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Figure S1. Location of SNW data, sampling method and number of samples per site.
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Figure S2. Location of SNW data for individual species, and locations for all SNW data included in the group-level SNW model. Data excludes plankton tow
and only include SNW which are measurement based. For the group-level model, data is from a small size fraction range (250-350 um).
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Figure S3. Mediterranean carbonate ion concentration, sea surface salinity and sea surface temperature outputs for the preindustrial (1750; preindustrial
values were assumed the same as in 1850, which is average of 1850:1854) and modern (2010; average of 2005-2014), and the difference between these two
time periods. Outputs are from CESM2 in the CMIP6 suite and are corrected for model drift and to GLODAP observational data, following the methods in
Jiang et al. (2023). These model outputs have been manipulated to calculate decadal averages and units converted using density functions found in Table S1
and the International Thermodynamic Equation of Seawater - 2010 (TEOS-10; McDougall & Barker, 2011). Carbonate ion concentration is calculated from
dissolved inorganic carbon (DIC) and alkalinity using CO2SYS (van Heuven et al., 2011).
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Figure S4. Chlorophyll, phosphate and NPP model outputs for the preindustrial (1750; preindustrial values were assumed the same as in 1850, which is
average of 1850:1854) and modern (2010; average of 2005-2014), and difference between these time periods. Outputs are the median of CESM2, MRI
ESM2, GDFL CM4, MIROC, and GFDL ESM4 from the CMIP6 suite. These data were not corrected for model drift, or to observational data as the
observational data coverage is insufficient and DIVA gridding produces spurious results. Note that these model outputs have been manipulated to calculate
decadal averages and units converted using density functions found in Table S1 and the International Thermodynamic Equation of Seawater — 2010 (TEOS-
10; McDougall & Barker, 2011).
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Figure S5. Spearman’s output showing the high degree of correlation (p > 0.7) in the carbonate
system, hence why only carbonate ion concentration was selected to represent the carbonate
system.
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Figure S6. Kernel density estimate of the observed dataset “y”, with density estimates for 100
simulated datasets “yrep” drawn from the posterior predictive distribution showing goodness of fit of
SNW for the Bayesian models, plotted using the pp_check function from the brms package. The
closer that “yrp” is to “y” means the better the model was able to reproduce the original data

distribution. All models have a reasonable fit.
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Figure S7. Size-normalised weight (SNW) of foraminiferal species used in Group-level modelling (sieved from 250-350 um size fraction). The boxplots show
the range of variance in SNW between species is unequal (“heteroscedastic”). We account for this heteroscedasticity in group-level model by adding a shape

term which allows the variance between each species to vary.
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N. incompta
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Figure S8. Planktic foraminiferal size-normalised

weight (SNW) separated by species, with sieve
size fraction information. See Fig. 2 for all species

combined.
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Figure S9 (a) Boxplot showing SNW distribution across sieve size fractions for different data types. (b-f) Planktic foraminiferal size-normalised weight (MBW)
against environmental variables extracted from the CMIP6 modelling suite (see methods). Colour indicates the size-fraction foraminifers were initially sieved
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Figure S10 Bayesian model outputs showing the median difference in SNW from different sampling methods, relative to coretop data (unless stated
otherwise). The more negative the value, the lighter the SNW. Black capped lines represent the 95% probability interval. N pachyderma is not present
because this dataset contained only one sampling method (Coretop). ! G. ruber does not contain any samples from sediment core data. 2 G. elongatus does
not contain any coretop data, and the sediment trap data presented is relative to sediment core data.
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Figure S11 Boxplot showing the weight of foraminifers under different sampling methods for G.
bulloides, G. truncatulinoides and N. incompta in the Mediterranean and the Atlantic. The data has
been split in this way to remove the impact of size fraction, species, and location, which enables
direct comparisons between sampling methods from the raw SNW data.



Table S1. Breakdown of CMIP6 models used to extract environmental data. All models include a
“historical” simulation with forcing terms following their historical records (1850-2010), and a
“piControl” with steady preindustrial forcing. “pi” is short for preindustrial control or PiControl. TEOS
is short for the International Thermodynamic Equation of Seawater (TEOS-10). We only used data
which was regridded (.gr) and not natural gridded (.gn). A tick mark [V'] indicates which model is
used. n/a is where data is not available on the ESGF (Earth System Grid Federation).

! The Jiang model output uses the median values from all models listed in the table, which has been
processed as per the methods in Jiang et al (2023).

2The Jiang model output was for the open-ocean, therefore did not contain data for the
Mediterranean. The biogeochemistry output for the CEMS2 model was the closest match to the
median biogeochemistry of the 14 model ensemble, hence CESM2 was used to extract carbonate
system, temperature and salinity data for the Mediterranean.

