Downloaded from https://www.pnas.org by 87.115.221.170 on August 28, 2025 from |P address 87.115.221.170.

PNAS

EVOLUTION

L)

Check for
updates

s OPEN ACCESS

Detecting environmentally dependent developmental plasticity

in fossilized individuals

abe1 (D) Alex Searle-Barnes®

Anieke Brombacher ,James M. !\Au\queeney‘i'd

, Christopher D. Standish?, J. Andy Milton®

 Orestis L. Katsamenis®",

Richard A. Watsong, Clive Trueman?, lan Sinclair®”, Paul A. Wilson?, Gavin L. Foster?, and Thomas H. G. Ezard?

Affiliations are included on p. 7.

Edited by Nils Stenseth, Universitetet i Oslo, Oslo, Norway; received October 20, 2024; accepted June 10, 2025

The fossil record provides the most powerful evidence of large-scale biodiversity change
on Earth, but it does so at coarse and often idiosyncratic temporal scales. One critical
problem that arises concerns the evolutionary consequences of individual environmen-
tal experience. Individuals respond to their environment instantaneously, whereas the
resolution of most fossil records aggregates multiple paleoenvironments over time scales
beyond individual lifespans. Therefore, the presence of phenotypic plasticity in deep
time and the extent of its influence on macroevolution remain poorly understood. Using
coupled computed tomography and laser ablation inductively coupled plasma mass spec-
trometry protocols, we studied the environmental dependence of developmental trajecto-
ries across three sister species of macroperforate planktonic foraminifera. A foraminiferal
shell preserves all stages of the individual’s ontogeny, as well as the environmental state
experienced throughout its lifetime. Generalized additive mixed effect (GAMM) models
show that somatic growth rates differ among the three Menardella species and that these
are inversely correlated with calcification temperature, as reconstructed from Mg/Ca
measurements through ontogeny. This environmental dependence varies among species:
The thermal sensitivity of individual chamber-to-chamber growth rates of Menardella
limbata and Menardella pertenuis is double that seen in Menardella exilis. In contrast,
no such environmental signal was recovered for architectural shape traits. Our integrated
approach is widely applicable and demonstrates that detecting developmental plasticity
in the fossil record is feasible. Extrapolating these techniques in deep time promises to
revolutionize our understanding of the ways in which environmentally associated trait
variation drove the diversification of life on Earth.

developmental plasticity | reaction norm | deeptime | planktonic foraminifera

Phenotypic variation forms the basis for micro- and macroevolutionary analysis of the fossil
record. Phenotypes form through a combination of genetic and nongenetic components;
many genotypes are capable of producing different phenotypes depending on environmental
conditions and cues (1). While the fossil record represents an excellent resource for docu-
menting the generation and proliferation of new biodiversity on the largest scales, the com-
mon lack of temporal and spatial resolution and the paucity of sufficiently detailed information
on the experienced environment have prevented attempts to discriminate how much of the
variation in form is environmentally associated (2, 3). Many lines of evidence have been used
to speculate that environmentally induced phenotypic plasticity, the capacity of a single
genotype to give rise to multiple phenotypes, introduces new variation and therefore has the
potential to promote speciation (4, 5). There is growing evidence that phenotypic variation
shapes species divergence in deep time (6), but the lack of empirical data means that the role
of phenotypic plasticity in macroevolutionary change remains unknown (7-9).

Ecophenotypic, i.e. environmentally associated, variation is often invoked to explain
morphological variation in the fossil record (3), but widely accepted evidence is currently
lacking. Phenotypic plasticity in modern analogue species is sometimes used to argue for
similarly plastic traits in fossil ancestors (e.g., refs. 10, 11-13), but most fossil species do
not have modern analogues and, in those that do, the same phenotypic differences can
be both environmentally and genetically controlled (14, 15). A high degree of morpho-
logical variation within a species (16-21), or morphological variation among populations
in different environmental settings (13, 16, 22-26) has often been ascribed to ecopheno-
typic variation in the fossil record but a purely genetic basis for this variation cannot be
ruled out from studying morphology alone (27-29). To quantify the potential adaptability
of form in fossil species and determine how much of that versatility lows from environ-
mental influence (3), it is necessary to calculate how much of that variability is environ-
mentally associated.
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In extant populations, hypotheses concerning the balance between
plastic and genetic trait changes are tested either through experimental
manipulation of genetically identical individuals or by gathering
repeated measurements on the same individuals experiencing different
environments through their lifetimes (30, 31). In the fossil record,
the most obvious limiting factor in establishing the extent to which
variability results from plastic or genetic properties is the lack of cou-
pled contemporaneous environmental data at sufficient fine-scale
temporal resolution. Changes in ontogenetic trajectories (16, 21, 26,
32, 33) or the degree of asymmetry in ontogenetic trajectories (24,
34) have been argued to indicate environmentally associated variation
in deep time, but these approaches cannot rule out purely genetic
variation. To partition trait variation into genetic and environmentally
associated components, we need detectable morphological and envi-
ronmental signals at biologically relevant temporal resolutions.

