Article

Past foraminiferal acclimatization capacity
is limited during future warming
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Climate change affects marine organisms, causing migrations, biomass reduction and
extinctions%. However, the abilities of marine species to adapt to these changes
remain poorly constrained on both geological and anthropogenic timescales. Here we
combine the fossil record and a global trait-based plankton model to study optimal
temperatures of marine calcifying zooplankton (foraminifera, Rhizaria) through time.

Theresults show that spinose foraminifera with algal symbionts acclimatized to
deglacial warming at the end of the Last Glacial Maximum (LGM, 19-21 thousand years
ago, ka), whereas foraminifera without symbionts (non-spinose or spinose) kept the
same thermal preference and migrated polewards. However, when forcing the
trait-based plankton model with rapid transient warming over the coming century
(1.5°C,2°C,3°Cand 4 °Crelative to pre-industrial baseline), the model suggests that
the acclimatization capacities of all ecogroups are limited and insufficient to track
warming rates. Therefore, foraminifera are projected to migrate polewards and reduce
their global carbon biomass by 5.7-15.1% (depending on the warming) by 2100 relative
t01900-1950. Our study highlights the different challenges posed by anthropogenic
and geological warming for marine plankton and their ecosystem functions.

Climate change affects marine biodiversity and ecosystem function’.In
response to warming, some marine organisms, such as fish, have shifted
their habitat to track suitable temperatures®*.Inaddition, some species
have maintained or evenincreased performance in their local habitat
through evolutionary adaptation or non-evolutionary acclimatiza-
tion, both of which are commonly observed in marine microorganisms
(plankton)>”. However, the adaptive capacity of plankton andits limits
remain poorly constrained in response to both past environmental
changes and the ongoing climate crisis. This lack of knowledge causes
uncertainty in estimating extinction risk, distribution shifts*® and
effects onthe marine food web' in response to a future warmer climate.

Planktic foraminifera are calcifying zooplankton and contribute
roughly half of the modern global pelagic calcium carbonate produc-
tion™. Their comprehensive microfossil records have been used to esti-
mate therealized niche (the observed living conditions) of foraminifera
through the late Quaternary glacial-interglacial climatic cycles'*.
Specifically, foraminifera were thought to have a limited potential
toadaptively change ecological niches across time'**, However, studies
revealed that some foraminifera species could exhibit great plasticity
in their optimal niche (the subset of the realized niche with the high-
est fitness)", and extensive morphological, physiological and devel-
opmental plasticity that facilitates responses to modern' and past®
environmental changes. This apparent disagreement between niche
stability and plasticity leaves a key question open about the adaptive
potential and vulnerability of the planktic ecosystem.

Here we aim to understand the adaptive capacity of foraminiferain
response to environmental change at different rates and amplitudes

by drawing on the extensive foraminiferal microfossil record and a
novel trait-based model. We apply an Earth system model of intermedi-
ate complexity (cGENIE) to (a) the LGM (19-21ka, around 6 °C cooler
than the pre-industrial era); (b) the pre-industrial era (1765-1850);
and (c) the nextcentury (2100) under 1.5-4 °Cwarming scenarios rela-
tive to the pre-industrial baseline. The cGENIE Earth system model
includes a trait-based mechanistic plankton model' that recently incor-
porated the mainforaminiferaecogroups, which are distinguished by
the presence or absence of photosynthetic symbionts and the pres-
ence or absence of calcareous spines associated with grazing enhance-
ment”. Any plankton in the model are allowed to grow anywhere, but the
emerging biogeography is constrained by the local abiotic (tempera-
ture, nutrient and irradiance) and biotic factors (prey concentration,
resource competition and grazing pressure) (Methods). This modelling
principle mimics the process of natural selection and supports the plas-
ticity of the plankton niche instead of specifying niche parameters'®.

The mechanistically simulated foraminiferal thermal performance
curves (TPCs: abundance as afunction of temperature) represent real-
ized niches and are compared with estimates based on fossil abundance
inwell-dated marine sediments and temperature reconstructions for
the LGM and pre-industrial era (Methods). On the basis of the TPCs,
the optimal temperatures are quantified as the temperature range
thatleads to abundances exceeding half of the highest abundance, as
showninapreviousreport® We regard ashiftin optimal temperatures
with warming as the signature of adaptive behaviour exemplified by
higher growth rates or abundance as defined in previous experimental
studies (Extended DataFig.1). However, because of the lack of absolute

'School of Earth Sciences, University of Bristol, Bristol, UK. 2School of Geographical Sciences, University of Bristol, Bristol, UK. *Department of Earth, Ocean and Ecological Sciences, University
of Liverpool, Liverpool, UK. “GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany. °Department of Meteorology, Stockholm University, Stockholm, Sweden. ®e-mail: rui.ying@

bristol.ac.uk

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-08029-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-08029-0&domain=pdf
mailto:rui.ying@bristol.ac.uk
mailto:rui.ying@bristol.ac.uk

Article

Symbiont-barren non-spinose Symbiont-barren spinose

D . 2 |f

0 10 20 30 0 10 20 30
Annual mean SST (°

Symblont obligate spinose

o
™

o
~

Relative abundance

-}

e

Symbiont-barren non-spinose Symbiont-barren spinose

038 o) 08
0. ‘ 0.4
ol
e
0 10 20 30

Symbiont-obligate spinose

0

0 10 20 3
Annual mean SST (°C)

