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Biodiversity is expected to change in response to future global warming.
However, itis difficult to predict how species will track the ongoing

climate change. Here we use the fossil record of planktonic foraminifera
to assess how biodiversity responded to climate change with amagnitude
comparable to future anthropogenic warming. We compiled time series of

planktonic foraminifera assemblages, covering the time from the lastice age
across the deglaciation to the current warm period. Planktonic foraminifera
assemblages shifted immediately when temperature began torise at the end

ofthelastice age and continued to change until approximately 5,000 years
ago, even though global temperature remained relatively stable during the
last 11,000 years. The biotic response was largest in the mid latitudes and
dominated by range expansion, which resulted in the emergence of new
assemblages without analogues in the glacial ocean. Our results indicate
that the plankton response to global warming was spatially heterogeneous
and did not track temperature change uniformly over the past 24,000 years.
Climate change led to the establishment of new assemblages and possibly
new ecological interactions, which suggests that current anthropogenic
warming may lead to new, different plankton community composition.

Climate change affects biodiversity on multiple time scales. Onlonger
time scales, species may adapt or go extinct. On shorter time scales,
climate change will first affect species biogeography because in the
absence of physical barriers, species canrespond to change by habitat
tracking—a central concept in global change ecology"*. Range shifts
inresponse to the ongoing global warming have been documentedin
many species across ecosystems (for reviews, see refs. >*), but because
of the lack of barriers and high dispersal potential due to currents,

habitat tracking should be particularly widespread in marine plank-
ton®%, Although habitat tracking may be induced by a single forcing
factor, the migrating species will experience novel directand indirect
ecological interactions with other species that did not occur in their
original habitat. Therefore, range shifts driven by changes in abiotic
conditions are probably modified by ecological complexity, suchas the
emergence of new ecological interactions’. Moreover, the ecological
niche of aspecies depends on multiple abiotic parameters, which may
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not all change at the same pace across space. Therefore, range shifts
inresponse to environmental change may differ among species and
proceed at different paces, resulting in the establishment of novel
communities that differ from those existing before the environmen-
tal change. There is indeed evidence for such novelty as we observe
asymmetry between the leading and trailing edge of ongoing species
expansions”°™, which creates new assemblages composed of expand-
ing species meeting persisting ones. Besides the effects on biodiversity
and species richness, asymmetrical range shifts and the resulting novel
ecologicalinteractions may also haveimportant consequences for the
overall functioning of ecosystems, including effects on trophicinterac-
tions, material flow, primary production and biogeochemical cycles™ ™.

Biological monitoring of biodiversity change caninformus about
current patterns”’ and rates”” of species response to environmen-
tal change. However, such monitoring cannot fully encompass the
long-term ecological outcomes of environmental change because it
rarely spans more than a century'®'® and the magnitude of environ-
mental change in many key parameters over the monitored period is
small compared with the probable extent of future global change. In
many parts of the ocean, however, sedimentary microfossil records of
hard-bodied planktongroups are available, withresolutionsufficient to
study biodiversity change across millennia, covering larger magnitudes
of environmental change (for example, the warming associated withthe
transition from the lastice age to the current warm period™). Although
the majority of plankton biomass is composed of soft-bodied groups
that are not preserved in the fossil record®, the diversity of marine
microfossils correlates globally with overall marine diversity®. Plank-
ton groups with fossil records can therefore serve as a proxy to study
plankton biodiversity change in the past and inform us about what to
expectin the future. However, their potential to reveal the ecological
changes of the planktonic communities on a basin-wide scale during
the last climatic upheaval has never been exploited.

One of the most complete microfossil records among marine
planktonis that of planktonic foraminifera”—calcifying zooplankton
that inhabit the upper water layer of all ocean basins. They interact
with other plankton groups through photosymbiosis®, predation or
grazing®*. Their spatial distribution and species turnover are sensitive
tosea-surface temperature®®, resultingin a strong latitudinal diversity
gradient (LDG)*° and a detectable response to the ongoing global
warming®, which has also been documented in arange of other marine
plankton groups'”**>*. Owing to their excellent fossil record, resolved
and standardized taxonomy, and the existence of large datasets ini-
tially generated to reconstruct past climate® %, the fossil record of
planktonic foraminiferahas beenwidely used toinvestigate long-term
changes in marine plankton biodiversity**~*' and biogeographic pat-
terns®>*°, Since there is no evidence for extinctions or the emergence
of new species of planktonic foraminifera in the late Quaternary** and
the thermal niche of the extant species is considered to have been
stable over the last glacial cycle®, planktonic foraminiferashould have
responded to the rapid temperature rise that accompanied the end
of the last ice age by habitat tracking, resulting in an immediate and
directional response. If planktonic foraminifera species responded
predominantly by habitat tracking, the assemblage compositional
change should bescaled to the environmental forcing, resultingin the
conservation of assemblage composition, which would have shifted
in pace with the movement of the constituent species. However, if the
biotic response involved processes beyond temperature-driven habitat
tracking, the fossil record should reveal an ecological response that
was not alwaysin pace with the environmental forcing, and potentially
the emergence of novel assemblages. Distinguishing between these
possible trajectoriesisimportant to assess the long-term response of
plankton biodiversity to global change.

Here we compile a coherent spatio-temporal dataset of 25 time
series of planktonic foraminifera assemblage (sensu ref. **) compo-
sition that are distributed along the full latitudinal gradient of the

North Atlantic Ocean and span the past 24 thousand years (kyr) withan
average resolution of 600 years (Fig.1aand Extended Data Table1). The
time series cover the time fromthelast ice age across the deglaciationto
the present warm period, spanning a climaticupheaval with amagnitude
comparable to the probable extent of future global warming*. We use
global mean surface temperature as a measure of climate change and
analyse time series of biodiversity change to explore how the past envi-
ronmental change related to the observed speciesredistributions and
changesinassemblage composition through time. Our analyses reveal
immediate and directional shifts in the distribution of assemblages
during the temperature rise that accompanied the end of the last ice
age, but alarge component of the change in assemblage composition
post-dates the rapid deglacial warming and we detect the emergence of
novel assemblages during the climatically rather stable current warm
period. Remarkably, the rate of community change during the current
warm period is as high as during the deglaciation, even though the
environmental forcing by global temperature is much weaker.