Here, we map life history and shell architecture traits of indi-
viduals in three species of planktonic foraminifera (Menardella
limbata, Menardella exilis, and Menardella pertenuis, SI Appendix,
Fig. 1) to the environments experienced by individuals during
their life. Each foraminifer grows by adding a new calcite chamber
to its overall shell as a discrete ontogenetic stage every few days
(Fig. 1). We develop repeatable, high-resolution laboratory-based
protocols to map morphological developmental trajectories
extracted from X-ray microcomputed tomography (CT, Fig. 1)
(35) to the changing environment through the life of each fossil
individual as recorded in the calcite Mg/Ca ratios and measured
through laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) (36, 37). We compare individual ontogenetic
trajectories from developmental stage # to stage 7 + I to ambient
temperature recorded in the calcite Mg/Ca ratios at stage 7. We
then aggregate these repeated morphology-environment associa-
tions into generalized additive mixed models to build environ-
mental reaction norms in deep time and determine how much
trait variation is best explained by an individual’s response to the
environmental changes it experienced millions of years ago.

1. Results

Menardella pertenuis reaches a larger final size than its ancestor
M. limbata (two-sample ¢ test, t = 2.48, df = 16.82, P = 0.012,
Fig. 24) with two more chambers on average (two-sample 7 test,

t = 3.37, df = 22.47, P = 0.0014). Menardella exilis is smaller
(two-sided # test, t = 4.03, df = 28.10, P < 0.001) and has one
less chamber on average (two-sided ¢ test, t = 2.13, df = 43.98, P
=0.019) than M. limbata. All three species are characterized by
high growth rates early in ontogeny, which decrease later in life
(Fig. 2B). Growth rates of descendants M. exilis and M. pertenuis
remain lower than those of M. limbata early in ontogeny and
decrease at a later stage and at larger shell volume than their
ancestor. Angles between subsequent chambers do not change
detectably through ontogeny for M. exilis but increase later in life
for M. limbata and M. pertenuis (Fig. 2C). Trochospirality does
not differ detectably throughout ontogeny for all studied species
(Fig. 2D).

Variation in chamber-to-chamber growth rates through an indi-
vidual’s life is best explained by the generalized additive mixed
model (GAMM) as a species-specific ontogenetic response to the
Mg/Ca temperature proxy (model 7, Table 1); models that instead
include internal constraints such as ontogeny (models 2 and 3)
and cumulative volume (models 4 and 5) have markedly lower
support. The linear mixed effect components of the GAMM
showed no detectable impact of species-specific somatic growth
rates versus the nested null model, unlike Model 6, which incor-
porated a general environmental response to In(Mg/Ca) across all
species, and Model 7, which incorporated both the general linear
relationship between In(Mg/Ca) and the nonlinear species-specific
environmental response (Table 1). This species-specific environ-
mental response model also outperformed the general environ-
mental response model. Within an individual’s life, each unit
increase in In(MgCa), which corresponds to a temperature change
of ~6.4 + 0.9%/°C (38), is associated with an average change in
chamber-to-chamber growth rate of -0.0795 (SE = 0.0283, t =
-2.81, P < 0.01). The species-specific environmental model
explained ~9% more variation than the general environmental
response model (adjusted r* of 0.537 and 0.491, respectively). The
higher Akaike weights of models that link ambient temperature
at stage ¢ to growth from stage # to z + I in our fossil individuals
(Table 1) is evidence that these species differ not only in their
overall morphology (Fig. 2) but how the environment shapes each
individual’s growth trajectory (Fig. 3).