Relative abundance
S

0

Fig.1|Reconstructed thermal performance of planktic foraminiferal
ecogroups. The thermal performance of planktic foraminiferal ecogroupsis
reconstructed for the LGM (blue; 19-21 ka) and for the pre-industrial climate
(green; 0 ka). a-f, Relative abundance of foraminifera ecogroups in the cGENIE
model (a-c) and the fossil record (d-f), along with annual mean sea surface
temperature (SST). Bothmodel and observation show a stable thermal niche
for symbiont-barren non-spinose foraminifera (a,d) and ashifted niche for
symbiont-obligate spinose foraminifera (c,f) fromthe LGMto the pre-industrial
age.The model-datamismatch (b,e) occurs for symbiont-barren spinose
foraminifera probably because of the local adaptation of G. bulloides in this
group?. All of the thermal performance curves or thermal niche envelopes
(continuous lines) are estimated using an ensemble quantile regression model
from 90th-99th levels and calculating the mean ands.d. (inthe shading area).
Theraw dataare plotted as shaded dots. The fossil sample size is for 1,433 for
theLGM and 4,205 for the pre-industrial age. Optimal temperatures that
exceed the 50% maximumabundanceinbothages are labelled using horizontal
bars (minimum to maximum), with the mean valueshownasadot. The
foraminiferaiconisforillustration and does notindicate a specific species.

flux (accumulation rate) data in micropalaeontology studies, we use
relative abundance here to determine the optimal condition of each
species and the adaptive capacity of the whole assemblage. Suchrela-
tive representations of foraminiferal optimal condition are consistent
with experimental measurements? and estimates based on maximal
body size” (Extended Data Table 1), confirming that they can act asa
proxy of optimal condition.

Foraminiferal niche in the LGM and pre-industrial era

In response to the environmental change from the LGM to the pre-
industrial era, both the model and the data for foraminifera ecogroups
show diverse responses. The symbiont-barren (that is, no symbiont)
non-spinose foraminiferaretained their optimal temperature at 8/10 °C
(model/observation) during the deglacial transition (Fig. 1a,d). This
niche stability caused a contraction of geographical range into the
high latitudes from the glacial to the pre-industrial (Extended Data
Fig.2). The symbiont-barren spinose foraminifera are an opportunistic
(high-food) group dominated by the species Globigerina bulloides. The
model suggests awider optimal habitat thanthe data, witha mean value
shifting from15°Cto17 °Cincomparison with the retained 14 °Cin the
data (Fig.1b,e). The model-data mismatch highlights the difficulty of
identifying the optimal conditions for cryptic species with multiple
genotypesin G. bulloides and their specific thermal sensitivities? with
oneecological setting in the model. Specifically, the model cannot dif-
ferentiate between the open ocean types found in temperate waters
and the upwelling types associated with the coastal high-nutrient set-
tings. Finally, for symbiont-obligate spinose foraminifera that occupy
the shallow and warm open oceans in the mid-to-low latitudes, the
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modelled and observed optimal temperature both increased from
20/21°C (LGM model/observation) to 24/25 °C (pre-industrial model/
observation) (Fig. 1c,f and Extended Data Fig. 2).

The fossil data allow us to further investigate species-leveratiol
responses. We reconstructed the TPCs of 31 foraminifera species on
thebasis of LGM and pre-industrial fossil observations, extending our
analysisto species that do not belongto the above ecogroups (Extended
DataFig.3 and Extended Data Table1). Our species-based results agree
with and expand previous findings about species-dependent thermal
niches®. Although some species exhibited niche stability (G. bulloides
and Neogloboquadrina pachyderma), others shifted their optimal niche
towards colder (Orbulina universa, Neogloboquadrina incompta and
Turborotalita quinqueloba) or warmer (Globigerinoides ruber albus,
Globigerinoides ruber ruber, Trilobatus sacculifer, Neogloboquadrina
dutertrei and Pulleniatina obliquiloculata) environments. However,
in this species-level analysis, changes in thermal optima cannot be
explained by ecological traits such as symbiosis or spines (two-way
ANOVA, symbiosis: F, 5, =1.248, P=0.321; spine: F; ,, = 0.228,P=0.638).
The discrepancy between species- and ecogroup-level analysis suggests
that our ecogroup-level model captures the response of dominant
foraminifera but ignores the interspecies ecological differences of
rare taxa.

The shiftin the TPC of symbiotic foraminifera provides evidence
of their adaptive abilities to warming. Although the TPCs are based
on relative abundance data, our results cannot be explained by spe-
ciesreplacementalone, because modelled (Extended DataFig.4) and
observed absolute abundance (foraminiferaaccumulation rates) have
increased since the LGM?, reflecting their unambiguously increased
fitness under warming. Similarly, these results are not caused by dis-
persal limitation or by a lack of warm habitats in the LGM, because
these processes modify the boundary rather thanthe shape of the TPC
(Extended DataFig.1). Finally, we have reanalysed niche reconstruction
datafroma previous study', which shows asimilarly increasing optimal
temperature fromthe LGM to the pre-industrial era (-0.3 °Ct0 8.6 °C)
(Extended Data Fig. 5 and Supplementary Methods). This confirms
the robustness of our results, because the same response is detected
independent of evidence used: relative abundance, presence-absence,
accumulation rate or model simulation.

Weinterpret the adaptive response of symbiont-obligate foraminifera
showninthe dataand our model during the deglacial warming as accli-
matization, which we define asthe non-evolutionary reversible response
of aspecies to maintain or increase performance®*?, Thisinterpreta-
tion of acclimatizationis based on the knowledge that no novel species
ortraitemerged across the planktonic foraminifera taxasince the LGM
(thatis, no evolutionary adaptation). Previous studies®*? show that the
most recent origination amongst modern morphologically defined
foraminifera species occurred diachronously from 2.2-32.2 million
years ago, hence much earlier than the LGM (19-21 ka). Although there
is evidence for genetic changes within the foraminiferal morphotypes
(termed as ‘cryptic species’), the most recent genetic split occurred dur-
ing marineisotope stage 5.5 (roughly 120 ka)*®—again, earlier than the
LGM. Moreover, the symbiont-obligate foraminifera ecogroup, which
presents the optimal niche change during the deglaciation, has the least
cryptic species in the community®. Furthermore, the dominant species
(T sacculifer) in this ecogroup has no cryptic species. This reinforces
that no genetic divergence occurred since the LGM to support a pos-
sible interpretation of evolutionary change of foraminifera species.