Results

We analysed 25 time series of planktonic foraminiferaabundance data
across the latitudinal gradient of the North Atlantic Ocean (Fig. 1a
and Extended Data Table 1). The species composition of all samples
of this dataset indicated the presence of three main assemblages:
subpolar-polar, temperate and subtropical-tropical (Fig. 1b). Across
the past 24 kyr, there was a systematic transformation of assemblage
composition from colder towards warmer species compositions (Fig. 1b
and Extended DataFig. 1). The largest transformation occurred in the
mid latitudes, where subpolar-polar assemblages were replaced by
temperate ones over the transition from the last ice age to the cur-
rent warm period. With the beginning of the current warm period (at
around 11thousand years ago (ka)), subtropical-tropical assemblages
expanded poleward, southand north of the equator (Fig.1b). At around
6-9 ka, temperate species migrated poleward to about 65° N. In the mid
latitudes, the prevalence of temperate assemblages was interrupted
by a transient emergence of subpolar-polar assemblages at 15-17 ka,
associated withawell-known cold period (Heinrich Event) with icebergs
reaching south to the Iberian Margin*®*%,

The principal component (PC) of assemblage change suggests a
unidirectional transformation (Fig. 2a), with the first PCs of the indi-
vidual faunal trends explaining 20.4-65.3% of the variance ineach time
series (Fig. 2b). Initially, the assemblage compositiontracked the global
temperature forcing fromthe last ice age untilaround 11 ka (Fig. 2a,c).
Then, assemblage change seemed to decouple from temperature, as
the faunal change continued at the same pace for about 6 kyr despite a
much smaller magnitude of warming during this time (Fig. 2d).

Over the past 24 kyr, the largest changes in species richness
occurred in the mid latitudes and richness in the tropics remained
unchanged (Fig. 3a,b). The gains and losses components of the species
richness change reveal an asymmetry between local colonizations
and extinctions, with the magnitude of local colonization outpacing
local extinctions (Fig. 3c-f). The overallaccumulation of species gains
(Fig. 3¢) can be attributed to the mid latitudes where species gains
were highest (Fig. 3d). In contrast, species losses were greatest in
the tropics since the last deglaciation but neutral or lower in the mid
and high latitudes (Fig. 3f), with an overall lower magnitude (Fig. 3e).
The poleward migration of planktonic foraminifera species into new
environments (Fig. 1b) and the persistence of the original species
in these same areas (Fig. 3) led to the formation of new mid-latitude
assemblages without analogues in the glacial ocean (Fig. 4). With the
beginning of the current warm period, these mid-latitude assemblages
became compositionally even more dissimilar from assemblages
that were present during the Last Glacial Maximum (LGM; 19-23 ka).
Progressively, the composition of assemblages at higher (around
60°N) and lower (around 20° N) latitudes also departed from their
nearest LGM analogues (Fig. 4).
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Fig.1| Transformation of planktonic foraminifera assemblage composition
inthe North Atlantic since the last ice age. a, Location of 25 analysed planktonic
foraminifera assemblage time series (white circles). Background: modern annual
mean sea-surface temperature (SST) from the WOA18”. b, Visualization of the
spatio-temporal pattern of the overall assemblage change, with the first three

PC of dissimilarity serving as RGB coordinates (see Methods) for each analysed

2‘4 Subtropical-tropical
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assemblage (grey dots), gridded at 1 kyr by 2.5° latitude. Similar colours in the
grid correspond to similar species compositions. The three circles on the right
side show exemplary compositions of the three main assemblages visualized inb.
We are aware that the RGB colour palette is not colour-blind friendly and provide
another version of bin Extended Data Fig. 1.

Theasymmetry of localimmigration and local extinctionand the
resulting transformation of the assemblage composition since the
last ice age affected the development of the planktonic foraminifera
LDG inthe North Atlantic Ocean (Fig.5). The shape of the LDG continu-
ously changed throughout the past 24 kyr. The largest transformation
of the LDG occurred between 30 and 50° N, with an initial transient
decrease in species richness (Fig. 5a) and Shannon diversity (Fig. 5c)
between15and17 ka, followed by a steady increase with highest values
inthe most recent timeslices. At high latitudes, Shannon diversity and
species richness remained stable over the transition from the last ice
agetothe current warm period butincreased at around 11 ka, with the
increase in diversity being more prominent. Although the number of
speciesinthe tropics remained relatively stable during the past 24 kyr
(Fig. 5b), Shannon diversity progressively declined (Fig. 5d), leading to
theflattening of the LDG inthe tropics and ultimately the development
of the present-day tropical diversity dip (Fig. 5¢).

Discussion

Even though the rate of global warming has markedly reduced with
the beginning of the current warm period when compared with the
last deglaciation, our observations indicate that planktonic foraminif-
era assemblages continued to change at the same pace as during the
deglaciation after the transition to the current warm period ended
(Fig. 2a,c). This continuous transformation of assemblages during
the current warm period lasted for atleast 6 kyr after the temperature
forcing had stabilized (Fig. 2), and could reflect the restructuring of
ecologicalinteractions, responses to other changing abiotic variables,
and/or neutral drift**°, However, if neutral drift were the main control
on turnover, one would expect assemblage change to be out of pace
with climate change during the deglaciation and also to occur during
the climatically stable period at the end of the last ice age before the
onset of global warming (before 17 ka), which is not the case (Fig. 2a).
Alternatively, the continued assemblage change could reflect

community restructuring due to asymmetric gains and losses during
the warming-forced assemblage transformation (Fig. 3). Prolonged
phases of imbalance between local immigration and extinction have
indeed been proposed for several species groups® . This mechanism
would imply that the timescale for reaching a new equilibriumin spe-
cies turnover could be longer than the elapsed current warm period,
indicating a very long (>10 kyr) lag between temperature forcing and
plankton response.

While assemblage turnover can take centuries to millennia to
stabilize, as shown for many tree species and large mammals®, our
data show evidence against a lag in the response that is longer than
the century-scale resolution of our time series. First, we observe no
changesin the assemblage composition during the climatically stable
period between 17 and 23 ka before the onset of global warming (Fig.2),
even though this period was directly preceded by rapid and pro-
nounced climate change before 27 ka*. If there was a very long lag
between forcing and plankton response, we would also expect to see
aninfluence between 17 and 23 ka. Second, the local prevalence of
subpolar-polar assemblages in the mid latitudes between15and 17 ka
(Fig.1b) documents arapid response of the local fauna to the transient
cooling and the subsequent warming caused by the Heinrich Event. It
is possible that the direct response of planktonic foraminifera during
the transition from theice age (including the mid-latitude short-term
coolingevent) and the lagged and more complex response during the
current warm period reflect faster response times of cold, species-poor
assemblages compared with more species-rich warm-water assem-
blages. However, the most parsimonious explanation for the direct
response would be that any lagsin the assemblage response to climate
change are shorter thanthe century-scale resolution of our time series
and that the assemblage change during the current warm period does
notreflect extinction debt™.

Thus, the question arises as to what the cause of the continued
assemblage change could be. In this study, we use global mean surface
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Fig. 2| Planktonic foraminifera assemblage response to global warming
during the past 24 kyr.a, Compositional change withinindividual time series
shownasfirst principal component (PC1) axes scores (grey lines, interpolated
at 0.5 kyr) and overall compositional change shown as alocally fitted
polynomial regression line (LOESS fit, black line) and its 95% confidence interval

Temperature anomaly (°C)

(grey shading). b, Variance explained by individual PC1 axes at each site.