With respect to the architectural traits, chamber-to-chamber
angles within individuals are affected by the volume of the existing

Fig. 1. CT scan of Menardella limbata specimen (Left) and a 3D reconstruction of a cross-section of the same specimen with individual chambers highlighted in
different colors (Right). The scale bar represents 100 um. Visualized in Dragonfly version 2021.3 (Object Research Systems, Canada).
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Fig. 2. Cumulative volume (A), growth rates (B), chamber angles (C), and trochospirality (D) throughout ontogeny for Menardella limbata, Menardella exilis, and
Menardella pertenuis. Smooth lines represent generalized additive model results, with shaded areas for the models’ 95% Cl.

shell at the time the chamber was built (i.e., stage ), not detectably
by ambient temperature at stage # and the nonlinearity of the
relationships varies among species (Table 2). Trochospirality is also
affected by the volume of the existing shell at the time the chamber
was built, not detectably by ambient temperature at stage # and
without any clear species-specific relationships (Table 3).

In all species, somatic growth rate slows toward the terminal
(reproductive) life stage but the rate of slowing depends on
species-specific responses to temperature as documented by
In(Mg/Ca) of the focal chamber. Growth rates among species
are most similar at lowest temperatures (lowest Mg/Ca values).
Model-averaged predictions show that chamber-to-chamber
growth rates in M. exilis are less affected by temperature changes
through life than either M. limbata or M. pertenuis. Menardella
limbata and M. pertenuis exhibit lower somatic growth when
temperatures are higher (Fig. 3). The LA-ICP-MS measurements
are highly repeatable: The uncertainty associated with repeated
measurements of the same chamber is five orders of magnitude
smaller than that associated with repeated measurements across
chambers of the same individual (3.88*107 and 0.06, respec-
tively), which implies that within-chamber Mg/Ca variation is
negligible compared to among-chamber, i.e. through ontogeny,
Mg/Ca variation.

While differential environmental dependence of M. limbata
and M. pertenuis is not detectable through In(Mg/Ca) reaction
norm differentiation, M. pertenuis grows a calcite shell that is less
than 90% of the thickness of either M. exilis or M. limbata (zamma
generalized linear model with inverse link function, £ = 0.00396,
SE =0.00137, P < 0.05; Fig. 4). Together these variations indicate
environmentally dependent developmental plasticity throughout

PNAS 2025 Vol. 122 No.27 2421549122

the life of these organisms as individuals within the three species
respond to their environments in detectably different ways.

2. Discussion

We show a reconstruction of species-specific environmental
dependencies throughout the life cycle of fossil individuals.
Despite differences in chamber-to-chamber growth rates among
species, ontogenetic stage was not the best predictor for growth
rate variation (Table 1). Instead, the Mg/Ca temperature proxy
for each ontogenetic stage # markedly improved predictions of
chamber-to-chamber growth from stage # to stage ¢ + I (Fig. 3).
While the overall dependence of growth on temperature agrees
with patterns seen in biogeographic size distributions (39, 40) and
in physiological models (41), we detect weaker environmental
sensitivity in M. exilis than either M. limbata or M. pertenuis
(Fig. 3).

In contrast to growth rates, the parameters describing the shape
of the shell growth spiral show very little response to external
influences (Tables 2 and 3). Angles between subsequent chambers
depend mainly on the total volume of the shell at the time the
chamber was built, with specific relationships varying among spe-
cies. For M. limbata and M. pertenuis, angles remain stable through
the first half of ontogeny, followed by a gradual increase in the
second half of their life. One explanation of this result is linked
to a change in growth rate, with relatively smaller chambers com-
pleting a smaller section of the whorl and so increasing angles
between chambers, but the model including growth rates as a
response variable does not explain the data as well as the model
with cumulative volume (Table 2). This suggests that, regardless
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Table 1. Generalized additive mixed effect (GAMM) model results of Menardella chamber growth rate response to

internal and external processes

Degrees of Akaike
Model freedom r? AIC AAIC weight
m7: species-specific responses to Mg/Ca 9 0.538 -403.3 0 0.959
m6: similar response to Mg/Ca across all species 8 0.491 -396.1 7.17 0.027
m8: similar response to temperature with ontogenetic differences 9 0.492 -394.6 8.67 0.013
across all species
m2: similar response to chamber size across all species 7 0.484 —389.1 14.16 0.001
m3: species-specific responses to chamber size 8 0.485 -388.2 15.1 0.001
m4: similar response to cumulative volume across all species 7 0.371 -291.3 111.93 0
m5: species-specific responses to cumulative volume 8 0.377 -290.2 1131 0
m1: fixed differences across species, without change through 5 0 -111.5 291.76 0
ontogeny
mO0: random effects only 5 0 -111.5 291.76 0

