
all sites in a single clade (i.e. plankton group) as a function of geo-
logical age. To ensure that all first PC axes were aligned in the same
direction, we checked and, if necessary, changed their polarization
by fitting linear models through all first PC axes. In total, the polari-
zation of the first PC axes was changed (i.e. inverted) in 8 of the 25
planktonic foraminifera, 3 of the 6 dinoflagellate cyst and 2 of the 6
coccolithophore time series (Supporting Information Figure S1). This
is a feasible approach as the sign of the PCA scores is arbitrary and
doesn't carry any inherent meaning. We then interpolated the first
PC scores in 0.5 kyr bins to account for differences in the resolution
of the individual records. To prevent edge effects, we also restricted
the interpolated data to the interval covered by all time series corre-
sponding to plankton groups (i.e. 2.5-23ka for planktonic foraminif-
era, 3.5-23ka for dinocysts and 3.5-22.5ka for coccolithophores).
The advantage of using GAMs is that the complexity of the fitted
model is determined objectively, as smoothing methods are applied
automatically (Simpson, 2018). The significance of each GAM is
given by associated F-statistics and tests of the null hypothesis of no
trend, and uncertainties are estimated by 95% across-the-function
confidence intervals.

Time periods of significant change are identified as periods where
the confidence interval on the first derivative of the GAM-estimated
trend does not include zero. Derivatives of the fitted trends are esti-
mated using centred finite differences, and 95% across-the-function

confidence intervals are calculated (see Simpson, 2018).

2.4 | Alternative GAM approach

Due to the site-specific nature of the PCA spaces and the poten-
tial challenges that may arise when directly comparing these spaces
between different clades, we also considered an alternative GAM
approach to validate our findings. This approach involves the calcu-
lation of temporal beta diversity for each site and running the GAM
on these values (see Supporting Information for a more detailed ex-
planation of this approach). As the alternative approach showed sim-
ilar results (see Supporting Information Figures S2-5S4), we conclude
that our PCA/GAM analysis is a valid approach to investigate the
relative temporal patterns and periods of significant compositional

change between different plankton groups.
2.5 | Sensitivity analysis
We conducted a sensitivity analysis to check whether our observed

plankton signals might be the result of sampling bias, as the num-
ber of available time series for planktonic foraminifera is about four
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times higher than the number of available time series for dinocysts
and coccolithophores. To do this, we resampled the planktonic fo-
raminifera dataset and created two subsets. One subset with time
series closest (geodesic distance) to the dinocyst time series and
another subset with time series closest to the coccolithophore time
series. We then recalculated the overall trend (GAMs) and periods of
significant change (1st derivative of GAMs) for these two planktonic
foraminifera subsets. The significance of the GAMs of these subsets
is also given by associated F-statistics and tests of the null hypoth-

esis of no trend.

2.6 | Spatio-temporal biodiversity change

To evaluate the spatio-temporal pattern of local biodiversity change,
we followed the analysis of Strack et al. (2022). For each location
and time step, we calculated species richness and the proportion of
gained and lost species compared to the oldest sample in the time
series, that is, the LGM. Species gains and losses take into account
species identity (Antdo et al., 2020) and were calculated for each
sample in a time series as the proportion of species either gained
or lost in comparison to the oldest sample in the time series. This
proportion was calculated in relation to the total number of species
observed in both samples pooled together (i.e. the oldest sample and
the analysed sample).

In addition to Strack et al. (2022), we also described the diversity
of assemblages, but by calculating the effective number of species
(ENS; MacArthur, 1965) as the exponential of the abundance-based
Shannon entropy (Shannon, 1948):

s
ENS = exp< - Zp,- X Inpi>,
p

where S is the number of species at a specific site and p; is the relative
abundance of the ith species.

Rates of local plankton biodiversity change were then expressed
as the slopes of linear models for species richness, gains, losses and
ENS across the entire studied time interval examined for each time
series. It is important to note that when expressed in this way, the
slopes only approximate the overall amount of change across time,
and the underlying change may not have been monotonic. In this
approximation, negative trends in certain parameters indicate that
younger samples in the time series are less different from the base-
line (the oldest sample in the time series) than the older samples.
Positive trends indicate that younger samples in the time series
are more different from the baseline than the older samples (see
Extended Data Figures 3 and 4 and Methods of Strack et al. (2022)
for a more detailed explanation).

To better understand the spatio-temporal dynamics of local
plankton biodiversity, we further assessed the difference between
the species richness and ENS of each sample in a time series and the
mean LGM species richness and ENS of that time series. Mean LGM
species richness and ENS were determined for all samples falling

within the LGM interval (i.e. 19-23ka, as defined in Mix et al. [2001]
and Kucera, Rosell-Melé, et al. [2005]). These differences were then
gridded into Hovmoller-like plots with a grid cell resolution in time

and space of 1 kyr and 2.5°.

2.7 | Rpackages

All statistical analyses were performed in R version 4.3.3 (R Core
Team, 2024) using the ‘tidyverse’ package (Wickham et al., 2019),
‘janitor’ package (Firke, 2023) and ‘ncdf4’ package (Pierce, 2023)
for cleaning and importing the data; ‘codyn’ (Hallett et al., 2016,
2020) and ‘vegan’ (Oksanen et al., 2020) packages for community
structure analyses; ‘FactoMineR’ (Lé et al., 2008) and ‘factoextra’
(Kassambara & Mundt, 2020) for the PCA,; ‘gratia’ (Simpson, 2024)
and ‘mgecv’ (Wood, 2011, 2017) for the GAM analysis; ‘geosphere’
(Hijmans, 2022) for spherical trigonometry used in the sensitivity
analysis; and ‘ggplot2’ (Wickham, 2016), ‘raster’ (Hijmans, 2023) and
‘patchwork’ (Pedersen, 2024) for the plots.

3 | RESULTS

We analysed 25 planktonic foraminifera, 6 dinocyst and 6 coccolith-
ophore assemblage time series across the latitudinal gradient of the
North Atlantic Ocean (Figure 1, Supporting Information Table S1). In
all three plankton groups, the first PC axes of compositional change
show a unidirectional trend, with the first PC axes of individual
trends explaining 20%-65% of the variance in planktonic foraminif-
era, 13%-23% in dinocyst and 17%-31% in coccolithophore time
series (Figure 2). The GAMs indicate that the overall temporal pat-
tern of all three plankton groups is characterized by a unidirectional
and statistically significant trend in compositional change (Table 2
and Figure 3a). However, it is important to note that these trends
are averaged per plankton group (i.e. GAMs) and individual time se-
ries may show distinct deviations from the GAM trends (Figure 2),
reflecting local changes at each of the sites analysed. While the
periods of significant change are similar for planktonic foraminif-
era and dinocysts, the timing is different for coccolithophores. For
planktonic foraminifera and dinocysts, the shift in assemblage com-
position started approximately with the onset of global warming
(15.5-17ka ago), and the assemblages continued to change through-
out the Holocene until at least 5ka ago (Figure 3). Interestingly, coc-
colithophore assemblages appear to have changed at a constant rate
throughout the past 24 kyr, irrespective of the prevailing tempera-
ture change. All three plankton groups show a substantial degree of
continued assemblage change even during the current warm period,
when global temperature change was low (Figure 3; see also Strack
et al. [2022] for more detailed analyses of planktonic foraminifera).
Because of the uneven sampling of the three plankton groups,
we tested whether the overall trend of planktonic foraminifera (the
group with the most time series) is similar when subsampling to the
time series closest to the dinocyst and coccolithophore time series

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT



WILEY-L7*"™

STRACKEET AL. Global Ecology Adournal of
and Biogeography gem
@) Current warm period Global-scale transition Last cold stage (b) .
5_ 60' . .‘)
o
ol 0 O 8
5 3 e® o)
g § 20 o
.. A~
0 (
—5 Planktonic foraminifera . .
3 6 9 12 15 18 21 24 50 -25 0 25
Age (ka) Longitude (°)
(c) (d)
51 60+
[%2] —~
S 3 40
- 0 £
g 5 201
0.
—51 Dinoflagellate cysts
3 6 9 12 15 18 21 24 50 -25 0 25
Age (ka) Longitude (°)
(e) ()
] ] ()
5 60 O
@ >
5 2 407 ®
[&] o
2ol 2 2
Q 5 20
9
01 °
—51 Coccolithophores
3 6 9 12 15 18 21 24 50 -25 0 25
Age (ka) Longitude (°)

PC1 variance
explained (%)

-1 30

-1 40

50

60

PC1 variance
explained (%)

20

30

PC1 variance
explained (%)

°
20
[

30
®

FIGURE 2 Compositional change in marine plankton groups during the past 24,000years obtained from analysis of time series of census
counts of three plankton groups: planktonic foraminifera (a,b, dark grey), dinocysts (c,d, yellow) and coccolithophores (e,f, blue). (a,c,e)
Compositional change within each time series, visualized as first principal component (PC1) axis scores (grey lines, interpolated at 0.5 kyr).
Overall compositional change is shown as generalized additive model (GAM) fits (coloured lines) and their 95% confidence intervals (coloured
shading). (b,d,f) Amount of variance explained by each individual PC1 axis at the location of each time series. The grey striped area in panels
a, ¢, e represents the period from the beginning of the Holocene (11.7 ka ago) until the stabilization of the global temperature (9.5ka ago; see

also Figure 3b).

TABLE 2 Summary statistics of fitted
generalized additive models (GAMs)

Dataset
on first PCs by plankton group with

R-sq.
(adj)

associated F-statistic and test of the null
hypothesis of no trend (p value).