¢, Development of global mean surface temperature® (red line). The temperature
anomaly is referenced to the past two millennia (0-2 ka). d, Comparison of overall
compositional change (LOESS fit) and global warming (temperature anomaly).
LGMR, last glacial maximum reanalysis.

temperature as a measure of climate change, but the assemblages
responded to local rather than global mean forcing, as can be seen by
the response to the mid-latitude short-term cooling event. In addi-
tion, globalmean temperature islikely tobe much less well correlated
withlocal temperature during periods when temperature changes are
small. This might partly explain the discrepancy between global mean
temperature and the overall planktonic foraminifera response in the
currentwarm period, butit cannot explain the progressive emergence
of novel assemblages. However, temperature might not be the only
driver of plankton biogeography especially at lower latitudes®, and food
availability has also been shownto beimportant for temporal dynamics
of planktonic foraminiferaspecies®*. Inaddition, other environmental
factors such as the amplitude of seasonal temperature change or the
degree of stratification of the water column, which changed during
the current warm period”, might have contributed to the observed
diversity patterns through the formation of new environmental
vertical or seasonal niches.

Althoughi it is difficult to decipher the exact cause of the contin-
ued change in the planktonic foraminifera assemblages during the
current warm, stable period, one explanation could be a shift in the
causes of species sorting in the planktonic foraminifera assemblages
from abiotic-dominated causes (that is, temperature forcing) during
the last deglaciation to more biotic-dominated causes (for example,
changes in other plankton groups, food availability) during the cur-
rent warm period. New direct and indirect ecological interactions
between species of the same or other plankton groups might cause
shifts in assemblage composition. Here we consider competition a
less probable cause as no detectable evidence for interactions (thatis,
interspecific competition) within the planktonic foraminifera group
itself has been found®. Instead, the continued change in planktonic

foraminifera assemblages could have occurred due to a reorganiza-
tion of their trophic interactions, reflecting changes in other aspects
of the plankton community (for example, changes in the timing and
composition of seasonal blooms, changes in predation pressure or
exposure to new pathogens).

Notwithstanding the exact cause, the community dynamics dur-
ingthe current warm period were essential for the development of the
present-day biogeography of planktonic foraminifera, including the
distinct LDG withatropical diversity dip*°. We show that the flattening
and ultimately the dip in tropical diversity in planktonic foraminifera
evolved since the beginning of the current warm period at about 11 ka,
atthe end of the rapid deglacial warming (Fig. 5). We also show that the
present-day shape of the LDG (Fig. 5a,c) is the result of species gainsin
the midlatitudes (Fig. 5b) combined with decreasing Shannon diversity
inthe tropics (Fig. 5d). The decreasing Shannon diversity indicates that
few species became more dominant leading to more uneven assem-
blages and suggests that the equatorial region became progressively
less hospitable to some species that inhabited the tropics during the
LGM. It is therefore indeed possible that further warming will lead to
species losses in this region, resulting in a tropical diversity crisis as
predicted by macroecological modelling®°. We also show that assem-
blage transformations occurred across the entire latitudinal gradient.
Thus, the exact future shape of the LDG remains unclear because the
continued warming could also lead to aloss of the surplus of speciesin
the mid latitudes resulting from the asymmetry of gains versus losses>.

The establishment of novel planktonic foraminifera assemblages
during the current warm period (Fig. 4) was the result of the poleward
migration of species (Fig. 1b) in combination with the asymmetry of
local immigration and extinction (Fig. 3). These asymmetrical shifts
in species ranges induced by warming have also been observed and
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Fig.3|Local rates of biodiversity change of planktonic foraminiferain the
past 24 kyr.a-f, Probability density functions and spatial distributions of rates
of changein species richness (a,b) and the proportion of gained (c,d) and lost
(e,f) species since the LGM. The rate of change is quantified for every time series
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astheslope of fitted linear models (see Methods and Extended Data Figs. 3 and 4).
Dashed vertical lines in the probability density functions indicate the overall
meanin richness (a), gains (c) and losses (e), and solid black lines indicate zero.
Note the different scales of individual plots.

modelled in other marine taxa”'*"2, However, we show that the post-
glacial surplus of species in the mid latitudes (Fig. 3) was not lost by
delayed local extinctions in these regions (extinction debt payment™)
and that these novel assemblages are not a transient phenomenon of
species response to global warming. Instead, we show that the compo-
sitional uniqueness of these assemblages persisted for millennia after
the rapid deglacial warming. This provides observational constraints
for modelling, indicating that the projected future warming could also
lead to the assembly of long-lasting novel marine communities'*"* with
potentially important consequences for key ecosystem functions.

Methods

Data

The community change analyses were based on 25 planktonic foraminif-
era assemblage time series covering the past 24 kyr, with an average

resolution of 0.60 kyr, ranging from 0.04 to 1.31 kyr (Extended Data
Table1). Throughout this contribution, age informationis providedin
calibrated radiocarbon years, so 0 kais 1950 Common Era. The series
were selected from among 198 records situated in the North Atlantic
Ocean and adjacent seas initially identified in public databases as
containing planktonic foraminifera assemblage counts spanning the
transition from the last ice age to the current warm period. Of these,
only time series where the entire assemblages had been counted were
used and further limited to time series that recorded the entire time
period of interest, that is, beginning at least at 23 ka and ranging to
at least 3 ka with aresolution below 1.5 kyr to resolve millennial-scale
climate events. The remaining 25 time series cover the full latitudinal
and thermal gradient in the North Atlantic Ocean (Fig. 1a). For the 9
sitesincludedinthe PALMOD 130k marine palaeoclimate data synthesis
V1.1, we used their provided revised age models based on radiocarbon
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Fig. 4| The emergence of no-analogue assemblages of planktonic
foraminiferain the North Atlantic since the LGM. No-analogue assemblages
areidentified by the compositional dissimilarity (Morisita-Horn distance)
between asample (grey dots) and the nearest LGM (19-23 ka) analogue being
higher than 0.06 (99th percentile of nearest-analogue distances within the LGM
dataset; Extended Data Fig. 5). Grid cells with values above and below the 0.06
threshold value are coloured in purple and grey, respectively. Grid cell resolution
ofthe visualization: 1 kyr by 2.5° latitude.

agesandbenthic foraminifera oxygenisotope datawhich were manu-
ally tuned to regional benthic foraminifera oxygen isotope stacks®.
Their radiocarbon ages were re-calibrated with the IntCall3 calibration
curve®® using reservoir ages based onacomprehensive ocean general
circulation model®. For the 16 sites not included in the PALMOD 130k
marine palaeoclimate data synthesis V1.1'%, the same approach as in
ref.' was used to revise the published age models to ensure the com-
parability of allanalysed sites (Extended Data Table 1). The age model
revisions were conducted with PaleoDataView®”.