. Pl

& & z@ £gc8 £ s £%

& g 2E 23 2 s =3
Vodel k& = &2 §%s ¢ 5 23
ACCESSESM1-5 rlilp1fl 161 1024.5 - .gn .gn .gn
CESM2 r1lilpifl 601 TEOS - v v v
CMCC-ESM2 rlilpifl 1850 TEOS - .gn .gn .gn
CNRM-ESM-2 rlilp1f2 1850 TEOS - .gn .gn .gn
GFDL-CM4 rlilpifl 151 1035 -
GFDL-ESM4 rlilp1fl 101 1035 -
IPSL- CM6ALR rlilpifil 1910 1028 - .gn .gn .gn
MIROC-ES2L rlilp1f2 1850 TEOS - v v v
MPI-ESM1-2- LR rlilpifl 1850 1025 - £gn £gn .gn
MRI-ESM2-0 rli2pifl 1850 1024.5 - v v v
CanESM5 rlilpifil 5201 1025 - n/a .gn .gn
NorESM2-LM rlilp1fl 1600 TEOS - n/a n/a n/a
UKESM1-0-LL rlilp1f2 2250 TEOS - n/a n/a .gn
EC-Earth3-CC rlilpifi 1850 TEOS - n/a n/a n/a




Table S2. Extended version of table 2. Compilation of previous studies assessing the relationship between planktonic foraminiferal size-normalized weight
(SNW) and the environment. + = positive correlation, — = negative correlation, ~ = no response, a = Not specifically tested, only implied, b = Variable
measured at the sea surface, c = Depth not explicitly stated. This table summarizes information from measurement based SNW (i.e. silhouette area [pA], or
diameter normalised) studies only and omits those which only normalised to size by sieving (i.e. sieve-based weights; SBW) or use plankton tow data. [1]
Barker & Elderfield (2002); [2] Béjard et al. (2023); [3] Marr et al. (2011); [4] Marshall et al. (2013); [5] Osborne et al. (2016); [6] Pallacks et al. (2023); [7]
Weinkauf et al. (2016).
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5 g 35 § & £ g=5
SNW measurement £ - 8 £ H E £ % B -g
Species Data type type Symbiont Spinose o o o = e e < w O o
symbiont-barren, spinose
+ b
G. bulloides® Core MBW, diameter Non-Symbiont  Spinose
+
G. bulloides? Coretop MBW, diameter Non-Symbiont  Spinose *b
G. bulloides® Coretop MBW, diameter Non-Symbiont  Spinose
. . . +c ~c ~c
G. bulloides® Trap/Core  MBW, pA Non-Symbiont  Spinose
~C ~cC ~cC ~b ~cC ~cC ~cC ~C =
G. bulloides? Trap MBW, diameter Non-Symbiont  Spinose
- ~b ~b
G. bulloides’ Trap MBW, pA Non-Symbiont  Spinose *c .
symbiont-obligate, spinose
. . . +b
G. elongatus® Core MBW, diameter Symbiont Spinose
~cC + b +
G. elongatus’ Trap MBW, pA Symbiont Spinose




G. ruber’ Trap MBW, pA Symbiont Spinose *c
G. ruber® Trap MBW, pA Symbiont Spinose e e
G. sacculifer? Trap MBW, pA Symbiont Spinose e e
symbiont-barren, non-spinose
+ ~
G. inflata? Coretop MBW, diameter Non-Symbiont  Non-Spinose | *ab ab
+ ~
G. trunc! Coretop MBW, diameter Non-Symbiont  Non-Spinose | *ab ab
G. trunc? Trap MBW, diameter Non-Symbiont  Non-Spinose - ° B . R .
N. incompta? Trap MBW, diameter Non-Symbiont  Non-Spinose = B ¢ T T =t
+ ~
N. pachyderma? Coretop MBW, diameter Non-Symbiont  Non-Spinose | *ab ab