Planktonic foraminifera (n=25)
Dinoflagellate cyst (n=6)
Coccolithophore (n=6)

Planktonic foraminifera subset | (n=6)

Planktonic foraminifera subset Il (n=6)

0.729
0.496
0.437
0.642
0.708

n_sample edf
1050 8.173
240 3.503
234 1

252 6.606
252 4.69

F

344.9
66.69

181.9
67.56

129.2

p value

<<0.0001
<<0.0001
<<0.0001
<<0.0001
<<0.0001

Note: R-sq. (adj): adjusted R-squared for the model; n_sample: number of data points (samples); edf:
estimated degrees of freedom; n: number of time series. Planktonic foraminifera subsets | and Il
relate to the sensitivity analysis described in the Methods and Figure 4.
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FIGURE 3 Relationship between
marine plankton assemblage and global
warming during the past 24,000years. (a)
Overall compositional change shown as
generalized additive model (GAM) fits (see
also Figure 2) for planktonic foraminifera
(dark grey), coccolithophores (blue)

and dinocysts (yellow) and their 95%
confidence intervals (coloured shading).
(b) Evolution of the global mean surface
temperature (Osman et al., 2021; red line).
The temperature anomaly is referenced

to the past two millennia (0-2ka). (c)
First derivatives of the GAM estimated

trends and their 95% confidence intervals
(coloured shading).
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(6 sites each). This sensitivity analysis shows that the overall trend
and the period of significant compositional change in planktonic for-
aminifera are robust to sampling bias (Figure 4 and Table 2).

To determine how these temporal patterns apply to the in-
dividual components of assemblage change, we next compared
changes in alpha-diversity and species gains and losses by com-
paring the slopes of linear models (Figure 5 and Supporting
Information Figures S5 and Sé6 for the two data subsets used in
the sensitivity analysis). It is important to note that in this ap-
proximation the underlying changes may not have been mono-
tonic (see Methods section for further details on interpreting the
trends). This analysis revealed that for all three plankton groups,
the largest change in species richness (and effective number of
species) occurred in the mid-latitudes, while the equatorial region
remained relatively stable or showed a slight decrease in species
richness (Figure 5a,g). All plankton groups show an asymmetry
in species gains and losses, with the magnitude of local immigra-
tion being higher than local extinction (Figure 5c-f). We observe

a higher accumulation of gained, new species in the mid-latitudes
(Figure 5c) and relatively stable values in the equatorial region,
consistent with the local trends in richness. In contrast, species
losses were highest in the equatorial region, but exhibited a lower
magnitude than species gains in the mid-latitudes (Figure 5e). We
also see a decrease in the proportion of lost species in the mid-
latitudes over the past 24 kyr (Figure 5e), implying that most spe-
cies present in this region during the LGM persisted throughout
the deglaciation, but the community was progressively enriched
by colonization from lower latitudes. Finally, we observe a consis-
tent decrease in ENS in the equatorial time series for all plankton
groups over the past 24 kyr (Figure 5g), even though the change
in species richness in the equatorial region was comparably small
(Figure 5a), meaning that most species present in the lower lat-
itudes during the LGM remained, but the dominance structure
of species in these assemblages changed over time. The median
values of species richness, gains and losses are comparable be-
tween the different plankton groups (Figure 5b,d,f). In contrast,
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FIGURE 4 To check for sampling bias, the planktonic foraminifera dataset (Figure 2a,b) was resampled to include only the time series
closest to the dinocyst (a,b, subset 1) and the coccolithophore (c,d, subset Il) records. (a,c) Compositional change within individual time
series shown as first principal component (PC1) axis scores (grey lines, interpolated at 0.5 kyr) and overall compositional change shown as
generalized additive model (GAM) fits (coloured lines) and their 95% confidence intervals (coloured shading). (b,d) Variance explained by
individual PC1 axes at each site. (e) First derivatives of the GAM estimated trends and their 95% confidence intervals (coloured shading).

the median ENS of dinocysts appears different when compared to
planktonic foraminifera and coccolithophores (Figure 5h), proba-
bly due to the relatively high spatial ENS variability in the dino-
cyst time series analysed (Figure 5g).

The spatio-temporal analysis of biodiversity changes in the three
plankton groups revealed that the notable increase in species rich-
ness in the mid-latitudes started to accumulate during the last degla-
ciation around 15ka (Figure 6). The observed decrease in equatorial
ENS (Figure 5g) started with the onset of the current warm period
around 12ka for planktonic foraminifera and dinocysts, and even
with the onset of global warming around 18 ka for coccolithophores,
and has intensified towards the present (Figure 6). Interestingly,
species richness and ENS of dinocysts and coccolithophores appear
to peak in the mid-latitudes between 6 and 9ka ago, followed by
a steady decrease (Figure 6d-i). A similar peak in alpha-diversity is

not as clearly discernible in the planktonic foraminifera time series,

where we have more records in the mid-latitudes (Figure 6a-c).

4 | DISCUSSION

The key focus of this study is the comparison of the relationship of
additional plankton groups (i.e. dinoflagellates and coccolithophores)
to climate change over the past 24 kyr with previously established
trends in planktonic foraminifera (Strack et al., 2022). The joint
analyses of the assemblage composition time series of these three
plankton groups reveal that the transformation of the marine envi-
ronment associated with global warming during the last deglaciation
was accompanied by a significant change in marine plankton assem-

blages. Despite the large differences in sampling, species diversity
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marine plankton biodiversity during the
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rates of change in (a,b) species richness,

the proportion of (c,d) species gained

and (e,f) species lost, and (g,h) effective
number of species (ENS) since the

Last Glacial Maximum for planktonic
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and ecology of planktonic foraminifera, dinoflagellates and cocco-
lithophores, these three plankton groups show remarkably similar
overall trends in the rates and spatio-temporal dynamics of local bio-
diversity change over the past 24 kyr (Figures 5 and 6, Supporting
Information Figures S5 and Sé). While they show a non-linear re-
lationship with temperature during climatically more stable periods
(Figure 3a,b), they also show some distinct differences between
clades in the detailed temporal pattern and periods of significant
compositional change (Figure 3c). Our sensitivity analysis (Figure 4)
indicates that the observed similarities and differences among the
patterns of the different clades are not affected by (latitudinal) sam-
pling bias, even though the number of dinocyst and coccolithophore
time series included is four times lower than the number of plank-
tonic foraminifera time series included, and the dinocyst and coc-
colithophore time series have a smaller spatial coverage (Figure 1,
Supporting Information Figure S7). The variance explained by the
first PC axes differs between sites and plankton groups, following a

general trend of decreasing explained variance with increasing spe-
cies richness in the assemblages (Supporting Information Figure S8).
Regardless of the site-specific nature of the PCA space, the observed
non-linear relationship of the different clades with temperature is
considered robust, as confirmed by an alternative methodological
approach (see Supporting Information and Figures 52-54).

4.1 | Similarities in the local rates of biodiversity
change during the past 24 kyr

In all three groups, the change associated with deglacial warm-
ing is characterized by a distinct, long-lasting shift in the species
composition of plankton assemblages (Figure 3), reflecting the
dominance of poleward species migration leading to an asymmetry
between local immigration and extinction (Figure 5c-f) and an ac-
cumulation of species in the mid-latitudes starting at around 15ka
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FIGURE 6 Spatio-temporal evolution of species alpha-diversity during the past 24,000vyears. (a,d,g) Locations of individual time series
per plankton group: planktonic foraminifera (grey squares), dinocysts (yellow triangles) and coccolithophores (blue circles). Differences in
(b,e,h) species richness and (c,f,i) effective number of species (ENS) between each given sample and the Last Glacial Maximum (LGM) mean
(i.e. 19-23 ka) of each time series. Grid cells show the mean difference of the given samples with a resolution of 1 kyr by 2.5° latitude.
Positive numbers (reddish colours) indicate that species richness or ENS has increased since the LGM, and negative numbers (blueish
colours) indicate that species richness or ENS has decreased since the LGM. Grey dots within the grids represent each individual sample.

(Figures 5a and 6). Although species richness remained relatively
stable in the lower latitudes during the past 24 kyr (Figures 5a and
6b,e,h), there is a consistent decrease in ENS in the equatorial time
series during the Holocene (Figure 6c,f,i). Thus, even though there
were few or no local species extinctions after the deglaciation,
some equatorial species became more dominant, resulting in less
diverse (lower ENS) assemblages. The observed decrease in lower
latitude ENS may therefore suggest that some equatorial plankton
species have already reached the maximum of their thermal range
in the Holocene, rendering equatorial plankton biodiversity vulner-
able to continued global warming. Indeed, recent losses in tropical
species richness have been described for many pelagic and benthic
chordates and benthic invertebrates such as gastropods, bivalves
and arthropods (Chaudhary et al., 2021), and are predicted for reef
corals (Kiessling et al., 2012), planktonic foraminifera (Yasuhara,

Wei, et al., 2020) and marine species in general (Brown et al., 2022;
Hodapp et al., 2023). In a recent deep-time analysis of the fossil re-
cord of planktonic foraminifera, Woodhouse et al. (2023) revealed
a global, clade-wide shift of planktonic foraminifera towards the
equator over the past 8 Myr in response to the cooling of the Earth
related to ice sheet formation and the associated emergence of
new (vertical) niches at lower latitudes due to colder bottom waters
from high latitudes (Fenton et al., 2023). About 8 Ma ago—a time
period when the average global temperature was as high as that
predicted for future anthropogenic global warming by the end of
this century—tropical species lived over 3000 km from the equator.
This long-term, clade-wide shift of the plankton likely has different
underlying mechanisms and lacks the glacial-interglacial dynamics
we observe in this study, which are likely periodic, but the patternis
similar. So, the observed decrease in ENS at lower latitudes during
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the Holocene (Figure 6) may be an early indicator of a plankton
shift away from the equator. Thus, our findings render the predic-
tion more likely that current and future anthropogenic warming of
the oceans may lead to an intensification of the reshuffling of ma-
rine flora and fauna, potentially leading to a decline (and possibly
extinction) of both endemic polar and equatorial species (Yasuhara
& Deutsch, 2022).