Projection of foraminiferaby 2100

Giventhethermalresponseidentifiedin the past, itis possible to con-
sider whether acclimatization to future warming will allow foraminif-
era to maintain their biomass and ecosystem functions. To answer
this question, we conducted a series of transient simulations from a
pre-industrial climate to 2100 using the same model used for the last
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Fig.2|Response of plankton ecosystems to future warming in cGENIE.
a,Modelled change in SST, NPP and globally integrated foraminifera carbon
biomass whenglobal mean surfacetemperatureincreasesby1.5°C,2°C,3°C
and4 °Cin2100 relative to the1900-1950 average. We used historical CO, to
force the model (with comparison with ERSST v.5 (ref. 48) SST observations),
andlinear CO, forcings to mimic future warming. b, Thermal performance
curvesofthe three foraminiferaecogroupsin2100 as estimated in Fig.1. The
grey curves show the present niches. ¢, Carbon biomass future trend for each
foraminiferagroupinresponse toa4 °C warming by 2100 relative to the
present. Allbiomassin this figure refers to biomass standing stock, but the
trend is the same for biomass production rate (Supplementary Fig. 7).

deglacial warming experiment. We used historical CO, concentrations
to force the model from pre-industrial to the present day (2022), and
fouridealized linear CO,forcings to simulate future warming scenarios
(1.5°C,2°C,3°Cand 4 °C by 2100 relative to the 1900-1950 average;
Fig.2a and Supplementary Fig. 2). By reproducing the observation
that the global mean sea surface temperature (SST) in the present day
(2022) isaround 0.6 °C warmer than the 1900-1950 average (Fig. 2a),
the model demonstratesits ability to simulate future scenarios interms
of the rate of warming. By 2100, the global SST will increase by 1.0 °C,
1.3°C,2.1°Cand 2.8 °Cinresponse to the different warming forcings.
The resulting ocean net primary productivity (NPP) drops by 4.7%,
6.1%, 9.7% and 13.5%, respectively (Fig. 2a), in good agreement with
the Coupled Model Intercomparison Project (CMIP5-CMIP6) range
(Supplementary Fig. 3).

The modelled foraminiferashow limited thermal adaptive potentials
in the future (Fig. 2b). The mean thermal optima of symbiont-barren
non-spinose foraminifera only shift by 0.0 °C,0.2°C,0.2°Cand 0.5°C
compared to the present day (2022) under our four warming scenarios.
The mean optimal temperature for symbiont-barren spinose foraminif-
eradecreasesby1.7°C,1.5°C,1.2°Cand 0.6 °Cas their tropical habitats
vanish by 2100. Symbiont-obligate foraminifera are projected to have
agreater acclimatization, with 0.4 °C, 0.7 °C, 1.5 °C and 2.3 °C shifts
in optima temperature, comparable with the response to deglacial
warming (Fig. 1). However, the reduction in the absolute abundance
of symbiont-obligate foraminifera indicates that optimal tempera-
ture changes are more limited than it seems (0.4 °C, 0.7 °C, 1.2 °C and
1.8 °C on the basis of absolute abundance). Our simulations indicate
that, even when the possibility of acclimatization is accounted for in
the model, planktonic foraminifera will not be able to track the pace
of future warming.

As observed since the pre-industrial age®®*, planktic foraminif-
erain the mid-to-high latitudes will migrate polewards in the future.
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Fig.3|Ecological and physiological drivers of change in foraminiferal
thermal performance.a, NPP (line, mean; shaded area, s.d.) for each
temperature bin (1°C).b-d, The cellular C:P biomass ratio of foraminifera
ecogroups (symbiont-barren non-spinose (b), symbiont-barren spinose (c) and
symbiont-obligate spinose (d)) determines the assimilation efficiency of prey.
Aclear change inthe NPP-temperature relationship occurred from the LGM
tothe pre-industrialerabutisnotseeninthe futureundera4 °Cwarming
scenario, explaining the different responses between the two warming events.
Thedistinct C:P shiftindicates the physiological adjustment of symbiont-
obligate spinose foraminifera under different trophic conditions.

Symbiont-barren spinose foraminifera, such as G. bulloides, willincrease
their biomass standing stocks (hereafter, biomass) in the Southern
Ocean and the North Atlantic, benefitting from niche expansion
(Fig. 2c) into a habitat in which symbiont-barren non-spinose species
dominate today®. The biomass of warm-adapted symbiont-obligate
spinose will increase in the North subpolar regions and subantarctic
zones (Fig. 2c), which agrees with the observations in the Arctic** and
Southern Ocean®.

Overall, the global biomass of foraminiferais predicted to declinein
the future (Fig.2a,cand Extended DataFig. 6). The model estimates that
global foraminiferabiomass has already decreased by 3.4% at present
(2022) relative to the 1900-1950 average (Fig. 3a). With a warming of
1.5,2,3,and 4 °Cby 2100, foraminiferabiomassis projected to reduce
further by 5.7,7.2,10.6 and 15.1%, respectively (Fig. 2a). This biomass
loss is widespread across the ocean, exceptin the Southern Ocean and
to alower extentin the North subpolar regions, where species replace-
mentoccurs (Fig. 2c). Theloss of biomass is uneven across ecogroups
and is driven mainly by the two symbiont-barren groups (9-23% and
10-27% for non-spinose and spinose, respectively), which account
for around 77% of the total change (Extended Data Fig. 6). We suggest
that this preferential loss is caused by the reliance of these groups on
phytoplanktonas prey, which are also decreasing in biomass (Fig. 2a).
By contrast, symbiotic foraminiferashow lower losses (4-10% biomass
loss; Extended DataFig. 6), because they can draw on multiple energy
pathways, highlighting the importance of ecological redundancy to
reduce overalllosses inbiomass. Our model results are well supported
by census counts of planktic foraminifers spanning the past century>.,
Itshould be noted that our model does notinclude therisk of symbiont
bleaching; this has been suggested to affect foraminiferal physiology
in past warm events™®, is evident today in coral symbionts* and would
increase the vulnerability of the group.