Log likelihoods that feed into AIC scores are presented based on maximum likelihood calculations from the linear mixed effect part of the GAMM to facilitate comparisons among fixed
effects; random effects for all models were specimen and laser blast (where the same chamber was repeatedly measured to assess instrument consistency). Adjusted r2 calculations
are drawn from the generalized additive model part of the GAM. AAIC represents the difference between AIC and the set’'s minimum AIC. The best performing model based on lowest
AIC and highest Akaike weight is indicated in bold. All models include autocorrelation within specimens, and specimens and laser shots as random effects. The best performing model
includes a general linear relationship with In(Mg/Ca), as a linearized proxy for temperature of the calcification environment, and a species-specific nonlinear spline between Mg/Ca and

species classification.

of temperature-associated growth variation, individuals adjust
chamber their shape to maintain their overall spiral shape.
Planktonic foraminifera are known to show temperature-
dependent chamber-to-chamber growth rates (42, 43). They
reproduce at the end of their life by transforming all cell cytoplasm
into gametes (36) and individuals must grow large enough to
produce enough gametes quickly enough to reduce the chance of
death before reproduction. Growth is limited by the energetic cost
of calcification (41). This trade-off between costs and benefits of
high growth rates results in different life-history trajectories among
species: While M. limbata and M. exilis have indistinguishable
environmental sensitivities, the descendant M. pertenuis reaches
the same overall size using <90% calcite in its shell. The canonical
view of Menardella depth habitat through ontogeny includes
reproduction in the pycnocline (~30 to 40 m water depth depend-
ing on region), followed by downward migration to up to 400 m
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Fig. 3. Generalized additive mixed model results for somatic growth rates,
plotted against both chamber number (ontogenetic stage) and Mg/Ca. Note
that “chambers before final” indicates ontogenetic growth stage counting back
because individuals grow various numbers of chambers (e.g., Fig. 2) and the
experimental control is to count back from the final (terminal) growth stage.
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water depth, and ending with mature specimens ascending back
to the pycnocline for reproduction (44). Water temperature
decreases with depth, so this would suggest a strong relationship
between ontogenetic stage and Mg/Ca, but we do not see this in
our data (Table 1, model 7). Meilland, Siccha, Kaffenberger,
Bijma, and Kucera (45) also reported that more than half of the
planktonic foraminifera they encountered in plankton tows did
not follow classic depth habitat patterns, suggesting large variation
in depth habitat within ontogenetic stages. If temperature is
indeed the largest determinant of chamber-to-chamber growth
rate, then variation in depth habitat increases variation in calcifi-
cation temperature. Given chamber-to-chamber growth is the
major determinant of population growth (46), the temperature
dependence we report here is closely linked to mean population
fitness for this life history.

Our framework for detecting deep time environmentally associ-
ated changes in morphological traits throughout the life cycle of
fossilized individuals shows that studying developmental plasticity
in the fossil record is feasible. Our observations open a door to help
determine whether environmentally associated phenotypic plasticity
is involved in driving macroevolutionary change (3). Saulsbury et al.
(47) showed how the internal variational properties predict indi-
vidual growth rates more strongly than external abiotic factors across
195 species of living marine bivalves, while Palmer, Moss, Surge,
and Turek (48) showed that mid- to high-latitude bivalves were
more impacted by abiotic changes than low latitude individuals.
Neither of these studies were able to break down the growth rate
analysis into discrete ontogenetic stages because they lacked the
contemporaneous environmental resolution we show here. Our
approach supersedes these previous approaches because it allows us
to detect the existence of environmentally associated developmental
plasticity (Fig. 3). Given model predictions that increasing devel-
opmental plasticity would increase mean population fitness (46),
future investigations might investigate whether species tolerances
to temperature are due to changing environmental associations
within individuals through ontogeny, or rather across individuals
through populations, and whether that environmental association
changes before, during, or after speciation.

Levis and Pfennig (7) proposed four criteria to investigate
plasticity-led evolution: the opportunity to (1) detect environ-
mentally dependent plastic traits in ancestral and derived

pnas.org
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Table 2. GAMM model results of Menardella chamber angle in response to internal and external processes

Degrees of Akaike
Model freedom r? AlC AAIC  weight
mb5: species-specific responses to cumulative volume 8 0.27 3,126 0 0.916
m4: similar response to cumulative volume across all species 7 0.236 3,130.8 4.78 0.084
m7: species-specific response to Mg/Ca 9 0.174 3,158.1 32.11 0
m3: species-specific responses to chamber size 8 0.098 3,158.7 32.66 0
m_2: similar response to chamber size across all species 7 0.122 3,159.6 33.58 0
m8: similar response to temperature with ontogenetic differences 9 0.096 3,160.7 34.66 0

across all species

m6: similar response to Mg/Ca across all species 8 0.12 3,161.6 35.57 0
mO: similar response to growth rate across all species 7 0.147 3177.4 51.36 0
m10: species-specific response to growth rate 8 0.147 3,179.4 53.36 0
m1: fixed differences across species, without change through ontogeny 7 0.059 3,202.5 76.47 0
mO: random effects only 5 0 3,212.2 86.22