Assemblage composition of planktonic foraminifera in the LGM
oceanwas analysed using aregional North Atlantic subset of the MARGO
compilation®, covering the same latitudinal range as the 25 time series
used in this study (that is, 90° N to 6° S). Samples from the time series
ofthis study that belonged to the LGM interval but were not presentin
the MARGO synthesis (that is, published after 2005) were also added
to the LGM dataset (194 samples from 14 sites). We used the LGM time
intervalas defined inref. ®> andinthe MARGO compilation®® 0of 19-23 ka.
In total, the updated LGM compilation consists of 1,083 assemblage
compositions from 173 unique sites (Extended Data Fig. 2). The global
mean surface temperature (Fig. 2c) used for the comparison with the
overallresponse of the planktonic foraminiferaassemblagesis the result
of adataassimilation approach that combines 539 proxy records with
independent model information®. The temperature anomalies were
referenced to the mean of the past two millennia (0-2 ka).

All planktonic foraminiferaassemblage count data used here were
harmonized taxonomically following ref.*, Species not reported in the
time series data were assumed to be absent (that is, zero abundance).
We merged Globigerinoides ruber ruber and Globigerinoides ruber albus
because some studies only reported themtogether as Globigerinoides
ruber. Also, P/D intergrades (an informal category of morphological
intermediates between Neogloboquadrina incompta and Neoglobo-
quadrina dutertrei) were merged with Neogloboquadrina incompta.In
total, 41species of planktonic foraminiferawere included in our study
(Extended Data Table 2).

Spatio-temporal compositional dissimilarity

Tovisualize which time periods and regions in the oceans have similar
species composition (Fig. 1b), we calculated the compositional dis-
similarity between all pairwise combinations of all samples in the
25 time series (1,840 samples in total). The compositional dissimi-
larity was calculated using the Morisita-Horn (M-H) index®:
C=1- szf:l(xiXYi

= - ) where S is the total number of species in both
DIE LI

samples, and x;and y;are the relative abundances of the i-th speciesin
bothsamples. The M-H index is a turnover measure based on distance
that is relatively independent of sample size and robust to
under-sampling®®. The measure ranges from O to 1, with O indicating
anidentical composition of the two samplesandlindicating no shared
species. We then applied a principal component analysis (PCA) to the
compositional dissimilarity matrix to reduce its dimensionality and
visualize the spatio-temporal evolution of assemblage composition.
Thefirst three PC axes explained more than 97% of the variance and we
assigned an RGB value to each of these axes (PC1 blue, PC2 red, PC3
green®). Asaresult, eachsample of our study had an RGB value related
toits projection in the PC dissimilarity space. These RGB values were
then plotted inaHovmoller-like plot (Fig. 1b) where similar coloursin
the grid correspond to similar species compositions.

PCA on species composition

To determine the temporal pattern of compositional change in the
analysed planktonic foraminifera time series, we applied a PCA for
eachtimeseries onthe species assemblage dataand extracted for each
time series the axis that explains most of the variance in the assemblage
data (PC1). We fitted linear models through all PC1 axes to check and,
if necessary, change the polarization to align all PC1 axes in the same
direction. To adjust for different resolutions of the individual records,
weinterpolated the PClscores at 0.5 kyr bins and restricted the inter-
polated datato theinterval thatis covered by all time series (2.5-23 ka)
to prevent edge effects. Because the shape of the faunal trends at all
sites was similar, we visualized the overall trend of faunal response
among the 25 time series by a polynomial regression using a locally
estimated scatterplot smoothing (LOESS, using standard settings) on
theinterpolated individual PC1axes scores (Fig. 2a).

Species gains and losses

To analyse local biodiversity change, we first calculated species rich-
ness (Fig. 3a,b) at every location and time step and the proportion of
species gained (Fig. 3¢,d) and lost (Fig. 3e,f) compared to the LGM
(oldest sample in the time series). Species gains and losses were cal-
culated for each sample in a time series as the proportion of species
either gained or lost in comparison to the oldest sample in that time
seriesrelative to the total number of species observed in both samples
pooled together, taking speciesidentity into account’ (see Extended
Data Fig. 3). We then calculated the slopes of fitted linear models for
species richness, gains and losses to quantify the rates of biodiversity
change (see Extended DataFig.4). Therate of richness changeis givenin
species per unit time and the rates of gains and losses change are given
in the proportion of gained or lost species (compared to the oldest
sampleinthetimeseries) per unit time over the entire length of the time
series. A positive slopeinrichnessindicates anincreaseinthe number
of species through time and a negative slope means a decrease. For
gains (losses), a positive slope indicates that the proportion of species
gained (lost) at a given site compared to the oldest sample in the time
seriesincreases through time, meaningthat species gains (losses) are
accumulated throughtimeleadingto anincrease (decrease) inspecies
richness. Time series where the proportion of gained (lost) species is
decreasing through time show a negative slope.

No-analogues assemblages

To investigate the potential formation of new assemblages during the
planktonic foraminiferaresponse to deglacial warming after the LGM,
we calculated for each assemblage in the time series the compositional
dissimilarity (M-H index) to all the assemblages from the LGM compi-
lation (see Data section above). We then obtained the distance to the
nearest analogue from the minimum dissimilarity. Figure 4 shows these
minimagriddedinaHovmoller-like plot. Tojudge whether the observed
minimum M-H distance indicated ano-analogue assemblage, we calcu-
lated M-Hindex values for each of the LGM compilation samples relative
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Fig. 5| Evolution of the LDG in North Atlantic planktonic foraminifera for the
past 24 kyr.a,c, LDGs based on species richness (a) and Shannon diversity (c) for
the past 24 kyr expressed as locally fitted polynomial regression lines (LOESS fit)

for all samples falling within one millennium. b,d, Differences in species richness
(b) and Shannon diversity (d) from the LGM mean of each time series gridded at
1kyr by 2.5°latitude. Grey dots represent individual samples.

tothe remaining samplesin the compilation, thus obtaining threshold
values for M-H index dissimilarities that do not necessarily represent
no-analogue faunas and could occur by chance. We calculated the 95and
99 percentiles of the M-H distances to the nearest (as well as 2nd- and
3rd-nearest) non-self analogue within the LGM compilation (Extended
Data Fig. 2) and compared it with the observed no-analogue values.
We found that 99% of the LGM samples have a nearest analogue witha
dissimilarity of less than 0.06 (as well as 2nd-nearest analogue of <0.09
and 3rd-nearest analogue of <0.11) within the LGM dataset (Extended
Data Fig. 5). Therefore, we claim that the dissimilarities of 0.15-0.25
that we observed in the mid latitudes in the Holocene samples (Fig. 4)
are significantly higher than could be expected to happen by chance,
pointing to changing assemblages with no LGM analogues.

LDG through time

Tovisualize the temporal evolution of the planktonic foraminiferaLDG
inthe North Atlantic Ocean, we pooled all samples fromeach time series
within millennial bins and calculated the number of species (richness)
and the Shannon entropy®®, an abundance-based diversity metric:
Hs = — Zlepi x log p;,, where Sis the number of species at aspecificsite
and p;is the relative abundance of the i-th species. Because relative
abundances are always between O and 1, the higher the metric, the more
diverse the assemblage. The latitudinal gradients of species richness
and Shannon diversity were then visualized for each millennium by
polynomial regressions using LOESS (Fig. 5a,c).