Role of food in acclimatization

The foraminiferal response in the pastand future allows us to examine
the mechanism of acclimatization. To understand the details, we disen-
tangled the ecophysiological processes that account for the plankton
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performance. The modelled plankton growth rate monotonically
increases with temperature and is modulated by nutrient availability™.
The top-down control (grazing pressure) is typically negligible for
foraminifera, owing to their small biomass. The modelled biomass
loss, including the mortality and respiration rate, has the same ther-
mal sensitivity across different climates and seems not to contribute
to the observed change in thermal niche (Supplementary Methods).
Therefore, the modelled thermal acclimatizationis likely to be driven by
changesin prey availability (grazing source) and prey quality (assimila-
tion efficiency), and by autotrophicinput from symbionts that support
the metabolic needs for living at higher temperatures.

We investigate the role of food by comparing the ocean’s primary
production and temperature for the LGM, pre-industrial era and
future in response to the +4 °C scenario. The NPP-SST relationship
is similar across the time slices at high latitudes (lower than 10 °C),
but different at low latitudes (higher than 10 °C) (Fig. 3a). This differ-
ence explains the stable niche of the symbiont-barren non-spinose
ecogroup, which is heterotrophic and tracks the footprint of the pri-
mary producers (Figs.1and 3a-c). Foramore detailed understanding,
we analysed the foraminiferal cellular physiology (variable stoichi-
ometry)® to determine the prey assimilation efficiency. We found a
nearly linear increase in the carbon to phosphate (C:P) biomass ratio
of symbiont-obligate foraminifera with temperature (Fig.3d), indicat-
ing a more efficient use of nutrients in warm oligotrophic environ-
ments. The C:P ratio decreases because more prey (indicated by NPP)
can be found in warmer environments during the pre-industrial era,
compared with the LGM (Fig. 3a). This supports the hypothesis that
symbiont-obligate foraminifera benefit from symbiosis to supplement
metabolic needs, whereas symbiont-barren foraminifera depend on
food availability, as observed in culture studies in which algal symbi-
onts transfer carbon-enriched polysaccharide (for example, starch)
through lipid droplets to the host cytoplasm*. This energy transfer
allows the host with a high affinity to nutrients to counteract nutrient
scarcity. Our interpretation is further supported by the observation
that the foraminiferal nutrient content (size-normalized protein) is
determined by NPP and chlorophyll a concentrations*.

The different pattern of NPP-SST for future scenarios compared with
the LGM corroborates the distinctionbetween past and ongoing warm-
ing (Fig. 3a). The deglacial warming was associated with active ocean
mixing and a higher nutrient supply***}, whereas the modern warming is
characterized by increasing stratification. The abrupt current warming
determines the climatic impacts on the ocean circulation, ice sheets,
wind stress and nutrient supply, which are distinctly different from
the LGM changes. To validate the importance of this, we forced the
model to reach the same warming magnitude but at different rates. All
experiments show ocean stratification and reduced nutrient delivery
to the surface (Extended Data Fig. 7). However, in response to slower
warming scenarios, ocean circulation can mitigate the stratification
and allow a greater amount of nutrients to be supplied to the upper
layers, especially in the Southern Ocean (Extended Data Figs.8 and 9).

Implications

Marine plankton support the flux of energy and material through the
marine food web and the storage of carbonin the ocean. Consequently,
their adaptive capacity directly influences fishery production and the
global carbon cycle. Our study provides several lines of evidence for
acclimatizationin marine calcifying zooplankton on various geological
timescales, and suggests that this acclimatization depends on ecology
andfood supply. The differencein responseto past, present and future
warming highlights the unprecedented risks for the marine plankton
ecosystem, which could be further exacerbated by ocean acidifica-
tion**, symbiont bleaching®, deoxygenation* and other potentially
synergistic stressors. Theimportance of the rate of change in determin-
ing the capacity of foraminiferaacclimatization agrees witha previous
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modelling study*®, which came to similar conclusions about the phyto-
plankton’s adaptive responses. However, to fundamentally understand
these risks, assessments of plankton life cycles are needed to work
out how changing environments select phenotypes in the offspring
population* and influence their ontogeny. Overall, the acceleration of
present climate change is challenging the adaptive capacity of marine
plankton and their ecosystem functioning.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-08029-0.

1. Cooley, S. et al. in Climate Change 2022: Impacts, Adaptation and Vulnerability.
Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (eds Portner, H.-O. et al.) 379-550 (Cambridge Univ. Press,
2022).

2. Yasuhara, M. et al. Past and future decline of tropical pelagic biodiversity. Proc. Natl Acad.
Sci. 117,12891-12896 (2020).

3. Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L. & Levin, S. A. Marine taxa track local
climate velocities. Science 341, 1239-1242 (2013).

4.  Chaudhary, C., Richardson, A. J., Schoeman, D. S. & Costello, M. J. Global warming is
causing a more pronounced dip in marine species richness around the equator. Proc. Nat!
Acad. Sci. USA 118, €2015094118 (2021).

5. Padfield, D., Yvon-Durocher, G., Buckling, A., Jennings, S. & Yvon-Durocher, G. Rapid
evolution of metabolic traits explains thermal adaptation in phytoplankton. Ecol. Lett. 19,
133-142 (2016).

6. Irwin, A. J.,, Finkel, Z. V., Miiller-Karger, F. E. & Troccoli Ghinaglia, L. Phytoplankton adapt
to changing ocean environments. Proc. Natl Acad. Sci. USA 112, 5762-5766 (2015).

7. Lee, Y. H.etal. Epigenetic plasticity enables copepods to cope with ocean acidification.
Nat. Clim. Change 12, 918-927 (2022).