Table S3 Bayesian model structure, collinearity diagnostics (variance inflation factor; VIF and tolerance intervals, Tl, and model fit. Environmental variables include sea
surface carbonate ion concentration, phosphate concentration, salinity and net primary productivity (NPP). In the ‘Group-level’ Bayesian models, Environment and Sampling
method were added as fixed effects, and Species was added as a random effect (intercept only). Sampling method can include data from coretop, sediment core and
sediment trap. A VIF of ten or less and tolerance interval (Tl) of > 0.1 indicates that collinearity is not problematic (Marcoulides & Raykov, 2019). *Models which use
principal components (PCs) in place of individual environmental variables due to collinearity in the original data making dimensionality reduction necessary. Values for leave

one out cross validation (LOO) are reported in elpd,,, [t standard error]; a lower value indicates comparatively worse performance between the two models (e.g., null
model performs worse than the full model).
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Model name n w n v e e z n e e o - =
Group-level models (i.e., foraminifera pooled together)
full model 0
. Y 1.08 1.08 1.45 1.03 .
full model 491 v v v 0.93] 0.92] [0.69] 0.97] 90% 2475
null model
[19.4]
null model 0
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Table S4. Effect size and 95% credible interval [lower, upper] for the association between SNW and
the environment, from group-level (i.e. across species) and species-level Bayesian modelling for
species that did not require PCA. See S2 and Table 3 in the main text for Bayesian model results of
species that required PCA. If the credible interval crosses zero, there is a that there
is an effect. Colour indicates a positive or negative result. Note that the modelled dataset is slightly
different between the group-level model and the species-level models. The group-level model
dataset includes species which were omitted from species-level models due to their low sample size,
and the size fraction ranges are more restricted for the group-level model due to a bias against larger
size fractions in cooler environments (see methods).

Model Carbonate Phosphate Salinity NPP

Group-level 0.04 [0.01, 0.06] -0.08 [-0.11, -0.06] -0.02 [-0.06, 0.01] 0.01 [-0.00, 0.03]

G. bulloides 0.04 [-0.01, 0.09] 0.03 [-0.01, 0.08] 0.02 [-0.03, 0.07] 0.12 [0.05, 0.19]

G. ruber 0.33[0.09, 0.58] 0.09 [-0.11, 0.30] -1.14 [-1.35, -0.93] -0.07 [-0.14, 0.00]
[

N. pachyderma  0.22 [0.14, 0.30] 0.05 [-0.05, 0.15] -0.30 [-0.44, -0.16] 0.09 [0.02, 0.16]



S2. Principal component analysis (PCA)

For species G. truncatulinoides, G. elongatus and N. incompta collinearity was problematic (variance inflation
factor (VIF) score was over ten; Marcoulides and Raykov, 2019). As such, to remove collinearity we reduce the
dimensionality of the data with PCA and use the principal component outputs instead of individual
environmental drivers in the Bayesian models. For these three species the PCA is based on the same four
environmental drivers as all other modelling; carbonate ion concentration, phosphate concentration, net
primary productivity (NPP), and salinity. These data were centred and scaled prior to PCA to ensure that
environmental data were normalised.

G. truncatulinoides

Over half the of the variance in the environmental data is represented by principal component 1 (PC1; 59%;
Table S5). Although including PC2 would increase the explained variance, its inclusion leads to multicollinearity
in the resulting Bayesian model. As such, we only use PC1 for G. truncatulinoides. For this species, PC1 is
primarily characterized by high loadings on salinity and phosphate (34% and 29% of the variance contribution
respectively; Table S5), while carbonate contributes 20% and NPP 17%. PC1 score increase with salinity (i.e.,
positive loading) and decreases with higher values of phosphate, carbonate and NPP (i.e., negative loadings;
Table S5; Fig. 512).

G. elongatus

Together, PC1 and PC2 explain 88% of the variance in environmental data for G. elongatus (Table S5). PC1 is
primarily characterized by phosphate, NPP and salinity (34%, 34% and 27%, respectively), while PC2 is primarily
characterized by carbonate ion concentration (80%). PC1 scores increase with phosphate and carbonate ion
concentration, but decreases with salinity and NPP (Table S5; Fig. S12). PC2 is most strongly associated with a
decrease in carbonate ion concentration but also shows negative loadings for salinity, phosphate, and NPP.

N. incompta

For N. incompta, PC1 and PC2 together explain 98% of the variance in the environmental data (Table S5). PC1 is
characterized by relatively balanced loadings across the four environmental variables, with slightly higher
loadings for salinity (29%) and phosphate (28%). In contrast, PC2 is primarily associated with NPP and
carbonate, with loadings of 60% and 39%, respectively. PC1 scores increase with phosphate and decrease with
higher salinity, carbonate, and NPP. PC2 scores increase with NPP and decrease with carbonate (Table S5; Fig.
512).



Table S5 Results from Principal Component Analysis for G. truncatulinoides, G. elongatus and N. incompta. Eigenvalue and variance explained (%) indicate how well the
principal component explains the environmental data. Squared cosines (cos?) and percentage contribution show how well a particular environmental variable is represented
in the principal component. Loadings (Eigenvectors) are indicative of the correlation between variables.