4.2 | Similarities in the non-linear relationship to
temperature during the past 24 kyr

All three plankton groups show a pronounced non-linear relation-
ship with climate change that is mainly evident from the continued
compositional change into the Holocene despite a more subdued
temperature change (Figure 3). Assemblages of planktonic foraminif-
era and dinoflagellates continued to change until around 5ka, while
coccolithophore assemblages changed at the same rate throughout
the whole investigated time period, despite the fact that the rate
of global warming changed at the start of the current warm period
(around 11ka, Figure 3b). The observed continued change in dino-
flagellate and coccolithophore assemblages during the Holocene
shows that previous findings for planktonic foraminifera (Strack
et al., 2022) are not group-specific, but occur in clades with different
diversities, trophic strategies and overall ecology.

The non-linear relationship of all investigated plankton groups
with temperature change during the past 24 kyr suggests either
that other environmental drivers with different effect strengths
and different temporal evolution during the past 24 kyr have
affected the plankton, or that the relationship of plankton as-
semblages with temperature change is modulated by biotic inter-
actions or other processes (such as extinction debt, neutral drift
or adaptation). As detailed in Strack et al. (2022), extinction lag
and neutral drift seem unlikely to be the main drivers of the con-
tinued compositional change of planktonic foraminifera during the
Holocene. Long extinction lags (of several thousand years) were
considered unlikely for marine plankton due to their short life cycle
and high dispersal potential by currents. Also, the accumulation
of species in the mid-latitudes after the end of the last deglacia-
tion is not a short transient phenomenon but persists for several
millennia (Figure 6), and we do not observe a continuous loss of
species in the mid-latitudes during the middle to late Holocene
that would indicate an extinction ‘payoff’ within the time inter-
val studied (Figure S9). The documentation of a rapid change in
planktonic foraminifera assemblages during a short-lived cold in-
terval (Heinrich Event |, Broecker, 1994; Figure 6b,c and Strack
et al., 2022) further suggests that any lags in plankton assemblage
change related to climate change are likely shorter than a millen-
nium. The overall trends in the rates and spatio-temporal dynam-
ics of local biodiversity change (e.g. poleward species migration,
decline of equatorial ENS) are consistent among the investigated
plankton groups (Figures 5 and 6), indicating that underlying se-
lective processes are more likely than purely stochastic processes

(neutral drift) as a cause for these similarities. Instead, it has been
suggested that the continued compositional change may indicate
a shift in the dominant drivers of plankton assemblage change
from more abiotic-dominated causes (i.e. environmental drivers)
during the last deglaciation to more biotic-dominated causes in the
Holocene (Strack et al., 2022).

4.3 | Assemblage change differences among
plankton groups and potential explanations

Incorporating the new results for dinoflagellates and coccolitho-
phores from this study, it can be concluded that while the non-linear
relationship with temperature change is recognized in all three plank-
ton groups, there are also noteworthy differences in the overall trend
of coccolithophores compared to the other two clades. Planktonic
foraminifera and dinoflagellate species assemblages began to change
on average at the same time as global warming, suggesting a potential
direct response to this temperature change. In contrast, average coc-
colithophore species assemblages changed at a constant rate during
the investigated time period (Figure 3b,c), indicating that the drivers
of community assembly may vary among clades.

Even though sea surface temperature (SST) is thought to be
the main predictor of the distribution and diversity of the plankton
groups investigated (see Table 1; Charalampopoulou et al., 2016;
Chen, Irwin, & Finkel, 2011; Esper & Zonneveld, 2002; Fenton
etal.,2016; Morey et al., 2005; O'Brien et al., 2016; Rillo et al., 2021;
Rutherford et al., 1999; Taylor et al., 2008), it is not the sole envi-
ronmental driver (e.g. Benedetti et al., 2023; Hohmann et al., 2020;
Rillo et al., 2021). We assume that the large temperature change
during the last deglaciation overwhelmed other (environmental)
processes during this period. Nevertheless, other abiotic factors
may also be driving changes in plankton biogeography, especially at
lower latitudes (Rillo et al., 2021) and during periods of lower tem-
perature change compared to the deglaciation. For instance, insola-
tion changes during the current warm period have led to a reduced
seasonal temperature range and water column stratification in the
mid to late Holocene (Berger & Loutre, 1991; Solignac et al., 2006).
These changes may influence plankton biogeography and diversity
to a different degree, with some plankton clades being more sen-
sitive or responsive due to their distinct ecologies. For example, a
lower seasonal temperature range could favour the expansion of
warm-adapted species, while changes in water column stratification
and associated changes in nutrient availability and light penetration
could impact the distribution of species adapted to various (verti-
cal) ecological niches.

Furthermore, Benedetti et al. (2023) used a modelling framework
to assess the importance of several environmental factors on plank-
ton distribution. They found nutrient concentration (i.e. the excess
of nitrate over phosphate) to be more important than SST for cocco-
lithophore species distribution, while SST was the main predictor of
the species distribution of all other plankton groups (except ptero-
pods). This disparity may further explain the divergent assemblage
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changes observed in coccolithophores compared to dinoflagellates
and planktonic foraminifera. It is also important to note that in our
analysis we compared overall compositional change to a single global
driver (mean SST), but this change at the clade level, as indicated by
the GAM fit, is the result of local drivers at the regional scale rather
than global drivers. At the regional scale, it is noticeable that in the
lower latitudes, coccolithophores show an early response to the last
deglaciation, marked by a distinct decrease in ENS with the onset of
the global warming at around 18ka, whereas this occurred later (be-
tween 12 and 15ka) in dinoflagellates and planktonic foraminifera
(Figure 6). This may indicate that some coccolithophore species have
already reached the maximum of their thermal range with the onset
of the last deglaciation. Considering the diversity of trophic strat-
egies and ecologies of the investigated plankton groups, these re-
sults suggest that the vulnerability to future equatorial warming may
vary among different plankton groups, with phytoplankton groups
potentially being at higher risk. Finally, the constant compositional
change of coccolithophores may also hint towards a more important
role of adaptation in the relationship of coccolithophores to global
warming compared to the other investigated plankton clades. This
interpretation is consistent with rapid diversification events in a
cosmopolitan coccolithophore species within the past 140 kyr, with
the most recent events occurring during the last glacial cycle (Bendif
et al., 2023). This constant adaptability of coccolithophores may
suggest an inherent capacity to adapt to evolving environmental
conditions. Either way, the apparent differences in response times
and drivers among coccolithophores, dinoflagellates and planktonic
foraminifera highlight the multifaceted nature of their relationship to
environmental change and emphasize the urgent need for targeted
research into the adaptive capacity of other plankton groups and the
influence of additional environmental factors, which will be crucial in
predicting the fate of planktonic communities under future anthro-
pogenic warming.

Furthermore, biotic factors, such as ecological interactions,
also drive compositional change of assemblages and have an im-
portant effect on plankton community structure (Lima-Mendez
et al., 2015). The poleward migration of species to new habitats
(Strack et al., 2022) and the persistence of the original species in
these habitats (Figure 6) caused the formation of novel assemblages
after the last deglaciation (Strack et al., 2022), in which new direct
and indirect interspecific ecological interactions are likely to have
emerged. For the investigated plankton groups in particular, these
could include changes in grazing pressure (all groups), changes in
food availability (planktonic foraminifera as well as some dinofla-
gellates and coccolithophores are mixo- or heterotroph), changes in
endosymbiont fitness (algal endosymbiont-bearing planktonic fora-
minifera and dinoflagellates) and exposure to new pathogens and/or
parasites (all groups). Such novel ecological interactions would cause
pressure on all groups and potentially drive assemblage change and
local adaptation (Brockhurst et al., 2014; Liow et al., 2011).

In conclusion, the non-linear relationship of all investigated
plankton groups with temperature change and the observed pro-
longed plankton compositional change into the Holocene (Figure 3c)
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semblage change from more abiotic-dominated causes (tempera-
ture forcing) during the last deglaciation to more biotic-dominated
causes. A similar shift in the dominant driver of assemblage change
was found in a 24 kyr record of terrestrial plants by Doncaster et al.
(2023). They found that abiotic forcing (temperature) was the main
driver of community assembly until around 9ka ago, while internal
processes (such as competitive and facilitative interactions among
species) dominated community assembly until the present, high-
lighting the importance of biotic interactions and mechanisms during
more climatically stable periods.

Applying these findings to our study, the reduced temperature
change, species migration and resulting novel ecological interactions
likely led to a large-scale readjustment of the plankton community to
warmer conditions after the onset of the current warm period. These
novel ecological interactions may potentially be a consequence of
environmental change during the last deglaciation, suggesting an
indirect link to the preceding climatic shift. In this hypothesis, the
plankton response to a large, unidirectional climate change would in-
volve a cascade of direct responses through asymmetric range shifts
leading to the establishment of novel communities and interactions,
followed by subsequent community transformation under reduced
environmental change due to biotic interactions in the new commu-
nities. Furthermore, the differences in the overall response of cocco-
lithophores compared to planktonic foraminifera and dinoflagellates
highlight the intricate interplay of environmental drivers, biotic in-
teractions and adaptation that shape marine plankton communities.

Our study provides insights into the potential historical shift
from more abiotic- to more biotic-dominated causes of changes in
plankton assemblages during the past 24 kyr. It is unclear whether
these trends persist today or how they will evolve under predicted
future anthropogenic warming. If similar dynamics are at play during
current climate warming, we can investigate the ongoing interplay
of abiotic and biotic drivers by examining the current domain of
plankton communities. This information, combined with data from
sedimentary archives, could then be used to determine whether fu-
ture changes in marine plankton will be governed by similar patterns
and whether novel dynamics will emerge. This approach could help
formulate more accurate predictions of the future response of the

marine ecosystem to predicted anthropogenic warming.

5 | CONCLUSION

The objective of this study was to reveal the spatio-temporal biodi-
versity patterns of planktonic foraminifera, dinoflagellates, and coc-
colithophores in the North Atlantic Ocean over the past 24 kyr. The
following conclusions can be drawn from our data:

1. The last deglaciation significantly affected both zoo- and phy-
toplankton assemblages. Despite differences in the ecology,
diversity and number of time series analysed among the inves-
tigated plankton groups, they show remarkably similar trends
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in the rates and spatio-temporal dynamics of local biodiversity
change during the past 24 kyr.