8.  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,
174-1179 (2012).

9. Chivers, W. J., Walne, A. W. & Hays, G. C. Mismatch between marine plankton range
movements and the velocity of climate change. Nat. Commun. 8, 14434 (2017).

10. Lotze, H. K. et al. Global ensemble projections reveal trophic amplification of ocean
biomass declines with climate change. Proc. Natl Acad. Sci. USA 116, 12907-12912 (2019).

1. Neukermans, G. et al. Quantitative and mechanistic understanding of the open ocean
carbonate pump - perspectives for remote sensing and autonomous in situ observation.
Earth Sci. Rev. 239, 104359 (2023).

12.  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 118, e2017105118 (2021).

13.  Waterson, A. M., Edgar, K. M., Schmidt, D. N. & Valdes, P. J. Quantifying the stability of
planktic foraminiferal physical niches between the Holocene and Last Glacial Maximum:
niche stability of planktic foraminifera. Paleoceanography 32, 74-89 (2017).

14. Davis, C. V., Wishner, K., Renema, W. & Hull, P. M. Vertical distribution of planktic
foraminifera through an oxygen minimum zone: how assemblages and test morphology
reflect oxygen concentrations. Biogeosciences 18, 977-992 (2021).

15.  Vanadzina, K. & Schmidt, D. N. Developmental change during a speciation event:
evidence from planktic foraminifera. Paleobiology 48, 120-136 (2022).

16.  Ward, B. A. et al. ECOGENIE 1.0: plankton ecology in the cGEnIE Earth system model.
Geosci. Model Dev. 11, 4241-4267 (2018).

17.  Ying, R., Monteiro, F. M., Wilson, J. D. & Schmidt, D. N. ForamEcoGEnIE 2.0: incorporating
symbiosis and spine traits into a trait-based global planktic foraminiferal model. Geosci.
Model Dev. 16, 813-832 (2023).

18. Follows, M. J., Dutkiewicz, S., Grant, S. & Chisholm, S. W. Emergent biogeography of
microbial communities in a model ocean. Science 315, 1843-1846 (2007).

19. Sinclair, B. J. et al. Can we predict ectotherm responses to climate change using thermal
performance curves and body temperatures? Ecol. Lett. 19, 1372-1385 (2016).

20. Lombard, F., Labeyrie, L., Michel, E., Spero, H. J. & Lea, D. W. Modelling the temperature
dependent growth rates of planktic foraminifera. Mar. Micropaleontol. 70, 1-7 (2009).

21. Schmidt, D. N., Renaud, S., Bollmann, J., Schiebel, R. & Thierstein, H. R. Size distribution
of Holocene planktic foraminifer assemblages: biogeography, ecology and adaptation.
Mar. Micropaleontol. 50, 319-338 (2004).

22. Darling, K. F. et al. Genetic diversity and ecology of the planktonic foraminifers
Globigerina bulloides, Turborotalita quinqueloba and Neogloboquadrina pachyderma off
the Oman margin during the late SW monsoon. Mar. Micropaleontol. 137, 64-77 (2017).

23. Steinke, S., Yu, P.-S., Kucera, M. & Chen, M.-T. No-analog planktonic foraminiferal faunas in
the glacial southern South China Sea: implications for the magnitude of glacial cooling in
the western Pacific warm pool. Mar. Micropaleontol. 66, 71-90 (2008).

24. Moller, V. et al. in Climate Change 2022: Impacts, Adaptation And Vulnerability.
Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (eds Portner, H.-O. et al.) 2897-2930 (Cambridge Univ. Press,
2022).

25. Hattich, G. S.|. et al. Temperature optima of a natural diatom population increases as
global warming proceeds. Nat. Clim. Change 14, 518-525 (2024).


https://doi.org/10.1038/s41586-024-08029-0

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sexton, P. F. & Norris, R. D. Dispersal and biogeography of marine plankton: long-distance
dispersal of the foraminifer Truncorotalia truncatulinoides. Geology 36, 899-902 (2008).
Kucera, M. & Schonfeld, J. in Deep-Time Perspectives on Climate Change: Marrying the
Signal from Computer Models and Biological Proxies (eds Williams, M. et al.) 409-425
(Geological Society of London on behalf of The Micropalaeontological Society, 2007).
Vargas, C., de, Renaud, S., Hilbrecht, H. & Pawlowski, J. Pleistocene adaptive radiation in
Globorotalia truncatulinoides: genetic, morphologic, and environmental evidence.
Paleobiology 27,104-125 (2001).

Morard, R. et al. The global genetic diversity of planktonic foraminifera reveals the
structure of cryptic speciation in plankton. Biol. Rev. 99, 1218-1241(2024).

Jonkers, L., Hillebrand, H. & Kucera, M. Global change drives modern plankton
communities away from the pre-industrial state. Nature 570, 372-375 (2019).

Chaabane, S. et al. Modern planktonic Foraminifera: migrating is not enough. Preprint at
https://doi.org/10.21203/rs.3.rs-3485983/v1 (2023).

Grigoratou, M., Monteiro, F. M., Wilson, J. D., Ridgwell, A. & Schmidt, D. N. Exploring the
impact of climate change on the global distribution of non-spinose planktonic foraminifera
using a trait-based ecosystem model. Glob. Change Biol. 28, 1063-1076 (2022).

Greco, M., Werner, K., Zamelczyk, K., Rasmussen, T. L. & Kucera, M. Decadal trend of
plankton community change and habitat shoaling in the Arctic gateway recorded by
planktonic foraminifera. Glob. Change Biol. 28, 1798-1808 (2022).

Pinkerton, M. H. et al. Zooplankton in the Southern Ocean from the continuous plankton
recorder: distributions and long-term change. Deep Sea Res. Part 1162, 103303 (2020).
Edgar, K. M. et al. Symbiont ‘bleaching’ in planktic foraminifera during the Middle Eocene
Climatic Optimum. Geology 41, 15-18 (2013).

Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals in the
Anthropocene. Science 359, 80-83 (2018).

Boyd, P. W. Physiology and iron modulate diverse responses of diatoms to a warming
Southern Ocean. Nat. Clim. Change 9, 148-152 (2019).

Grigoratou, M. et al. A trait-based modelling approach to planktonic foraminifera
ecology. Biogeosciences 16, 1469-1492 (2019).

Galbraith, E. D. & Martiny, A. C. A simple nutrient-dependence mechanism for predicting
the stoichiometry of marine ecosystems. Proc. Natl Acad. Sci. USA 112, 8199-8204 (2015).
LeKieffre, C. et al. Assimilation, translocation, and utilization of carbon between
photosynthetic symbiotic dinoflagellates and their planktic foraminifera host. Mar. Biol.
165, 104 (2018).

41, Meilland, J., Howa, H., Lo Monaco, C. & Schiebel, R. Individual planktic foraminifer
protein-biomass affected by trophic conditions in the Southwest Indian Ocean,
30°S-60°S. Mar. Micropaleontol. 124, 63-74 (2016).

42. Anderson, R. F. et al. Wind-driven upwelling in the Southern Ocean and the deglacial rise
in atmospheric CO,. Science 323, 1443-1448 (2009).

43. Gray, W.R. et al. Deglacial upwelling, productivity and CO, outgassing in the North Pacific
Ocean. Nature Geosci 11, 340-344 (2018).

44. Kawahata, H. et al. Perspective on the response of marine calcifiers to global warming
and ocean acidification—behavior of corals and foraminifera in a high CO, world “hot
house”. Prog. Earth Planet. Sci. 6, 5 (2019).

45. Deutsch, C., Penn, J. L. & Seibel, B. Metabolic trait diversity shapes marine biogeography.
Nature 585, 557-562 (2020).

46. Sauterey, B. et al. Phytoplankton adaptive resilience to climate change collapses in case
of extreme events—a modeling study. Ecol. Model. 483, 110437 (2023).

47. Gunderson, A. R. & Stillman, J. H. Plasticity in thermal tolerance has limited potential to
buffer ectotherms from global warming. Proc. R. Soc. B 282, 20150401 (2015).

48. Lan, X., Tans, P. & Thoning, K. W. Trends in globally-averaged CO, determined from NOAA
Global Monitoring Laboratory measurements. https://doi.org/10.15138/9NOH-ZHO7
(2023).

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

By 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 licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence 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 licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | www.nature.com | 5


https://doi.org/10.21203/rs.3.rs-3485983/v1
https://doi.org/10.15138/9N0H-ZH07
http://creativecommons.org/licenses/by/4.0/

Article

Methods

cGENIE Earth system model

cGENIE is an Earth system model of intermediate complexity, with
a36 x 36 equal-area grid (10° longitude and uniform in the sine of
latitude) and 16 vertical ocean layers, that resolves multiple bio-
geochemical cycles. It facilitates the exploration of long-term
climate, marine ecology and carbon cycling, particularly in palae-
oceanography studies®. It couples several components, including
atwo-dimensional energy-moisture balance (EMBM) atmosphere
and a thermodynamic sea-ice model*°, a three-dimensional ocean
circulation (C-GOLDSTEIN)* combined with ocean biogeochemistry
(BIOGEM)** and a trait-based plankton community model (EcoGENIE)™.
The EcoGENIE modelincludes a full spectrum of planktic foraminifera
ecogroups” on the basis of the implementation of their functional
traits (body size, calcification, symbionts, spines and feeding behav-
iour). The foraminifera biomass is determined by environmental tem-
perature, prey availability and biotic interaction with other plankton
groups. The foraminifera parameterizations have been improved in
this study (Supplementary Fig. 5and Supplementary Table 2). Concrete
details can be found in the Supplementary Methods.

LGM, pre-industrial and future model simulations. We derive the
palaeogeographical configuration, zonal albedo profile and ice-sheet
data from the HadCM3 model*® to configure the cGENIE LGM mod-
el. We apply the LGM climate boundary conditions including lower
atmospheric CO, (193 ppm), a new dust deposition field**, enhanced
wind stress* and orbital parameters following the PMIP4 protocol®.In
addition, we apply abrinerejectionrelocationin the Southern Ocean,
which redistributes brine (salt expelled during sea-ice production)
from the surface to the deep ocean, following a previous report® and
based on another study® The parameterizations were constrained by
aglobal compilation of marine carbon stable isotope (§*C) data®. The
simulated LGM ocean shows aweaker and shallower Atlantic Meridional
Overturning Circulation (AMOC) than the modern one”, agreeing with
previous modelling results®.

On the basis of these glacial boundary conditions, we spin up the
model for 10,000 years to reach a steady state. The model predicts
aregionally enhanced carbon export in the LGM compared to the
pre-industrial era, as suggested by amultiple-proxy compilation (Sup-
plementary Fig.1). The LGM SST in ¢GENIE is around 5 °C cooler than
the pre-industrial one, which is overall higher than the data for the
LGM, but in agreement with some PMIP4 models®. We note that the
LGM SST reconstruction uncertainty is still an unsolved question®,
which can be attributed both to models® and proxies®.

The pre-industrial experimentadoptsasimilar grid and carbon-cycle
configuration to that described previously®*. The model is spun up
under the pre-industrial state (1765) for 10,000 years, with an atmos-
pheric CO, concentration of 278 ppm and a dust field from a previ-
ous report®, We next use the historical CO, dataas input to force the
model to run from the pre-industrial age to the present day (2022)*3,
and impose a series of idealized future CO, forcings causing 1.5 °C,
2°C,3°Cand4 °C global air warming, with all the other parameteri-
zationthe same as for the pre-industrial simulation (Supplementary
Fig.2). For simplicity, we do not include any other greenhouse gases
in this study.