Variance Quality of representation of variable; . . .
. . ) . Variable loadings (Eigenvectors)
Eigenvalue | explained (%) cos’ [percent contribution]
Salinity PO4 Carbonate NPP Salinity PO4 Carbonate NPP
G. truncatulinoides
PC1 2.37 59.31 0.81 0.68 0.48 0.40 0.58 -0.54 -0.45 -0.41

[34.11%)] [28.55%)] [20.34%)] [16.99%)]

G. elongatus

0.66 0.84 0.12 0.83
. . -0.52 0.59 0.22 -0.58
PCl 247 6167 (26.84%) | [34.44%] | [5.03%] | [33.68%]
0.16 0.02 0.84 0.02
. . -0.39 -0.15 -0.90 -0.15
PC2 1.04 26.11 [15.22%] [2.31%] [80.17%] [2.29%]
N. incompta
0.98 0.97 0.78 0.69
. . -0.53 0.53 -0.48 -0.45
PCl 3.42 8547 [28.58%] [28.43] [22.75%] [20.24%]
PC2 0.48 12.05 0.00 0.00 0.18 0.29 -0.08 0.01 -0.62 0.78

[0.68%] [0.01%] [39.01%] [60.28%]
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Figure S12 — Biplot outputs from principal component analysis for G. truncatulinoides, G. elongatus and N.
incompta for principal component (PC) 1 and PC2 for each species. The percentage presented in each axis label
is the Eigenvalue expressed as percentage (i.e., how much variance in the data is explained by that
component). Squared cosine values (cos?) are indicative of the strength of each variable's association with a
principal component; the higher the value the better represented the variable is in that PC. The direction of the
arrow along the axis describes the correlation between variables; positively correlated variables point to the
same side of the plot and negatively correlated variables point to opposite sides of the graph.



S3. Additional analyses for depth of environmental variables

In the main text we use sea surface (< 20 m) environmental data in the Bayesian models, including for species
that are generally deeper dwelling, e.g., G. truncatulinoides. As described in the main text, this is in part due to
the challenge of estimating exact habitat depth for each specimen. Here we explore the importance of the
depth of environmental data by performing further analyses using 200m depth environmental data from
CESM2. We aimed to compare the model performance of two G. truncatulinoides models, one analysed with
deeper (200m) environmental data and one with shallower (< 20 m) environmental data. As collinearity was
present in the datasets (VIF >10) it was necessary either (a) reduce the dimensionality of data with principal
component analysis (PCA), or because collinearity is primarily associated with sampling method in

G. truncatulinoides, (b) model coretop data and sediment trap data separately. Because we wanted to compare
the models, PCA would have been inappropriate as it would result in differing principal components for the
models. Hence, we take option two and for G. truncatulinoides, model coretop data and sediment trap data
separately. For each we run a sea surface (€ 20m) environmental data model and a deep (200m) environmental
data model. The sediment trap data models had to be abandoned due to excessive collinearity (VIF >10).
Phosphate was removed from both coretop data models due to collinearity (VIF >10), leaving carbonate ion
concentration, net primary productivity (NPP) and salinity.

The explained variance of coretop G. truncatulinoides was higher in the 200m depth model than in the sea
surface model (Bayes R2 54% and 34%, respectively; Table S3) showing an improvement of the link between
SNW and environment for the deeper data. It is important to note that while there is a comparative
improvement in model performance with the 200m depth data, still only half of SNW is explained by these
three environmental variables leaving large uncertainties about other drivers for SNW in this species. We are
hesitant to overinterpret these models due to the fairly low explained variance and small sample size (n = 40),
however the overlap of the 95% credibility intervals for coefficient estimates (Fig. S13) suggest little difference
between models. The low explained variance in SNW for these models, and for all G. truncatulinoides analysed
using PCA (33% Table S3), might be related to the much longer life time of this species meaning that it
experiences a wide range of environmental conditions given the vast distances this taxon drifts during its
lifetime (van Sebille et al., 2015; Waterson et al., 2017).

NPP 1 x

m= Depth

Salinity 4 : X
: Sea surface

Carbonate - X

0.1 0.0 0.1 0.2
Coefficient effect size

Figure S13 Effect size and credible intervals for the association between SNW and the environment for a G.
truncatulinoides model using sea surface data (20m or less) and a model using deeper data (200m). A cross [x]
represents the median value, the thicker line the 50% interval (i.e., where 50% of the posterior probability lies)
and the thinner line the 95% interval. If the 95% interval does not cross zero, then there is a 95% probability
there is an effect of the environmental variable. A negative value represents a negative correlation between
SNW and the coefficient.
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