2. All plankton groups show a pronounced non-linear relationship
with climate change marked by continued compositional change
into the Holocene, despite low temperature changes, until at least
5ka, that is, several millennia after the end of the last deglaciation
and rapid global warming (see also Strack et al., 2022). The most
likely explanation for the continued assemblage change during
the climatically stable Holocene is a shift in the dominant driv-
ers of plankton assemblage change from more abiotic-dominated
causes during the last deglaciation to more biotic-dominated
causes with the onset of the Holocene.

3. Throughout the past 24 kyr, coccolithophores have exhibited a
consistent rate of overall compositional change, seemingly re-
gardless of prevailing temperature change. This suggests that the
importance of other (environmental) drivers and/or adaptation
processes may vary among clades.

In conclusion, our comprehensive analysis of planktonic foramin-
ifera, dinoflagellates and coccolithophores over the past 24 kyr shows
that zoo- and phytoplankton were affected by the last deglaciation,
which is in its magnitude of warming comparable to future projected
global warming (Jackson & Overpeck, 2000). The nuanced responses
and disparities among these vital groups with varying ecologies un-
derscore the intricate interplay of environmental drivers, biotic inter-
actions and adaptation shaping marine plankton communities during
the past 24 kyr. We therefore advocate for multi-faceted approaches
that consider various plankton groups and trophic levels, diverse en-
vironmental parameters, biological interactions and group-specific
rates of adaptation when assessing the impacts of ongoing and fu-
ture anthropogenic climate change on the marine ecosystem. Also,
most of the environmental change that has occurred over the past
24 kyr has taken at least 6000years to occur, whereas anthropogenic
global warming is expected to occur over a much shorter time period.
Furthermore, cold-adapted species were confronted with warm con-
ditions after the last deglaciation, whereas warm-adapted species will
face even warmer conditions in the future. Although this study re-
veals how the plankton community has responded to environmental
change similar in magnitude to projected future anthropogenic warm-
ing, the question remains whether plankton communities will cope
in a similar way with more rapid global warming. This is particularly
important given the potentially significant role of biotic interactions

in the observed response cascade.

AUTHOR CONTRIBUTIONS

H.H. and M.K. conceived the project idea, and all authors jointly con-
tributed to the design and planning of the project. T.S. conducted the
data analyses and designed the figures. T.S. wrote the R code with
contributions from L.J. as well as M.C.R.; and K.-H.B. conducted the
coccolithophore assemblage counts. All authors interpreted and dis-
cussed the results, and contributed to the writing and editing of the

manuscript.

FUNDING INFORMATION

T.S. and M.C.R. were supported through Germany's Excellence
Strategy, Cluster of Excellence ‘The Ocean Floor—Earth's Uncharted
Interface’ (EXC 2077, grant no. 390741603), funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation). L.J.
was supported through the German climate modelling initiative
PALMOD, funded by the German Ministry of Science and Education
(BMBF).

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

All data used and analysed during the current study are publicly avail-
ablein the PANGAEA and NOAA National Centers for Environmental
Information repositories. For information on links and paper refer-
ences to individual assemblage datasets, see Supporting Information
Table S1. The coccolithophore assemblage data from this study
are available at PANGAEA (https://doi.org/10.1594/PANGAEA.
965722). Modern global mean surface temperature and globally re-
solved surface temperature since the LGM are available at NOAA
(https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/bin/
woal8.pl and https://www.ncei.noaa.gov/pub/data/paleo/recon
structions/osman2021/). A taxonomically harmonized plankton as-
semblage dataset (i.e. the combined planktonic foraminifera, dino-
cyst and coccolithophore data) is available at Zenodo (https://doi.
org/10.5281/zeno0do.10803875). The R code used to generate the
results of this study is available at Zenodo (https://doi.org/10.5281/
zenodo.10803875).

ORCID

T. Strack "= https://orcid.org/0000-0003-4748-528X

L. Jonkers "= https://orcid.org/0000-0002-0253-2639
M. C. Rillo “* https://orcid.org/0000-0002-2471-0002
H. Hillebrand "= https://orcid.org/0000-0001-7449-1613
M. Kucera " https://orcid.org/0000-0002-7817-9018
REFERENCES

Al-Sabouni, N., Kucera, M., & Schmidt, D. N. (2007). Vertical niche sepa-
ration control of diversity and size disparity in planktonic foramin-
ifera. Marine Micropaleontology, 63(1-2), 75-90. https://doi.org/10.
1016/j.marmicro.2006.11.002

Antao, L. H., Bates, A. E., Blowes, S. A., Waldock, C., Supp, S. R., Magurran,
A. E., Dornelas, M., & Schipper, A. M. (2020). Temperature-related
biodiversity change across temperate marine and terrestrial sys-
tems. Nature Ecology & Evolution, 4(7), 927-933. https://doi.org/10.
1038/s41559-020-1185-7

Antell, G. S., Fenton, I. S., Valdes, P. J., & Saupe, E. E. (2021). Thermal
niches of planktonic foraminifera are static throughout glacial-
interglacial climate change. Proceedings of the National Academy
of Sciences of the United States of America, 118(18), e2017105118.
https://doi.org/10.1073/pnas.2017105118

Aubry, M.-P., Van Couvering, J. A., Christie-Blick, N., Landing, E.,
Pratt, B. R.,, Owen, D. E., & Ferrusquia-Villafranca, I. (2009).
Terminology of geological time: Establishment of a community

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT


https://doi.org/10.1594/PANGAEA.965722
https://doi.org/10.1594/PANGAEA.965722
https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/bin/woa18.pl
https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/bin/woa18.pl
https://www.ncei.noaa.gov/pub/data/paleo/reconstructions/osman2021/
https://www.ncei.noaa.gov/pub/data/paleo/reconstructions/osman2021/
https://doi.org/10.5281/zenodo.10803875
https://doi.org/10.5281/zenodo.10803875
https://doi.org/10.5281/zenodo.10803875
https://doi.org/10.5281/zenodo.10803875
https://orcid.org/0000-0003-4748-528X
https://orcid.org/0000-0003-4748-528X
https://orcid.org/0000-0002-0253-2639
https://orcid.org/0000-0002-0253-2639
https://orcid.org/0000-0002-2471-0002
https://orcid.org/0000-0002-2471-0002
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0002-7817-9018
https://orcid.org/0000-0002-7817-9018
https://doi.org/10.1016/j.marmicro.2006.11.002
https://doi.org/10.1016/j.marmicro.2006.11.002
https://doi.org/10.1038/s41559-020-1185-7
https://doi.org/10.1038/s41559-020-1185-7
https://doi.org/10.1073/pnas.2017105118

STRACK ET AL.

standard. Stratigraphy, 6(2), 100-105. https://doi.org/10.7916/
D8DR35JQ

Bach, L. T., Lohbeck, K. T., Reusch, T. B. H., & Riebesell, U. (2018). Rapid
evolution of highly variable competitive abilities in a key phyto-
plankton species. Nature Ecology & Evolution, 2(4), 611-613. https://
doi.org/10.1038/541559-018-0474-x

Beaugrand, G., Edwards, M., Raybaud, V., Goberville, E., & Kirby, R. R.
(2015). Future vulnerability of marine biodiversity compared with
contemporary and past changes. Nature Climate Change, 5(7), 695-
701. https://doi.org/10.1038/nclimate2650

Bendif, E. M., Probert, I., Archontikis, O. A., Young, J. R., Beaufort, L.,
Rickaby, R. E., & Filatov, D. (2023). Rapid diversification underlying
the global dominance of a cosmopolitan phytoplankton. The ISME
Journal, 17(4), 630-640. https://doi.org/10.1038/s41396-023-
01365-5

Benedetti, F., Gruber, N., & Vogt, M. (2023). Global gradients in species
richness of marine plankton functional groups. Journal of Plankton
Research, 45(6), 832-852. https://doi.org/10.1093/plankt/fbad044

Berger, A., & Loutre, M.-F. (1991). Insolation values for the climate of the
last 10 million years. Quaternary Science Reviews, 10(4), 297-317.
https://doi.org/10.1016/0277-3791(91)920033-Q

Boeckel, B., & Baumann, K.-H. (2008). Vertical and lateral variations in
coccolithophore community structure across the subtropical frontal
zone in the South Atlantic Ocean. Marine Micropaleontology, 67(3-4),
255-273. https://doi.org/10.1016/j.marmicro.2008.01.014

Brett, C. E.,, Hendy, A. J. W,, Bartholomew, A. J., Bonelli, J. R, &
McLaughlin, P. I. (2007). Response of shallow marine biotas to sea-
level fluctuations: A review of faunal replacement and the process
of habitat tracking. Palaios, 22(3), 228-244. https://doi.org/10.
2110/palo.2005.p05-028r

Brockhurst, M. A, Chapman, T., King, K. C., Mank, J. E., Paterson, S., &
Hurst, G. D. (2014). Running with the Red Queen: The role of biotic
conflicts in evolution. Proceedings of the Royal Society B, 281(1797),
20141382. https://doi.org/10.1098/rspb.2014.1382

Broecker, W. S. (1994). Massive iceberg discharges as triggers for global
climate change. Nature, 372(6505), 421-424. https://doi.org/10.
1038/372421a0

Brown, S. C., Mellin, C., Garcia Molinos, J., Lorenzen, E. D., & Fordham, D.
A. (2022). Faster ocean warming threatens richest areas of marine
biodiversity. Global Change Biology, 28(19), 5849-5858. https://doi.
org/10.1111/gcb.16328

Brummer, G.-J. A., & Kucera, M. (2022). Taxonomic review of living
planktonic foraminifera. Journal of Micropalaeontology, 41(1), 29-74.
https://doi.org/10.5194/jm-41-29-2022