The historical global mean surface temperature aligns well with the
HadCRUTS5 dataset®®, and the global mean SST agrees with the ERSST
v.5 dataset*® (Supplementary Fig. 2). The future experiment results
are comparable with fully coupled CMIP Earth system models. The
model predicts the same subtropical and tropical zooplankton biomass
loss and polar biomass increment as CMIP6 models®. The NPP is pro-
jected to decline between 1% (1 °C) and 10% (4 °C) by 2100 relative to
the present day, like the CMIP5 average and the lower bound of CMIP6
(ref. 67) (Supplementary Fig. 3).

Foraminiferal biomass to abundance. All of the modelled foraminifera
carbonbiomassis converted to absolute abundance to determine rela-
tive abundance. The conversion follows the equation below, in which
biomass and cell volume are taken from the model, and the carbon
biomass density uses a foraminifera-average value (0.089 pg C pm™)
derived from refs. 68,69.

Abundance = Biomass/(Cell volume x Density)

LGM and pre-industrial observational data

LGM and pre-industrial planktic foraminifera abundance data. We
use the curated sediment foraminifera assemblage datasets ForCenS”
and MARGO”' to represent the pre-industrial and the LGM abundance.
The MARGO samples have undergone a quality level assessment
based on the age control and have no bias caused by calcite dissolu-
tion”’. Both datasets have global coverage, with a bias towards the
low latitudes (Supplementary Fig. 4). We only use relative abundance
data and convert absolute count to relative abundance if necessary.
We keep the different sample depths in the same sediment core (that
is, no averaging) to include the uncertainty within each time interval.
After the datastandardization (see below), there are 4,205 data points
forthe pre-industrial age (41species) and 1,433 data points for the LGM
(35 species).

For consistency, we use the latest taxonomic standardization”in
both datasets. Specifically, we merged Globorotalia truncatulinoides
sinistral and G. truncatulinoides dextral into G. truncatulinoides, and
T. sacculifer with sac and without sac chamber (Trilobatus trilobus)
into T. sacculifer. We separate G. ruber into G. ruber albus (white) and
G. ruber ruber (pink) and use N. pachyderma and N. incomptato replace
the N. pachydermasinistraland N. pachyderma dextral. The commonly
used ‘P/Dintergrades’is merged into N.incomptafollowing the ForCenS
dataset’. We adopt the use of Globorotalia cultrata and Globorotalia
eastropaciatoreplace Globorotalia menardiiand Globorotalia theyeri,
respectively.

These species-based data are aggregated into functional groups
accordingtotheir trait of spines and algal symbionts (Supplementary
Table 1). The algal symbiont information follows a previous report”:
‘symbiont-barren’ (no symbiont), ‘symbiont-obligate’ (must live with
symbiont), ‘symbiont-facultative’ (has been found with and without
symbionts), ‘symbiont-bearing’ (newly detected relationship inref.73)
and ‘undetermined’. The spine information is based on a previous
report’ and mikrotax” (https://www.mikrotax.org), with the clas-
sification of ‘spinose’, ‘non-spinose’ and ‘undetermined’. We report
only three groups: ‘symbiont-barren non-spinose’, ‘symbiont-barren
spinose’ and ‘symbiont-obligate spinose’, owing to limited biological
understanding of the drivers of symbiont-facultative behaviour and
its benefits or trade-offs. However, the species-level dataarereported
as completely as possible for the readers’ interest.

LGM and pre-industrial SST data. We use the geographical informa-
tion in the abundance dataset to look up the SST in the nearest grid
location within data products. We use the HadISST1 dataset™ (1 x 1°,
latitude x longitude, 1870-1900 annual mean climatology) as our
pre-industrial temperature reference and a previous data assimilation
(Tierneyetal.”’) (1.9 x 2.5°, latitude x longitude) as our LGM reference.
Tierney et al.”” used an Ensemble Kalman filter to incorporate the in-
formation of geochemical proxy data compilation (19-23 ka) with the
constraints of aclimate model (iCESM). The proxy compilationincludes
organic chemistry-based proxies (UL, TEXg), and foraminifera-
shell-based §®0 and Mg/Ca. Each type of proxy was calibrated using a
Bayesian model to propagate proxy uncertainties and seasonal bias.
We do not use assemblage-based temperature reconstruction from
the MARGO to avoid circular reasoning.

Itisworthnoting that the temperature dataused here only represent
the surface layer (0.5 m for LGM data and 0.2 m for HadISST) and its


https://www.mikrotax.org

long-term climatology, therefore not indicating the in situ tempera-
ture of the precise habitat. The common and accepted use of annual
mean SST averages over the seasonal variability does not reflect the
dynamicvertical distribution of foraminifera. These limitations do not
affectourinference of acclimatization because a shallow thermocline
inthe highlatitudes restricts most species to the surface layer, whereas
the symbiont-bearing species in the low latitudes need to live in the
mixed layer to obtain sufficient solar irradiance’®. This gives us faith
thatsurface oceantemperatureistheright approachforthe dominant
groups and regions. The seasonal range of SST in low latitudes is low
(less than 0.5 °C), with only minor differences between the LGM and
the pre-industrial, which cannot therefore explain our observation
(Supplementary Fig. 6). However, the LGM climate reconstruction is
still an active developing topic®. Although we include multiple reali-
zations of the modelled LGM climate (cGENIE and HadCM3 as below)
and proxy-based temperature”’, the thermal optima in our study are
conditional to the fidelity of these reconstructed climate states.

LGM and pre-industrial foraminiferal thermal performance curves
Quantile regression model. We fit thermal performance curves (norm
reaction) using anonlinear quantile regression model from the R pack-
age quantregGrowth”. This approach has been used to estimate up-
per limit functions such as the Eppley curve®, which describes the
exponential increase in maximum phytoplankton growth rates with
temperature. However, the fitted maximum abundances of foraminifera
have higher uncertainties in those undersampled regions. To quantify
such uncertainty, we apply ten different models with quantile levels
fromthe 90thto the 99th and calculate their meanands.d. Theresulting
s.d. that measures the sensitivities of the models to the outlier values
could provide an assessment of the sampling effortin this region (Fig.1).