To understand when and where diversity change occurred dur-
ing the past 24 kyr, we calculated for each sample, the difference
between its richness and Shannon diversity and the mean LGM rich-
ness and Shannon diversity of the site. The mean LGM richness and
Shannon diversity were calculated across all samples in a given time
series that fall within 19-23 ka. These differences were then gridded
inHovmoller-like plots with agrid cell resolution in time and space of
1kyrand2.5° (Fig.5b,d).

R packages

All statistical analyses were performed with R version 4.1.3% using the
tidyverse’™ and the janitor” packages for cleaning and importing the
data; vegan’?and codyn’ for beta diversity and community structure
analyses; rioja’ for the nearest-analogue analysis; FactoMineR” for the
PCA analysis; and ggplot2”, raster” and vidiris”® for the plots.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Alldata used and analysed during the current study are publicly avail-
able in the PANGAEA and NOAA National Centers for Environmental
Information repositories. For information on links and paper refer-
ences to individual assemblage datasets, see Extended Data Table 1.
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MARGO datathat are used for the regional North Atlantic LGM dataset
are available on PANGAEA (Atlantic Ocean: https://doi.org/10.1594/
PANGAEA.227329, Mediterranean: https://doi.org/10.1594/PAN-
GAEA.227306 and Pacific: https://doi.org/10.1594/PANGAEA.227327).
Modernglobal mean surface temperature and globally resolved 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/reconstructions/osman2021/).
Taxonomically harmonized assemblage data are available at
https://doi.org/10.5281/zenod0.6948750.

Code availability
The R code used to generate the results of this study is available at
https://doi.org/10.5281/zenodo.6948750.

References

1. Brett, C. E. Sequence stratigraphy, paleoecology, and evolution:
biotic clues and responses to sea-level fluctuations. Palaios 13,
241-262 (1998).

2. Brett, C.E., Hendy, A. J. W., Bartholomew, A. J., Bonelli, J. R. &
McLaughlin, P. I. Response of shallow marine biotas to sea-level
fluctuations: a review of faunal replacement and the process of
habitat tracking. Palaios 22, 228-244 (2007).

3. Parmesan, C. Ecological and evolutionary responses to recent
climate change. Annu. Rev. Ecol. Evol. Syst. 37, 637-669 (2006).

4. Root, T. L. et al. Fingerprints of global warming on wild animals
and plants. Nature 421, 57-60 (2003).

5. Walther, G.-R. et al. Ecological responses to recent climate
change. Nature 416, 389-395 (2002).

6. Lenoir, J. et al. Species better track climate warming in the oceans
than on land. Nat. Ecol. Evol. 4,1044-1059 (2020).

7. Poloczanska, E. S. et al. Global imprint of climate change on
marine life. Nat. Clim. Change 3, 919-925 (2013).

8. Rillo, M. C., Woolley, S. & Hillebrand, H. Drivers of global pre-
industrial patterns of species turnover in planktonic foraminifera.
Ecography 2022, e05892 (2021).

9. Vander Putten, W. H., Macel, M. & Visser, M. E. Predicting species
distribution and abundance responses to climate change: why
it is essential to include biotic interactions across trophic levels.
Phil. Trans. R. Soc. B 365, 2025-2034 (2010).

10. Antéo, L. H. et al. Temperature-related biodiversity change across
temperate marine and terrestrial systems. Nat. Ecol. Evol. 4,
927-933 (2020).

1. Chen, I. C. et al. Asymmetric boundary shifts of tropical montane
Lepidoptera over four decades of climate warming. Glob. Ecol.
Biogeogr. 20, 34-45 (2011).

12. Garcia Molinos, J. et al. Climate velocity and the future global
redistribution of marine biodiversity. Nat. Clim. Change 6, 83-88
(2015).

13. Beaugrand, G., Edwards, M., Raybaud, V., Goberville, E. & Kirby,
R. R. Future vulnerability of marine biodiversity compared with
contemporary and past changes. Nat. Clim. Change 5, 695-701
(2015).

14. Benedetti, F. et al. Major restructuring of marine plankton
assemblages under global warming. Nat. Commun. 12, 5226
(2021).

15.  Occhipinti-Ambrogi, A. Global change and marine communities:
alien species and climate change. Mar. Pollut. Bull. 55, 342-352
(2007).

16. Williams, J. W. & Jackson, S. T. Novel climates, no-analog
communities, and ecological surprises. Front. Ecol. Environ. 5,
475-482 (2007).

17. Burrows, M. T. et al. Ocean community warming responses
explained by thermal affinities and temperature gradients.

Nat. Clim. Change 9, 959-963 (2019).

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dornelas, M. et al. BioTIME: a database of biodiversity time series
for the Anthropocene. Glob. Ecol. Biogeogr. 27, 760-786 (2018).
Jonkers, L. et al. Integrating palaeoclimate time series with rich
metadata for uncertainty modelling: strategy and documentation
of the PalMod 130k marine palaeoclimate data synthesis. Earth
Syst. Sci. Data 12, 1053-1081 (2020).

Buitenhuis, E. T. et al. MAREDAT: towards a world atlas of MARine
Ecosystem DATa. Earth Syst. Sci. Data 5, 227-239 (2013).
Yasuhara, M., Tittensor, D. P., Hillebrand, H. & Worm, B. Combining
marine macroecology and palaeoecology in understanding
biodiversity: microfossils as a model. Biol. Rev. 92, 199-215
(2017).

Aze, T. et al. A phylogeny of Cenozoic macroperforate planktonic
foraminifera from fossil data. Biol. Rev. 86, 900-927 (2011).
Takagi, H. et al. Characterizing photosymbiosis in modern
planktonic foraminifera. Biogeosciences 16, 3377-3396 (2019).
Schiebel, R. & Hemleben, C. Planktic Foraminifers in the Modern
Ocean (Springer, 2017).

Morey, A. E., Mix, A. C. & Pisias, N. G. Planktonic foraminiferal
assemblages preserved in surface sediments correspond to
multiple environment variables. Quat. Sci. Rev. 24, 925-950
(2005).

Fenton, I. S., Pearson, P. N., Dunkley Jones, T. & Purvis, A.
Environmental predictors of diversity in recent planktonic
foraminifera as recorded in marine sediments. PLoS ONE 11,
e0165522 (2016).

Rutherford, S., D'Hondt, S. & Prell, W. Environmental controls on
the geographic distribution of zooplankton diversity. Nature 400,
749-753 (1999).

Tittensor, D. P. et al. Global patterns and predictors of marine
biodiversity across taxa. Nature 466, 1098-1101 (2010).