Buitenhuis, E. T., Vogt, M., Moriarty, R., Bednarsek, N., Doney, S. C,,
Leblanc, K., le Quéré, C., Luo, Y. W., O'Brien, C., O'Brien, T,
Peloquin, J., Schiebel, R., & Swan, C. (2013). MAREDAT: Towards a
world atlas of MARine Ecosystem DATa. Earth System Science Data,
5(2), 227-239. https://doi.org/10.5194/essd-5-227-2013

Charalampopoulou, A., Poulton, A. J., Bakker, D. C. E., Lucas, M. I.,
Stinchcombe, M. C., & Tyrrell, T. (2016). Environmental drivers of
coccolithophore abundance and calcification across Drake Passage
(Southern Ocean). Biogeosciences, 13(21), 5917-5935. https://doi.
org/10.5194/bg-13-5917-2016

Chaudhary, C., Richardson, A. J., Schoeman, D. S., & Costello, M. J. (2021).
Global warming is causing a more pronounced dip in marine species
richness around the equator. Proceedings of the National Academy
of Sciences of the United States of America, 118(15), e2015094118.
https://doi.org/10.1073/pnas.2015094118

Chen, B., Irwin, A. J., & Finkel, Z. V. (2011). Biogeographic distribution
of diversity and size-structure of organic-walled dinoflagellate
cysts. Marine Ecology Progress Series, 425, 35-45. https://doi.org/
10.3354/meps08985

Chen, I. C., Hill, J. K., Shiu, H.-J,, Holloway, J. D., Benedick, S., Chey, V.
K., Barlow, H. S., & Thomas, C. D. (2011). Asymmetric boundary
shifts of tropical montane Lepidoptera over four decades of climate

Global Ecology = WILEY 150f 18

and Biogeography e

warming. Global Ecology and Biogeography, 20(1), 34-45. https://
doi.org/10.1111/j.1466-8238.2010.005%94.x

de Vernal, A., Eynaud, F., Henry, M., Hillaire-Marcel, C., Londeix, L.,
Mangin, S., Matthiessen, J., Marret, F., Radi, T., Rochon, A., Solignac,
S., & Turon, J. L. (2005). Reconstruction of sea-surface conditions
at middle to high latitudes of the Northern Hemisphere during the
Last Glacial Maximum (LGM) based on dinoflagellate cyst assem-
blages. Quaternary Science Reviews, 24(7-9), 897-924. https://doi.
org/10.1016/j.quascirev.2004.06.014

de Vernal, A., Radi, T., Zaragosi, S., van Nieuwenhove, N., Rochon, A.,
Allan, E., de Schepper, S., Eynaud, F., Head, M. J,, Limoges, A.,
Londeix, L., Marret, F., Matthiessen, J., Penaud, A., Pospelova,
V., Price, A., & Richerol, T. (2020). Distribution of common mod-
ern dinoflagellate cyst taxa in surface sediments of the Northern
Hemisphere in relation to environmental parameters: The new
n=1968 database. Marine Micropaleontology, 159, 101796. https://
doi.org/10.1016/j.marmicro.2019.101796

Dennison, J. M., & Hay, W. W. (1967). Estimating the needed sampling
area for subaquatic ecologic studies. Journal of Paleontology, 41(3),
706-708.

Doncaster, C. P., Edwards, M. E., Clarke, C. L., & Alsos, |. G. (2023). The
drivers of plant community composition have shifted from external
to internal processes over the past 20,000years. Communications
Earth & Environment, 4(1), 171. https://doi.org/10.1038/
s43247-023-00834-1

Dornelas, M., Antao, L. H., Moyes, F., Bates, A. E., Magurran, A. E., Adam,
D., Akhmetzhanova, A. A., Appeltans, W., Arcos, J. M., Arnold,
H., Ayyappan, N., Badihi, G., Baird, A. H., Barbosa, M., Barreto, T.
E., Bassler, C., Bellgrove, A., Belmaker, J., Benedetti-Cecchi, L., ...
Hickler, T. (2018). BioTIME: A database of biodiversity time series
for the Anthropocene. Global Ecology and Biogeography, 27(7), 760-
786. https://doi.org/10.1111/geb.12729

Esper, O., & Zonneveld, K. A. F. (2002). Distribution of organic-walled
dinoflagellate cysts in surface sediments of the Southern Ocean
(eastern Atlantic sector) between the Subtropical Front and the
Weddell Gyre. Marine Micropaleontology, 46(1-2), 177-208. https://
doi.org/10.1016/s0377-8398(02)00041-5

Fauth, J. E., Bernardo, J., Camara, M., Resetarits, W. J., Van Buskirk, J.,
& McCollum, S. A. (1996). Simplifying the jargon of community
ecology: A conceptual approach. The American Naturalist, 147(2),
282-286. https://doi.org/10.2307/2463205

Fenton, I. S., Aze, T., Farnsworth, A., Valdes, P., & Saupe, E. E. (2023).
Origination of the modern-style diversity gradient 15 million years
ago. Nature, 614(7949), 708-712. https://doi.org/10.1038/s4158
6-023-05712-6

Fenton, I. S., Pearson, P. N., Dunkley Jones, T., & Purvis, A. (2016).
Environmental predictors of diversity in recent planktonic foramin-
ifera as recorded in marine sediments. PLoS ONE, 11(11), e0165522.
https://doi.org/10.1371/journal.pone.0165522

Firke, S. (2023). Janitor: Simple tools for examining and cleaning dirty
data. R package version 2.2.0. https://CRAN.R-project.org/packa
ge=janitor

Garcia Molinos, J., Halpern, B. S., Schoeman, D. S., Brown, C. J., Kiessling,
W., Moore, P. J,, Pandolfi, J. M., Poloczanska, E. S., Richardson, A.
J., & Burrows, M. T. (2016). Climate velocity and the future global
redistribution of marine biodiversity. Nature Climate Change, 6(1),
83-88. https://doi.org/10.1038/nclimate2769

Geerts, A. N., Vanoverbeke, J., Vanschoenwinkel, B., van Doorslaer, W.,
Feuchtmayr, H., Atkinson, D., Moss, B., Davidson, T. A., Sayer, C. D.,
& de Meester, L. (2015). Rapid evolution of thermal tolerance in the
water flea Daphnia. Nature Climate Change, 5(7), 665-668. https://
doi.org/10.1038/nclimate2628

Gersonde, R., Crosta, X., Abelmann, A., & Armand, L. (2005). Sea-
surface temperature and sea ice distribution of the Southern
Ocean at the EPILOG Last Glacial Maximum—A circum-Antarctic
view based on siliceous microfossil records. Quaternary Science

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT


https://doi.org/10.7916/D8DR35JQ
https://doi.org/10.7916/D8DR35JQ
https://doi.org/10.1038/s41559-018-0474-x
https://doi.org/10.1038/s41559-018-0474-x
https://doi.org/10.1038/nclimate2650
https://doi.org/10.1038/s41396-023-01365-5
https://doi.org/10.1038/s41396-023-01365-5
https://doi.org/10.1093/plankt/fbad044
https://doi.org/10.1016/0277-3791(91)90033-Q
https://doi.org/10.1016/j.marmicro.2008.01.014
https://doi.org/10.2110/palo.2005.p05-028r
https://doi.org/10.2110/palo.2005.p05-028r
https://doi.org/10.1098/rspb.2014.1382
https://doi.org/10.1038/372421a0
https://doi.org/10.1038/372421a0
https://doi.org/10.1111/gcb.16328
https://doi.org/10.1111/gcb.16328
https://doi.org/10.5194/jm-41-29-2022
https://doi.org/10.5194/essd-5-227-2013
https://doi.org/10.5194/bg-13-5917-2016
https://doi.org/10.5194/bg-13-5917-2016
https://doi.org/10.1073/pnas.2015094118
https://doi.org/10.3354/meps08985
https://doi.org/10.3354/meps08985
https://doi.org/10.1111/j.1466-8238.2010.00594.x
https://doi.org/10.1111/j.1466-8238.2010.00594.x
https://doi.org/10.1016/j.quascirev.2004.06.014
https://doi.org/10.1016/j.quascirev.2004.06.014
https://doi.org/10.1016/j.marmicro.2019.101796
https://doi.org/10.1016/j.marmicro.2019.101796
https://doi.org/10.1038/s43247-023-00834-1
https://doi.org/10.1038/s43247-023-00834-1
https://doi.org/10.1111/geb.12729
https://doi.org/10.1016/s0377-8398(02)00041-5
https://doi.org/10.1016/s0377-8398(02)00041-5
https://doi.org/10.2307/2463205
https://doi.org/10.1038/s41586-023-05712-6
https://doi.org/10.1038/s41586-023-05712-6
https://doi.org/10.1371/journal.pone.0165522
https://cran.r-project.org/package=janitor
https://cran.r-project.org/package=janitor
https://doi.org/10.1038/nclimate2769
https://doi.org/10.1038/nclimate2628
https://doi.org/10.1038/nclimate2628

STRACK ET AL.