Rendering the optimal temperature. The fitted quantile models are
thenused to estimate the optimal temperature range at each age. We set
half of the maximum abundance (in both the LGM and the pre-industrial
pool) asthethreshold. The thermal optima of speciesin the LGM andin
the pre-industrial eraare provided in Extended Data Table 1.

Validating the relative abundance-based optimal niche. To validate
the thermal optimum based on relative abundance, we compare the
species’ optimal temperatures with previous estimations based on
thelargest body size* and the highest growth rate*’. The result shows
that the relative abundance-based optimal temperatures are very con-
sistent with those estimations based onbiological traits (Extended Data
Table1). Our method also provides the s.d. of the optimal temperature
range, which measures the breadth of the optimal niche.

However, we caution our readers about the potential bias when using
relative abundance-based optimal niches for rare species. Inanextreme
scenario, arare species could have its lowest relative abundance even
whenitis atits highest absolute abundance. This can occur when a
dominant species exists in a similar optimal niche. Nevertheless, this
bias is not a substantial concern for dominant species, because their
relative abundance is hardly influenced by rare species. Overall, our
estimations of optimal niche for dominant species and ecogroup are
robust, whereas results for species with alow abundance need to be
processed with caution.

ANOVA. We conducted two-way ANOVAs in R (v.4.3.1)®' to explain
the species difference of thermal optimum from the LGM to the
pre-industrial erausing their symbiosis and spine trait. The full species
list and their related trait attribution are provided in Supplementary
Tablel.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The MARGO and ForCensS fossil data, in addition to the previously
described”” LGM temperature assimilation product, can be retrieved
from https://www.pangaea.de. The HadISST data product is publicly
available at https://www.metoffice.gov.uk/hadobs/hadisst/. All the
CMIP6 data can be downloaded from https://esgf-node.llnl.gov/pro-
jects/cmip6/. The cleaned foraminifera fossil abundance and tempera-
ture datainthis study are available at https://zenodo.org/doi/10.5281/
zen0do.8189768 (ref. 82). The existing pre-industrial, LGM and future
c¢GENIE model outputs are archived in https://zenodo.org/d0i/10.5281/
zen0do.8189647 (ref. 83). The reanalysed data from a previous study™
are available at https://zenodo.org/doi/10.5281/zenod0.8189772
(ref. 84).Source data are provided with this paper.

Code availability

The cGENIE model code used in this study is available at https://
github.com/ruiying-ocean/cgenie.muffin/tree/DEV_Foram/ (https://
zenodo.org/doi/10.5281/zenodo.12658600). Instructions including
commands to run the models can be found in the genie-userconfig/
FORAMECOGEM/readme.txt. Model data analyses were performed
using cgeniepy (v.0.7.5)%. All the scripts for analyses and visualizations
are stored at https://github.com/ruiying-ocean/Igm_foram_niche.
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Extended Data Table 1| The mean thermal optimum’ values and standard deviation for foraminifera species (in degrees
Celsius) for the LGM and pre-industrial age

Species Mgi;_i Mean + $ize-pased Culture data (PI)*
(LGM) S.D. (PI) estimation (PI)!

B. digitata 225+1.6 23.9+4.3

C. nitida 22.6=x15 27.4+0.8

G. bulloides 15.3+3.5 14.4+43 10.5,23.8 9-25

G. calida 23.5+0.8 28.9+0.2

G. conglobatus 25.4 0.4 26.1 1.9 26.9

G. conglomerata 25.0+0.5 27.4+0.8

G. crassaformis 21.8+2.2 23.4+25

G. cultrata 25.1 0.4 27.3+0.8 27.7

G. falconensis 14.0 0.3 22.0 £3.9

G. glutinata 19.0 £4.9 25.4 +4.3

G. hexagonus 25.0 +0.5 27.9+0.6

G. hirsuta NA 19.4+2.4 22.8

G. inflata 18.1 £3.2 16.3 4.7 18.2,27.9

G. ruber albus 20.1+3.1 25.4+26 275 20-29

G. ruber ruber 22.7+0.8 26.421.3 275 20-29

G. rubescens 20.0x1.5 NA

G. scitula 141 £1.3 NA

G. siphonifera 25.8 +0.3 27.3+0.9 20-29

G. tenellus 24.6 0.7 26.1+1.8

G. truncatulinoides 19.4 £3.8 17.8 £4.5 19.8

G. tumida NA 27.1+1.0 28.4

N. dutertrei 22.1+1.4 24.9+1.8 8-25

N. incompta 16.0 £2.3 13.6 +3.4 11.4 6-20

N. pachyderma 3.0 £3.9 4.4+27 0.3 <

O. universa 22.9+0.9 17.0+2.7 204 20-29

P. obliquiloculata NA 28.9+0.2

S. dehiscens NA 28.0 0.5

T. humilis NA 18.3 x2.7

T. quinqueloba 13.2+1.3 6.2+1.7

T. sacculifer 23.5+0.8 26.5%1.5 27.2 20-29

*The thermal optimum is defined as the temperature range with more than 50% maximum relative abundance of both LGM and pre-industrial (PI) age. The NA in this table suggests that some
taxa satisfy the optimal condition.

'The optimal temperatures defined as the maximum body size where available in Schmidt et al.?. The G. ruber in this study include two subspecies, which are separated in our study.

*The optimal temperatures defined as the maximum growth rate where available in Lombard et al.°.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
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Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

No | Yes

[1][] Public health

|:| |:| National security

|:| |:| Crops and/or livestock
0

|:| Ecosystems
|:| Any other significant area

[

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor




was applied.
Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.
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Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.q. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
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subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,




Graph analysis subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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