Yasuhara, M., Hunt, G., Dowsett, H. J., Robinson, M. M. & Stoll, D.
K. Latitudinal species diversity gradient of marine zooplankton for
the last three million years. Ecol. Lett. 15, 1174-1179 (2012).
Yasuhara, M. et al. Past and future decline of tropical pelagic
biodiversity. Proc. Natl Acad. Sci. USA 117, 12891-12896 (2020).
Jonkers, L., Hillebrand, H. & Kucera, M. Global change drives
modern plankton communities away from the pre-industrial state.
Nature 570, 372-375 (2019).

Beaugrand, G., Reid, P. C., Ibafiez, F., Lindley, J. A. & Edwards, M.
Reorganization of North Atlantic marine copepod biodiversity and
climate. Science 296, 1692-1694 (2002).

Hinder, S. L. et al. Changes in marine dinoflagellate and diatom
abundance under climate change. Nat. Clim. Change 2, 271-275
(2012).

Southward, A. J., Hawkins, S. J. & Burrows, M. T. Seventy years'
observations of changes in distribution and abundance of
zooplankton and intertidal organisms in the western English
Channelin relation to rising sea temperature. J. Therm. Biol. 20,
127-155 (1995).

Fenton, . S. et al. Triton, a new species-level database of
Cenozoic planktonic foraminiferal occurrences. Sci. Data 8, 160
(2021).

Kucera, M., Rosell-Melé, A., Schneider, R., Waelbroeck, C. &
Weinelt, M. Multiproxy approach for the reconstruction of the
glacial ocean surface (MARGO). Quat. Sci. Rev. 24, 813-819
(2005).

Kucera, M. et al. Reconstruction of sea-surface temperatures
from assemblages of planktonic foraminifera: multi-technique
approach based on geographically constrained calibration data
sets and its application to glacial Atlantic and Pacific Oceans.
Quat. Sci. Rev. 24, 951-998 (2005).

Siccha, M. & Kucera, M. ForCenS, a curated database of
planktonic foraminifera census counts in marine surface
sediment samples. Sci. Data 4, 170109 (2017).

Nature Ecology & Evolution | Volume 6 | December 2022 | 1871-1880

1878


http://www.nature.com/natecolevol
https://doi.org/10.1594/PANGAEA.227329
https://doi.org/10.1594/PANGAEA.227329
https://doi.org/10.1594/PANGAEA.227306
https://doi.org/10.1594/PANGAEA.227306
https://doi.org/10.1594/PANGAEA.227327
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.6948750
https://doi.org/10.5281/zenodo.6948750

Article

https://doi.org/10.1038/s41559-022-01888-8

39.

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ezard, T. H. G., Aze, T., Pearson, P. N. & Purvis, A. Interplay between
changing climate and species’ ecology drives macroevolutionary
dynamics. Science 332, 349-351 (2011).

Fenton, I. S. et al. The impact of Cenozoic cooling on assemblage
diversity in planktonic foraminifera. Phil. Trans. R. Soc. B 371,
20150224 (2016).

Lowery, C. M. & Fraass, A. J. Morphospace expansion paces
taxonomic diversification after end Cretaceous mass extinction.
Nat. Ecol. Evol. 3, 900-904 (2019).

Wade, B. S., Pearson, P. N., Berggren, W. A. & Palike, H. Review
and revision of Cenozoic tropical planktonic foraminiferal
biostratigraphy and calibration to the geomagnetic polarity

and astronomical time scale. Earth Sci. Rev. 104, 111-142

(20Mm).

Antell, G. S., Fenton, I. S., Valdes, P. J. & Saupe, E. E. Thermal
niches of planktonic foraminifera are static throughout
glacial-interglacial climate change. Proc. Natl. Acad. Sci. USA
https://doi.org/10.1073/pnas.2017105118 (2021).

Fauth, J. E. et al. Simplifying the jargon of community ecology:

a conceptual approach. Am. Nat. 147, 282-286 (1996).

Jackson, S. T. & Overpeck, J. T. Responses of plant populations
and communities to environmental changes of the late
Quaternary. Paleobiology 26, 194-220 (2000).

Bard, E., Rostek, F., Turon, J.-L. & Gendreau, S. Hydrological
impact of Heinrich events in the subtropical Northeast Atlantic.
Science 289, 1321-1324 (2000).

Broecker, W. S. Massive iceberg discharges as triggers for global
climate change. Nature 372, 421-424 (1994).

Ruddiman, W. F. Late Quaternary deposition of ice-rafted sand in
the subpolar North Atlantic (lat 40° to 65°N). Geol. Soc. Am. Bull.
88, 1813-1827 (1977).

Hubbell, S. P. The Unified Neutral Theory of Biodiversity and
Biogeography (Princeton Univ. Press, 2001).

Liow, L. H., Van Valen, L. & Stenseth, N. C. Red Queen: from
populations to taxa and communities. Trends Ecol. Evol. 26,
349-358 (2011).

Hillebrand, H. et al. Biodiversity change is uncoupled from
species richness trends: consequences for conservation and
monitoring. J. Appl. Ecol. 55, 169-184 (2018).

Jackson, S. T. & Sax, D. F. Balancing biodiversity in a changing
environment: extinction debt, immigration credit and species
turnover. Trends Ecol. Evol. 25, 153-160 (2010).

Williams, J. W., Ordonez, A. & Svenning, J. C. A unifying framework
for studying and managing climate-driven rates of ecological
change. Nat. Ecol. Evol. 5, 17-26 (2021).

Van Meerbeeck, C. J., Renssen, H. & Roche, D. M. How did Marine
Isotope Stage 3 and Last Glacial Maximum climates differ?
Perspectives from equilibrium simulations. Clim. Past 5, 33-51
(2009).

Jonkers, L. & Kucera, M. Global analysis of seasonality in the
shell flux of extant planktonic Foraminifera. Biogeosciences 12,
2207-2226 (2015).

Ofstad, S. et al. Development, productivity, and seasonality of
living planktonic foraminiferal faunas and Limacina helicina in an
area of intense methane seepage in the Barents Sea. J. Geophys.
Res. Biogeosci. 125, e2019JG005387 (2020).

Bova, S., Rosenthal, Y., Liu, Z., Godad, S. P. & Yan, M. Seasonal
origin of the thermal maxima at the Holocene and the last
interglacial. Nature 589, 548-553 (2021).

Rillo, M. C. et al. On the mismatch in the strength of competition
among fossil and modern species of planktonic Foraminifera.
Glob. Ecol. Biogeogr. 28, 1866-1878 (2019).

Lisiecki, L. E. & Stern, J. V. Regional and global benthic 30
stacks for the last glacial cycle. Paleoceanography 31, 1368-1394
(2016).

60. Reimer, P. J. et al. IntCal13 and Marine13 radiocarbon age
calibration curves 0-50,000 years cal BP. Radiocarbon 55,
1869-1887 (2013).

61. Butzin, M., Kohler, P. & Lohmann, G. Marine radiocarbon reservoir
age simulations for the past 50,000 years. Geophys. Res. Lett. 44,
8473-8480 (2017).