16of 18 Wl LEY Global Ecology A douralof
and Biogeography g

Reviews, 24(7-9), 869-896. https://doi.org/10.1016/j.quascirev.
2004.07.015

Godrijan, J., Drapeau, D., & Balch, W. M. (2020). Mixotrophic up-
take of organic compounds by coccolithophores. Limnology and
Oceanography, 65(6), 1410-1421. https://doi.org/10.1002/Ino.
11396

Godrijan, J., Drapeau, D. T., & Balch, W. M. (2022). Osmotrophy of dis-
solved organic carbon by coccolithophores in darkness. The New
Phytologist, 233(2), 781-794. https://doi.org/10.1111/nph.17819

Hallett, L. M., Avolio, M., Carroll, I., Jones, S. K., MacDonald, A., Flynn, D.
F. B., Slaughter, P, Ripplinger, J., Collins, S. L., Gries, C., & Jones, M.
B. (2020). codyn: Community dynamics metrics. R package version
2.0.5. https://github.com/NCEAS/codyn https://doi.org/10.5063/
FIN877Z6

Hallett, L. M., Jones, S. K., MacDonald, A. A. M., Jones, M. B., Flynn, D.
F. B., Ripplinger, J., Slaughter, P., Gries, C., & Collins, S. L. (2016).
codyn: An R package of community dynamics metrics. Methods in
Ecology and Evolution, 7(10), 1146-1151. https://doi.org/10.1111/
2041-210x.12569

Head, M. J. (1996). Modern dinoflagellate cysts and their biological affin-
ities. In J. Jansonius & D. C. McGregor (Eds.), Palynology: Principles
and applications (Vol. 3, pp. 1197-1248). American Association of
Stratigraphic Palynologists Foundation.
Hijmans, R. J. (2022). Geosphere: Spherical trigonometry. R package ver-
sion1.5-18 https://CRAN.R-project.org/package=geosphere
Hijmans, R. J. (2023). raster: Geographic data analysis and modeling.
R package version 3.6-26 https://CRAN.R-project.org/package=
raster

Hinder, S. L., Hays, G. C., Edwards, M., Roberts, E. C., Walne, A. W., &
Gravenor, M. B. (2012). Changes in marine dinoflagellate and dia-
tom abundance under climate change. Nature Climate Change, 2(4),
271-275. https://doi.org/10.1038/nclimate1388

Hodapp, D., Roca, I. T., Fiorentino, D., Garilao, C., Kaschner, K., Kesner-
Reyes, K., Schneider, B., Segschneider, J., Kocsis, A. T., Kiessling, W.,
Brey, T., & Froese, R. (2023). Climate change disrupts core habitats
of marine species. Global Change Biology, 29, 3304-3317. https://
doi.org/10.1111/gcb.16612

Hohmann, S., Kucera, M., & de Vernal, A. (2020). Identifying the signature
of sea-surface properties in dinocyst assemblages: Implications for
quantitative palaeoceanographical reconstructions by transfer
functions and analogue techniques. Marine Micropaleontology, 159,
101816. https://doi.org/10.1016/j.marmicro.2019.101816

Holzwarth, U., Meggers, H., Esper, O., Kuhlmann, H., Freudenthal, T.,
Hensen, C., & Zonneveld, K. A. F. (2010). NW African climate varia-
tions during the last 47,000years: Evidence from organic-walled di-
noflagellate cysts. Palaeogeography Palaeoclimatology Palaeoecology,
291(3-4), 443-455. https://doi.org/10.1016/j.palae0.2010.03.013

Jackson, S. T., & Overpeck, J. T. (2000). Responses of plant populations
and communities to environmental changes of the late quaternary.
Paleobiology, 26(sp4), 194-220. https://doi.org/10.1666/0094-
8373(2000)26[194:Roppac]2.0.Co;2

Jeong, H. J., Yoo, Y. D., Park, J. Y., Song, J. Y., Kim, S. T,, Lee, S. H., Kim, K.
Y., & Yih, W. H. (2005). Feeding by phototrophic red-tide dinoflagel-
lates: Five species newly revealed and six species previously known
to be mixotrophic. Aquatic Microbial Ecology, 40, 133-150. https://
doi.org/10.3354/ame040133

Jonkers, L., Cartapanis, O., Langner, M., McKay, N., Mulitza, S., Strack,
T., & Kucera, M. (2020). Integrating palaeoclimate time series with
rich metadata for uncertainty modelling: Strategy and documenta-
tion of the PalMod 130k marine palaeoclimate data synthesis. Earth
System Science Data, 12(2), 1053-1081. https://doi.org/10.5194/
essd-12-1053-2020

Jonkers, L., Hillebrand, H., & Kucera, M. (2019). Global change drives
modern plankton communities away from the pre-industrial state.
Nature, 570(7761), 372-375. https://doi.org/10.1038/s4158
6-019-1230-3

Kassambara, A., & Mundt, F. (2020). factoextra: Extract and visualize
the results of multivariate fata analyses. R package version 1.0.7.
https://CRAN.R-project.org/package=factoextra

Kidwell, S. M. (2001). Preservation of species abundance in marine death
assemblages. Science, 294(5544), 1091-1094. https://doi.org/10.
1126/science.1064539

Kiessling, W., Simpson, C., Beck, B., Mewis, H., & Pandolfi, J. M. (2012).
Equatorial decline of reef corals during the last Pleistocene inter-
glacial. Proceedings of the National Academy of Sciences of the United
States of America, 109(52), 21378-21383. https://doi.org/10.1073/
pnas.1214037110

Kiessling, W., Smith, J. A., & Raja, N. B. (2023). Improving the rele-
vance of paleontology to climate change policy. Proceedings of the
National Academy of Sciences of the United States of America, 120(7),
€2201926119. https://doi.org/10.1073/pnas.2201926119

Kucera, M., Rosell-Melé, A., Schneider, R., Waelbroeck, C., & Weinelt,
M. (2005). Multiproxy approach for the reconstruction of the gla-
cial ocean surface (MARGO). Quaternary Science Reviews, 24(7-9),
813-819. https://doi.org/10.1016/j.quascirev.2004.07.017

Kucera, M., Weinelt, M., Kiefer, T., Pflaumann, U., Hayes, A., Weinelt,
M., Chen, M. T., Mix, A. C., Barrows, T. T., Cortijo, E., Duprat, J.,
Juggins, S., & Waelbroeck, C. (2005). Reconstruction of sea-surface
temperatures from assemblages of planktonic foraminifera: Multi-
technique approach based on geographically constrained calibra-
tion data sets and its application to glacial Atlantic and Pacific
Oceans. Quaternary Science Reviews, 24(7-9), 951-998. https://doi.
org/10.1016/j.quascirev.2004.07.014

L&, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for mul-
tivariate analysis. Journal of Statistical Software, 25(1), 1-18. https://
doi.org/10.18637/jss.v025.i01

Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., Murienne,
J., & Grenouillet, G. (2020). Species better track climate warming
in the oceans than on land. Nature Ecology & Evolution, 4(8), 1044-
1059. https://doi.org/10.1038/s41559-020-1198-2

Lima-Mendez, G., Faust, K., Henry, N., Decelle, J., Colin, S., Carcillo, F.,
Chaffron, S., Ignacio-Espinosa, J. C., Roux, S., Vincent, F., Bittner, L.,
Darzi, Y., Wang, J., Audic, S., Berline, L., Bontempi, G., Cabello, A. M.,
Coppola, L., Cornejo-Castillo, F. M., ... Raes, J. (2015). Determinants
of community structure in the global plankton interactome. Science,
348(6237), 1262073. https://doi.org/10.1126/science.1262073

Liow, L. H.,, Van Valen, L., & Stenseth, N. C. (2011). Red Queen: From
populations to taxa and communities. Trends in Ecology & Evolution,
26(7), 349-358. https://doi.org/10.1016/j.tree.2011.03.016

Lisiecki, L. E., & Stern, J. V. (2016). Regional and global benthic 580
stacks for the last glacial cycle. Paleoceanography, 31(10), 1368-
1394. https://doi.org/10.1002/2016pa003002

Locarnini, R. A, Mishonov, A. V., Baranova, O. K., Boyer, T. P., Zweng, M.
M., Garcia, H. E., Seidov, D., Weathers, K. W., Paver, C.R., & Smolyar,
1. V. (2019). World Ocean Atlas 2018, Volume 1: Temperature. A.
Mishonov, Technical Editor. NOAA Atlas NESDIS, 81, 52.

Lohbeck, K. T., Riebesell, U., & Reusch, T. B. H. (2012). Adaptive evolu-
tion of a key phytoplankton species to ocean acidification. Nature
Geoscience, 5(5), 346-351. https://doi.org/10.1038/ngeo1441

MacArthur, R. H. (1965). Patterns of species diversity. Biological Reviews,
40(4), 510-533.

Mix, A. C., Bard, E., & Schneider, R. (2001). Environmental processes of
the ice age: Land, oceans, glaciers (EPILOG). Quaternary Science
Reviews, 20(4), 627-657. https://doi.org/10.1016/s0277-3791(00)
00145-1

Mohan, R., Mergulhao, L. P., Guptha, M. V. S., Rajakumar, A., Thamban,
M., AnilKumar, N., Sudhakar, M., & Ravindra, R. (2008). Ecology
of coccolithophores in the Indian sector of the Southern Ocean.
Marine Micropaleontology, 67(1-2), 30-45. https://doi.org/10.
1016/j.marmicro.2007.08.005

Morey, A. E., Mix, A. C., & Pisias, N. G. (2005). Planktonic foramin-
iferal assemblages preserved in surface sediments correspond to

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT


https://doi.org/10.1016/j.quascirev.2004.07.015
https://doi.org/10.1016/j.quascirev.2004.07.015
https://doi.org/10.1002/lno.11396
https://doi.org/10.1002/lno.11396
https://doi.org/10.1111/nph.17819
https://github.com/NCEAS/codyn
https://doi.org/10.5063/F1N877Z6
https://doi.org/10.5063/F1N877Z6
https://doi.org/10.1111/2041-210x.12569
https://doi.org/10.1111/2041-210x.12569
https://cran.r-project.org/package=geosphere
https://cran.r-project.org/package=raster
https://cran.r-project.org/package=raster
https://doi.org/10.1038/nclimate1388
https://doi.org/10.1111/gcb.16612
https://doi.org/10.1111/gcb.16612
https://doi.org/10.1016/j.marmicro.2019.101816
https://doi.org/10.1016/j.palaeo.2010.03.013
https://doi.org/10.1666/0094-8373(2000)26%5B194:Roppac%5D2.0.Co;2
https://doi.org/10.1666/0094-8373(2000)26%5B194:Roppac%5D2.0.Co;2
https://doi.org/10.3354/ame040133
https://doi.org/10.3354/ame040133
https://doi.org/10.5194/essd-12-1053-2020
https://doi.org/10.5194/essd-12-1053-2020
https://doi.org/10.1038/s41586-019-1230-3
https://doi.org/10.1038/s41586-019-1230-3
https://cran.r-project.org/package=factoextra
https://doi.org/10.1126/science.1064539
https://doi.org/10.1126/science.1064539
https://doi.org/10.1073/pnas.1214037110
https://doi.org/10.1073/pnas.1214037110
https://doi.org/10.1073/pnas.2201926119
https://doi.org/10.1016/j.quascirev.2004.07.017
https://doi.org/10.1016/j.quascirev.2004.07.014
https://doi.org/10.1016/j.quascirev.2004.07.014
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1038/s41559-020-1198-2
https://doi.org/10.1126/science.1262073
https://doi.org/10.1016/j.tree.2011.03.016
https://doi.org/10.1002/2016pa003002
https://doi.org/10.1038/ngeo1441
https://doi.org/10.1016/s0277-3791(00)00145-1
https://doi.org/10.1016/s0277-3791(00)00145-1
https://doi.org/10.1016/j.marmicro.2007.08.005
https://doi.org/10.1016/j.marmicro.2007.08.005

STRACK ET AL.

multiple environment variables. Quaternary Science Reviews, 24(7-
9), 925-950. https://doi.org/10.1016/j.quascirev.2003.09.011

Nolan, C., Overpeck, J. T., Allen, J. R. M., Anderson, P. M., Betancourt, J.
L., Binney, H. A, Brewer, S., Bush, M. B., Chase, B. M., Cheddadi, R.,
Djamali, M., Dodson, J., Edwards, M. E., Gosling, W. D., Haberle, S.,
Hotchkiss, S. C., Huntley, B., Ivory, S. J., Kershaw, A. P,, ... Jackson,
S. T. (2018). Past and future global transformation of terrestrial
ecosystems under climate change. Science, 361(6405), 920-923.
https://doi.org/10.1126/science.aan5360

Q'Brien, C. J., Vogt, M., & Gruber, N. (2016). Global coccolithophore di-
versity: Drivers and future change. Progress in Oceanography, 140,
27-42. https://doi.org/10.1016/j.pocean.2015.10.003

Oksanen, J., Blanchet, F. G, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., ... Wagner, H. (2020). vegan: Community ecology package. R
package version2.5-7 https://CRAN.R-project.org/package=vegan

Osman, M. B., Tierney, J. E., Zhu, J., Tardif, R., Hakim, G. J., King, J., &
Poulsen, C. J. (2021). Globally resolved surface temperatures since
the Last Glacial Maximum. Nature, 599(7884), 239-244. https://doi.
org/10.1038/s41586-021-03984-4

Padfield, D., Yvon-Durocher, G., Buckling, A., Jennings, S., & Yvon-
Durocher, G. (2016). Rapid evolution of metabolic traits explains
thermal adaptation in phytoplankton. Ecology Letters, 19(2), 133-
142. https://doi.org/10.1111/ele.12545

Parmesan, C. (2006). Ecological and evolutionary responses to recent
climate change. Annual Review of Ecology, Evolution, and Systematics,
37(1), 637-669. https://doi.org/10.1146/annurev.ecolsys.37.
091305.110100

Pedersen, T. L. (2024). patchwork: The composer of plots. R package ver-
sion 1.2.0. https://CRAN.R-project.org/package=patchwork

Phleger, F. B. (1960). Ecology and distribution of recent foraminifera. John
Hopkins University Press.

Pierce, D. (2023). ncdf4: Interface to Unidata netCDF (Version 4 or
Earlier) Format Data Files. R package version 1.22. https://CRAN.
R-project.org/package=ncdf4

Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman,
D.S.,Moore, P.J,, Brander, K., Bruno, J. F., Buckley, L. B., Burrows, M.
T., Duarte, C. M., Halpern, B. S., Holding, J., Kappel, C. V., O'Connor,
M. I., Pandolfi, J. M., Parmesan, C., Schwing, F., Thompson, S. A., &
Richardson, A. J. (2013). Global imprint of climate change on ma-
rine life. Nature Climate Change, 3(10), 919-925. https://doi.org/10.
1038/nclimate1958

R Core Team. (2024). R: A language and environment for statistical com-
puting. https://www.R-project.org/

Rillo, M. C., Sugawara, M. T. C., Cabella, B., Jonkers, L., Baranowski, U.
K., Ku¢era, M., ... Ezard, T. H. G. (2019). On the mismatch in the
strength of competition among fossil and modern species of plank-
tonic foraminifera. Global Ecology and Biogeography, 28(12), 1866-
1878. https://doi.org/10.1111/geb.13000

Rillo, M. C., Woolley, S., & Hillebrand, H. (2021). Drivers of global
pre-industrial patterns of species turnover in planktonic fora-
minifera. Ecography, 2022(1), e05892. https://doi.org/10.1111/
ecog.05892

Root, T. L., Price, J. T., Hall, K. R, Schneider, S. H., Rosenzweig, C., &
Pounds, J. A. (2003). Fingerprints of global warming on wild animals
and plants. Nature, 421(6918), 57-60. https://doi.org/10.1038/
nature01333

Rost, B., & Riebesell, U. (2004). Coccolithophores and the biological
pump: Responses to environmental changes. In H. R. Thierstein & J.
R. Young (Eds.), Coccolithophores: From molecular processes to global
impact (pp. 99-125). Springer.

Rufino, M. M., Salgueiro, E., Voelker, A. A. H. L., Polito, P. S., Cermefio,
P. A., & Abrantes, F. (2022). Ocean kinetic energy and photosyn-
thetic biomass are important drivers of planktonic foraminifera di-
versity in the Atlantic Ocean. Frontiers in Marine Science, 9, 887346.
https://doi.org/10.3389/fmars.2022.887346

Global Ecology o Wl LEY 17 of 18

and Biogeography e

Rutherford, S., D'Hondt, S., & Prell, W. (1999). Environmental controls
on the geographic distribution of zooplankton diversity. Nature,
400(6746), 749-753. https://doi.org/10.1038/23449

Schiebel, R., & Hemleben, C. (2017). Planktic foraminifers in the modern
ocean. Springer.

Shannon, C. E. (1948). A mathematical theory of communication. Bell
System Technical Journal, 27(3), 379-423. https://doi.org/10.1002/j.
1538-7305.1948.th01338.x

Siccha, M., & Kucera, M. (2017). ForCenS, a curated database of plank-
tonic foraminifera census counts in marine surface sediment sam-
ples. Scientific Data, 4, 170109. https://doi.org/10.1038/sdata.
2017.109

Simpson, G. (2024). gratia: Graceful ggplot-based graphics and other
functions for GAMs fitted using mgcv. R package version 0.8.2.
https://gavinsimpson.github.io/gratia/

Simpson, G. L. (2018). Modelling palaeoecological time series using gen-
eralised additive models. Frontiers in Ecology and the Environment, 6,
149. https://doi.org/10.3389/fev0.2018.00149

Solignac, S., Giraudeau, J., & de Vernal, A. (2006). Holocene sea surface
conditions in the western North Atlantic: Spatial and temporal het-
erogeneities. Paleoceanography, 21(2), PA2004. https://doi.org/10.
1029/2005pa001175

Stoecker, D. K. (1999). Mixotrophy among dinoflagellates. The Journal of
Eukaryotic Microbiology, 46(4), 397-401. https://doi.org/10.1111/j.
1550-7408.1999.tb04619.x

Strack, T., Jonkers, L., Rillo, M. C., Hillebrand, H., & Kucera, M. (2022).
Plankton response to global warming is characterized by non-
uniform shifts in assemblage composition since the last ice age.
Nature Ecology & Evolution, 6(12), 1871-1880. https://doi.org/10.
1038/s41559-022-01888-8

Takagi, H., Kimoto, K., Fujiki, T., Saito, H., Schmidt, C., Kucera, M., &
Moriya, K. (2019). Characterizing photosymbiosis in modern plank-
tonic foraminifera. Biogeosciences, 16(17), 3377-3396. https://doi.
org/10.5194/bg-16-3377-2019

Taylor, F. J. R., Hoppenrath, M., & Saldarriaga, J. F. (2008). Dinoflagellate
diversity and distribution. Biodiversity and Conservation, 17(2), 407-
418. https://doi.org/10.1007/s10531-007-9258-3

Tittensor, D. P.,, Mora, C., Jetz, W., Lotze, H. K., Ricard, D., Berghe, E. V.,
& Worm, B. (2010). Global patterns and predictors of marine biodi-
versity across taxa. Nature, 466(7310), 1098-1101. https://doi.org/
10.1038/nature09329

Tomasovych, A., & Kidwell, S. M. (2009). Preservation of spatial and en-
vironmental gradients by death assemblages. Paleobiology, 35(1),
119-145. https://doi.org/10.1666/07081.1

Van der Putten, W. H., Macel, M., & Visser, M. E. (2010). Predicting spe-
cies distribution and abundance responses to climate change: Why
it is essential to include biotic interactions across trophic levels.
Philosophical Transactions of the Royal Society B, 365(1549), 2025-
2034. https://doi.org/10.1098/rstb.2010.0037

Vellend, M. (2010). Conceptual synthesis in community ecology. The
Quarterly Review of Biology, 85(2), 183-206. https://doi.org/10.
1086/652373

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.
J. C., Fromentin, J. M., Hoegh-Guldberg, O., & Bairlein, F. (2002).
Ecological responses to recent climate change. Nature, 416(6879),
389-395. https://doi.org/10.1038/41638%a

Waterson, A. M., Edgar, K. M., Schmidt, D. N., & Valdes, P. J. (2017).
Quantifying the stability of planktic foraminiferal physical niches be-
tween the Holocene and Last Glacial Maximum. Paleoceanography,
32(1), 74-89. https://doi.org/10.1002/2016pa002964

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois,
R., Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M.,
Pedersen, T., Miller, E., Bache, S., Miiller, K., Ooms, J., Robinson, D.,
Seidel, D., Spinu, V., ... Yutani, H. (2019). Welcome to the Tidyverse.