62. Langner, M. & Mulitza, S. Technical Note: PaleoDataView—A
software toolbox for the collection, homogenization and
visualization of marine proxy data. Clim 15, 2067-2072 (2019).

63. Mix, A. C., Bard, E. & Schneider, R. Environmental processes of
the ice age: land, oceans, glaciers (EPILOG). Quat. Sci. Rev. 20,
627-657 (2001).

64. Osman, M. B. et al. Globally resolved surface temperatures since
the Last Glacial Maximum. Nature 599, 239-244 (2021).

65. Horn, H. S. Measurement of ‘overlap’ in comparative ecological
studies. Am. Nat. 100, 419-424 (1966).

66. Jost, L., Chao, A. & Chazdon, R. L. in Biological diversity: frontiers
in measurement and assessment (eds Anne E. Magurran &

Brian J. McGill) 66-84 (Oxford University Press, 2011).

67. Ferrier, S., Manion, G., Elith, J. & Richardson, K. Using generalized
dissimilarity modelling to analyse and predict patterns of beta
diversity in regional biodiversity assessment. Divers. Distrib. 13,
252-264 (2007).

68. Shannon, C. E. A mathematical theory of communication.

Bell Syst. Tech. J. 27, 379-423 (1948).

69. R Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2022).

70. Wickham, H. et al. Welcome to the Tidyverse. J. Open Source
Softw. 4, 1686 (2019).

71.  Firke, S. janitor: Simple tools for examining and cleaning dirty
data. R package version 2.1.0 https://CRAN.R-project.org/
packages=janitor (2021).

72. Oksanen, J. et al. vegan: Community ecology package. R package
version 2.5-7 https://CRAN.R-project.org/package=vegan
(2020).

73. Hallett, L. M. et al. codyn: an R package of community dynamics
metrics. Methods Ecol. Evol. 7, 1146-1151 (2016).

74. Juggins, S. rioja: Analysis of quaternary science data. R package
version 0.9-26 https://cran.r-project.org/package=rioja (2020).

75. L&, S., Josse, J. & Husson, F. FactoMineR: an R package for
multivariate analysis. J. Stat. Softw. 25, 1-18 (2008).

76. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer,
2016).

77. Hijmans, R. J. raster: Geographic data analysis and modeling.

R package version 3.4-13 https://CRAN.R-project.org/
package=raster (2021).

78. Garnier, S. viridis: Default color maps from ‘matplotlib’. R package
version 0.6.1 https://CRAN.R-project.org/package=viridis
(2021.)

79. Locarnini, R. A. et al. World Ocean Atlas 2018, Vol. 1: Temperature.
NOAA Atlas NESDIS 81 (NOAA, 2019).

Acknowledgements

A.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).

Author contributions

H.H. and M.K. conceived the project idea, and all authors jointly
contributed to the design and planning of the project. A.S. conducted
the data analyses and designed the figures. A.S. wrote the R code

Nature Ecology & Evolution | Volume 6 | December 2022 | 1871-1880

1879


http://www.nature.com/natecolevol
https://doi.org/10.1073/pnas.2017105118
https://CRAN.R-project.org/package=janitor
https://CRAN.R-project.org/package=janitor
https://CRAN.R-project.org/package=vegan
https://cran.r-project.org/package=rioja
https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=viridis

Article

https://doi.org/10.1038/s41559-022-01888-8

with contributions from L.J. and M.C.R. All authors interpreted and
discussed the results, and contributed to the writing and editing of
the manuscript.

Funding
Open access funding provided by Staats- und Universitatsbibliothek
Bremen.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41559-022-01888-8.

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41559-
022-01888-8.

Correspondence and requests for materials should be addressed to
Anne Strack.

Peer review information Nature Ecology & Evolution thanks
Patricia Eichler, Helen Coxall, Christopher Lowery and the other,

anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Nature Ecology & Evolution | Volume 6 | December 2022 | 1871-1880

1880


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-022-01888-8
https://doi.org/10.1038/s41559-022-01888-8
https://doi.org/10.1038/s41559-022-01888-8
https://doi.org/10.1038/s41559-022-01888-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41559-022-01888-8

Latitude

0 3 6 9 12 15 18 21 24
Age [ka]

different colour palettes for each PC using individual colours from the plasma
temporal pattern of the overall assemblage change. This figure shows the colour palette. One colour palette was calculated for PC1 (from yellow to purple)
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Extended Data Fig.1| Colour-blind friendly visualisation of the spatio-
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analogues. This compilationis based on aMARGO subset*® that was updated with same latitudinal extent as the 25 time series used in this study (thatis,uptoa
samples from the time series used in this study that belonged to the LGM interval latitude of 6°S).
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Extended Data Fig. 3| Example for gains and losses calculation. This example sample A. Both samples share 16 species. Gains are calculated as the proportion
shows the calculation of the gains and losses values for Sample A (site V32-8; 0.12 of the number of species presentin Sample Abut notin Sample B relative to the
mdepth). For the gains and losses calculation, all samples in a time series are total number of species in both samples pooled together (22 species: 16 shared

always compared to the oldest sample in that time series (here Sample B; site V32-  plus 6 unique species) resulting in a gain value of 0.1818. Losses are calculated as
8;0.88 mdepth). Sample A contains 20 species with 4 (G. crassaformis, G. hirsuta, = the number of species not presentin Sample A but presentin Sample B relative
G. menardiiand G. rubescens) not being present in Sample B, whereas Sample B to the total number of species in both samples resulting in aloss value of 0.0909.
(18 species) contains 2 species (N. pachyderma and T. quinqueloba) not present in Sample A and B are also highlighted in Extended Data Fig. 4c.
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Extended Data Fig. 4 | Example of fitted linear models. To quantify the rates
of biodiversity change we calculated the slope of fitted linear models for species
richness, gains and losses. Here, the fitted linear models are shown for three
exemplary sites:161-977A (a), MD95-2043 (b) and V32-8 (c). Species richness
is the absolute number of species in each sample. A positive slope in richness
indicates anincrease in the number of species since the LGM and a negative slope
means a decrease. Gains and losses are given as the proportion between the
gained/lost species in each sample compared to the oldest sample in each time
series relative to the total number of species in both samples pooled together
(see Extended Data Fig. 3); since gains and losses are given as proportions, they

9 12 15
Age [ka BP]
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Age [ka BP]
are unitless. For gains (losses), a positive slope indicates that the number of
species gained (lost) at a given site increased over time. Time series in which
the number of gained (lost) species is decreasing through time show a negative
slope. In other words, a positive slope of species gains (losses) means that the
richnessis increasing (decreasing) continuously through time as species gains
(losses) are accumulating through time. A slope of species gains/losses equals
zero means that the richness remains constant over time as no species gains/
losses are accumulated through time. Red lines correspond to the fitted linear
models and the slopes are given in the upper right corner of each panel. ¢, also
shows the temporal location of Sample A and B used in Extended Data Fig. 3.
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Distances to nearest non-self sample within LGM database
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Extended Data Fig. 5| Histogram of nearest non-self analogues. Distance to nearest (as well as 2nd and 3rd nearest) non-self analogue within LGM compilation (see
Extended DataFig. 2). 99 % of the LGM samples have a nearest analogue with a dissimilarity of less than 0.06.
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Extended Data Table 1| Overview of time series

ELatitude Longitude Depthi Resolution i Assemblage data i Metadata used for age models

Core E north [°] east [°] [m] i [ka] iReference Data i 14C ref. 14C data : Isoref. Iso data
GIK17730-4 7241 739 2749 | 063 | w1 e B -
V28-14 ' 6478 -29.57 -1855§ 1.31 8 8 .
MD99-2285 6269 357  -885 0.58 8 - 8 .o )
MD99-2284 | 6237  -098 -1500 @ 004 | & w | e " ) )
162-980 5548  -14.70 -2180§ 0.23 o % *
SU90-03 | 51.88  -39.78 2070 | 096 | @ © - 80 o7
GIK15612-2 4436 2654 -3050§ 0.63 % % .
SU92-03 | 4320  -10.11 -3005 ' 067 | 10 o 100 * 100 102
CH69-K09 4176 4735 -41oo§ 0.18 103 104 *
MD95-2040 4058  -986 2465 ' 015 1 105 06 *
MD95-2041 i 37.83  -9.51  -1123 0.34 107 108 107 109 1o i
MD95:2042 | 3780 1007 3146 | 027 | 2 I .o 15
MD95-2043 ' 36.14 262  -1841 0.26 6 " .
161-977A 36.03  -1.96 -1984i 0.56 e e 16 o e 120
MD99-2339 | 3589  -753 1177 1 019 1 10rz 2 :
V32-8 3478 -32.42 -3252§ 0.95 123 124 - oo 125
V22222 | 2893 4365 -3197 ' 083 | ¥ o - 121 126
108-658C | 2075 1858 2273 059 | S o™ e 132
V30-49 1843  -21.08 -3093§ 1.02 123 13 134 s e 17,138
M35003-4 1200 6124 12991 031 | w *
V25-75 | 858 5317  -2743 0.81 123 1 134 w | @ 143,144
V30-36 535  -27.32  -4245 1.02 15 146 134 a7 123 148
V25-59 137 3348 -3824' 075 | 12 uo *
V30-40 1020 2315 -3706§ 0.99 5 150 134 st 13 152
RC24-16 504 -10.19 -35435 0.83 5 163 - - s 54

*age model from PALMOD 130k marine palaeoclimate data synthesis V1.1'® was used
**from paper/s or online supplements
Details of the 25 studied time series and corresponding data references. For detailed reference list see Supplementary Information file.
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Extended Data Table 2 | Species list of planktonic foraminifera

# Species name # Species name
1 Beella digitata 21 Globorotalia menardii
2 Berggrenia pumilio 22 Globorotalia scitula
3 Candeina nitida 23 Globorotalia theyeri
4 Dentigloborotalia anfracta 24 Globorotalia truncatulinoides
5 Globigerina bulloides 25 Globorotalia tumida
6 Globigerina falconensis 26 Globorotalia ungulata
7 Globigerinella adamsi 27 Globorotaloides hexagonus
8 Globigerinella calida 28 Globoturborotalita rubescens
9 Globigerinella siphonifera 29 Hastigerina pelagica
10 Globigerinita glutinata 30 Hastigerinella digitata
1 Globigerinita minuta 31 Neogloboquadrina dutertrei
12 Globigerinita uvula 32 Neogloboquadrina incompta
13 Globigerinoides conglobatus 33 Neogloboquadrina pachydemma
14 Globigerinoides ruber 34 Orbulina universa
15 Globigerinoides tenellus 35 Pulleniatina obliquiloculata
16 Globoconella inflata 36 Sphaeroidinella dehiscens
17 Globoquadrina conglomerata 37 Tenuitella iota
18 Globorotalia cavernula 38 Tenuitella parkerae
19 Globorotalia crassaformis 39 Trilobatus sacculifer
20 Globorotalia hirsuta 40 Turborotalita humilis

41 Turborotalita quinqueloba

The harmonized taxonomy follows Siccha and Kucera™.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  no software used for collection

Data analysis R version 4.1.3; publicly available packages listed in methods
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data used and analysed during the current study are publicly available in the PANGAEA and NOAA National Centers for Environmental Information repositories
(except assemblage abundance data for 108-658C). For information on links and paper references to individual assemblage datasets see Extended Data Table 1.
Abundance data of 108-658C is an unpublished dataset used with the permission of the authors.

MARGO data that are used for the regional North Atlantic LGM data set are available on PANGAEA (Atlantic Ocean: https://doi.pangaea.de/10.1594/
PANGAEA.227329, Mediterranean: https://doi.pangaea.de/10.1594/PANGAEA.227306 and Pacific: https://doi.pangaea.de/10.1594/PANGAEA.227327). Modern
global mean surface temperature and globally resolved 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/reconstructions/osman2021/).




Taxonomically harmonized assemblage data are available at https://doi.org/10.5281/zenod0.6948750.
R code used to generate the results of this study are available at https://doi.org/10.5281/zenodo.6948750.
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Study description We analyse community change in fossil planktonic foraminifera assemblage data (relative abundances) using commonly used
dissimilarity metrics and principal component analysis to assess how biodiversity turnover responded to past climate changes.

Research sample We used published fossil assemblage data (see Extended Data Table 1) and one data set that is unpublished but used with the
authors permission (108-658C).

Sampling strategy The 25 records studied here were selected from 198 records situated in the North Atlantic Ocean and adjacent seas initially identified
in public databases as containing planktonic foraminifera assemblage counts within the past 24 ka.

Data collection We used previously published data that were initially identified in public databases and met our data inclusion criteria. Detailed
information on the individual records and meta data can be found in Extended Data Table 1.

Timing and spatial scale  We used previously published data. The fossil assemblage data are from records situated in the North Atlantic Ocean and adjacent
seas and cover the time period of 23 ka to 3 ka with an average resolution of 0.06 ka, ranging from 0.04 to 1.31 ka.
For the 9 sites included in the PALMOD 130k marine palaeoclimate data synthesis V1.1 (Jonkers et al., 2020), we used their provided
revised age models; for the remaining 16 sites we adapted the same approach as in Jonkers et al. (2020). Further information on the
age models are given in the Material and Methods sections and in Extended Data Table 1.

Data exclusions Criteria for inclusion of records in our compilation: 1) situated in the North Atlantic Ocean and adjacent seas; 2) complete taxonomic
resolution; 3) covering the entire time period of interest spanning the transition from the last ice age to the current warm period (i.e.
at least 23 ka to at least 3 ka) and 4) resolution below 1.5 ka to resolve millennial-scale climate events.
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