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT


https://doi.org/10.1016/j.quascirev.2003.09.011
https://doi.org/10.1126/science.aan5360
https://doi.org/10.1016/j.pocean.2015.10.003
https://cran.r-project.org/package=vegan
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1038/s41586-021-03984-4
https://doi.org/10.1111/ele.12545
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://cran.r-project.org/package=patchwork
https://cran.r-project.org/package=ncdf4
https://cran.r-project.org/package=ncdf4
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1038/nclimate1958
https://www.r-project.org/
https://doi.org/10.1111/geb.13000
https://doi.org/10.1111/ecog.05892
https://doi.org/10.1111/ecog.05892
https://doi.org/10.1038/nature01333
https://doi.org/10.1038/nature01333
https://doi.org/10.3389/fmars.2022.887346
https://doi.org/10.1038/23449
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1038/sdata.2017.109
https://doi.org/10.1038/sdata.2017.109
https://gavinsimpson.github.io/gratia/
https://doi.org/10.3389/fevo.2018.00149
https://doi.org/10.1029/2005pa001175
https://doi.org/10.1029/2005pa001175
https://doi.org/10.1111/j.1550-7408.1999.tb04619.x
https://doi.org/10.1111/j.1550-7408.1999.tb04619.x
https://doi.org/10.1038/s41559-022-01888-8
https://doi.org/10.1038/s41559-022-01888-8
https://doi.org/10.5194/bg-16-3377-2019
https://doi.org/10.5194/bg-16-3377-2019
https://doi.org/10.1007/s10531-007-9258-3
https://doi.org/10.1038/nature09329
https://doi.org/10.1038/nature09329
https://doi.org/10.1666/07081.1
https://doi.org/10.1098/rstb.2010.0037
https://doi.org/10.1086/652373
https://doi.org/10.1086/652373
https://doi.org/10.1038/416389a
https://doi.org/10.1002/2016pa002964

STRACK ET AL.

18 of 18 Wl LEY Global Ecology A douralof
and Biogeography g

Journal of Open Source Software, 4(43), 1686. https://doi.org/10.
21105/joss.01686

Wood, S. N. (2011). Fast stable restricted maximum likelihood and mar-
ginal likelihood estimation of semiparametric generalized linear
models. Journal of the Royal Statistical Society,Series B(Statistical
Methodology), 73(1), 3-36. https://doi.org/10.1111/j.1467-9868.
2010.00749.x

Wood, S. N. (2017). Generalized additive models: An introduction with R
(2nd ed.). Chapman and Hall/CRC.

Woodhouse, A., Swain, A., Fagan, W. F,, Fraass, A. J., & Lowery, C. M.
(2023). Late Cenozoic cooling restructured global marine plank-
ton communities. Nature, 614(7949), 713-718. https://doi.org/10.
1038/s41586-023-05694-5

Yasuhara, M., & Deutsch, C. A. (2022). Paleobiology provides glimpses of
future ocean. Science, 375(6576), 25-26. https://doi.org/10.1126/
science.abn2384

Yasuhara, M., Huang, H.-H. M., Hull, P,, Rillo, M. C., Condamine, F. L.,
Tittensor, D. P., Ku€era, M., Costello, M., Finnegan, S., O'Dea,
A., Hong, Y., Bonebrake, T., McKenzie, R., Doi, H., Wei, C. L.,
Kubota, Y., & Saupe, E. E. (2020). Time machine biology: Cross-
timescale integration of ecology, evolution, and oceanography.
Oceanography, 33(2), 16-28. https://doi.org/10.5670/oceanog.
2020.225

Yasuhara, M., Hunt, G., Breitburg, D., Tsujimoto, A., & Katsuki, K. (2012).
Human-induced marine ecological degradation: micropaleontolog-
ical perspectives. Ecology and Evolution, 2(12), 3242-3268. https://
doi.org/10.1002/ece3.425

Yasuhara, M., Wei, C. L., Kucera, M., Costello, M. J., Tittensor, D. P,,
Kiessling, W., Bonebrake, T. C., Tabor, C. R, Feng, R., Baselga, A.,
Kretschmer, K., Kusumoto, B., & Kubota, Y. (2020). Past and future
decline of tropical pelagic biodiversity. Proceedings of the National
Academy of Sciences of the United States of America, 117(23), 12891~
12896. https://doi.org/10.1073/pnas.1916923117

Young, J. R., Geisen, M., Cros, L., Kleijne, A., Sprengel, C., Probert, 1.,
& @stergaard, J. B. (2003). A guide to extant coccolithophore tax-
onomy. Journal of Nannoplankton Research Special Issue, 1, 1-125.
https://doi.org/10.58998/jnr2297

Young, J.R., Geisen, M., & Probert, I. (2005). A review of selected aspects
of coccolithophore biology with implications for paleobiodiversity
estimation. Micropaleontology, 51(5), 267-288. https://doi.org/10.
2113/gsmicropal.51.4.267

Zonneveld, K. A. F., Bockelmann, F., & Holzwarth, U. (2007). Selective
preservation of organic-walled dinoflagellate cysts as a tool to
quantify past net primary production and bottom water oxygen
concentrations. Marine Geology, 237(3-4), 109-126. https://doi.
org/10.1016/j.margeo0.2006.10.023

Zonneveld, K. A. F.,, Gray, D. D., Kuhn, G., & Versteegh, G. J. M. (2019).
Postdepositional aerobic and anaerobic particulate organic mat-
ter degradation succession reflected by dinoflagellate cysts: The

Madeira Abyssal Plain revisited. Marine Geology, 408, 87-109.
https://doi.org/10.1016/j.margeo.2018.11.010

Zonneveld, K. A. F., Marret, F., Versteegh, G. J. M., Bogus, K., Bonnet,
S., Bouimetarhan, |., Crouch, E., de Vernal, A., Elshanawany, R.,
Edwards, L., Esper, O., Forke, S., Grgsfjeld, K., Henry, M., Holzwarth,
U, Kielt, J. F.,,Kim, S. Y., Ladouceur, S., Ledu, D., ... Young, M. (2013).
Atlas of modern dinoflagellate cyst distribution based on 2405 data
points. Review of Palaeobotany and Palynology, 191, 1-197. https://
doi.org/10.1016/j.revpalbo.2012.08.003

Zonneveld, K. A. F., Versteegh, G., & Kodrans-Nsiah, M. (2008).
Preservation and organic chemistry of Late Cenozoic organic-walled
dinoflagellate cysts: A review. Marine Micropaleontology, 68(1-2),
179-197. https://doi.org/10.1016/j.marmicro.2008.01.015

BIOSKETCH

Tonke Strack is a marine geoscientist interested micropalae-
ontology and plankton biodiversity, and developed this re-
search during their PhD studies at MARUM - Center for Marine
Environmental Sciences at the University of Bremen. Their PhD
research focuses on the response of marine plankton to the last

deglaciation.

The highly interdisciplinary team includes experts on micropal-
aeontology and plankton ecology from the University of Bremen
as well as experts on biodiversity research and statistical data

analysis from the University of Oldenburg.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Strack, T., Jonkers, L., C. Rillo, M.,
Baumann, K.-H., Hillebrand, H., & Kucera, M. (2024).
Coherent response of zoo- and phytoplankton assemblages
to global warming since the Last Glacial Maximum. Global
Ecology and Biogeography, 00, e13841. https://doi.
org/10.1111/geb.13841

95UB017 SUOLULLIOD) SIS0 8|qealdde au Ag pouenoB 812 sajole YO 88N J0 S9N o} AR1q1T8UljUQ AB]IAA UO (SUONIPUOD-PUE-SLUIBYW0D" AS 1M Afe.q]1BUI|UO//:SANL) SUONIPUOD pue SWB | 8U) 89S *[7202/50/90] U0 Aeiqiauliu A8 ‘IMy Bunyssioseiss I ‘N -k(od ‘4 IMisu| JeueBap peully Ad Ty8ET eB/TTTT 0T/I0p/wod A8 i Akeiqipuljuo//sdny woly papeojumod ‘0 ‘8EZ899YT


https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1038/s41586-023-05694-5
https://doi.org/10.1038/s41586-023-05694-5
https://doi.org/10.1126/science.abn2384
https://doi.org/10.1126/science.abn2384
https://doi.org/10.5670/oceanog.2020.225
https://doi.org/10.5670/oceanog.2020.225
https://doi.org/10.1002/ece3.425
https://doi.org/10.1002/ece3.425
https://doi.org/10.1073/pnas.1916923117
https://doi.org/10.58998/jnr2297
https://doi.org/10.2113/gsmicropal.51.4.267
https://doi.org/10.2113/gsmicropal.51.4.267
https://doi.org/10.1016/j.margeo.2006.10.023
https://doi.org/10.1016/j.margeo.2006.10.023
https://doi.org/10.1016/j.margeo.2018.11.010
https://doi.org/10.1016/j.revpalbo.2012.08.003
https://doi.org/10.1016/j.revpalbo.2012.08.003
https://doi.org/10.1016/j.marmicro.2008.01.015
https://doi.org/10.1111/geb.13841
https://doi.org/10.1111/geb.13841

	Coherent response of zoo-­ and phytoplankton assemblages to global warming since the Last Glacial Maximum
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data
	2.2|Principal component analysis on species composition
	2.3|Generalized additive models on species composition
	2.4|Alternative GAM approach
	2.5|Sensitivity analysis
	2.6|Spatio-­temporal biodiversity change
	2.7|R packages

	3|RESULTS
	4|DISCUSSION
	4.1|Similarities in the local rates of biodiversity change during the past 24 kyr
	4.2|Similarities in the non-­linear relationship to temperature during the past 24 kyr
	4.3|Assemblage change differences among plankton groups and potential explanations

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