Log likelihoods that feed into AIC scores are presented based on maximum likelihood calculations from the linear mixed effect part of the GAMM to facilitate comparisons among fixed
effects; random effects for all models were specimen and laser blast (where the same chamber was repeatedly measured to assess instrument consistency). Adjusted r2 calculations are
drawn from the generalized additive model part of the GAM. AAIC represents the difference between AIC and the set's minimum AIC. The best performing model based on lowest AIC and
highest Akaike weight is indicated in bold. All models include autocorrelation within specimens, and specimens and laser shots as random effects. The best performing model includes a
general and species-specific nonlinear spline as a function of cumulative shell volume to the time of calcification.

lineages and (2) reconstruct reaction norms through time with
(3) a sufficient sample size to detect an increase in trait variation
following environmental changes and (4) sufficient resolution
to track mean changes in the focal trait. Our approach, using
high-resolution fossil records that preserve ontogenetic stages
and environmental variation at the time of growth, fulfills these
criteria and can be readily extended to other calcifying marine
organisms that preserve both environmental and ontogenetic
information in their skeletons. Ammonoids are a prime example,
preserving both ontogeny and environmental information (e.g.,
ref. 49). Additionally, corals and bivalves have long been used
to reconstruct past sea surface temperature, salinity, and pH
(e.g., refs. 50, 51). Combining their growth layers with the
environmental information stored within them can reveal val-
uable information on their potential for adaptation in changing
environments. Finally, fossil bryozoans, colonial marine organ-
isms that have existed since the Ordovician, contain information
on both their life history and environment (52), and are known

to exhibit developmental plasticity in response to changing envi-
ronmental conditions (53).

If trait-based approaches are to provide a more mechanistic route
to understanding species vulnerabilities (54, 55), then generalizing
the contributions of environmentally associated trait variation is an
achievable goal to span both the differences in temporal scope
among data (56) and the timeframes of fossil preservation and nec-
essary conservation action (54). The ability to extract the lived
environment of organisms in time-averaged fossil samples is not
only reassuring for the adequacy of temporal age models but also
provides a quantitative metric of the sources of the morphological
variation (27-29). The Levis and Pfennig (7) criteria were not set
out explicitly for paleontological systems, but the acceleration of
geochemical and imaging technologies, alongside the integration
of methodological advancements used in this study, now provide
exciting opportunities to investigate how environmentally associ-
ated trait variation contributed to the generation, proliferation, and
extinction of life on Earth.

Table 3. GAMM model results of Menardella trochospirality in response to internal and external processes

Degrees of

Model freedom r? AIC AAIC  Akaike weight
m4: similar response to cumulative volume across all species 7 0.036 2,947.6 0 0.615
mb5: species-specific responses to cumulative volume 8 0.043 29493 1.7 0.262
m9: similar response to growth rate across all species 7 0.023 29526 5.07 0.049
mO: random effects only 5 0 29545  6.97 0.019
m10: species-specific response to growth rate 8 0.023 29546 7.07 0.018
m2: similar response to chamber size across all species 7 0.006 29559 835 0.009
m6: similar response to Mg/Ca across all species 8 0.006 29559 833 0.01
m1: fixed differences across species, without change through ontogeny 7 0.01 29562 864 0.008
m3: species-specific responses to chamber size 8 0.006 2,957.9 10.35 0.003
m7: species-specific response to Mg/Ca 9 0.006 2,957.9 1033 0.004
m8: similar response to temperature with ontogenetic differences 9 0.006 2,957.9 1033 0.004

across all species

Log likelihoods that feed into AIC scores are presented based on maximum likelihood calculations from the linear mixed effect part of the GAMM to facilitate comparisons among fixed
effects; random effects for all models were specimen and laser blast (where the same chamber was repeatedly measured to assess instrument consistency). Adjusted r2 calculations are
drawn from the generalized additive model part of the GAM. AAIC represents the difference between AIC and the set's minimum AIC. The best performing model based on lowest AIC and
highest Akaike weight is indicated in bold. All models include autocorrelation within specimens, and specimens and laser shots as random effects. The best performing model includes a

general nonlinear spline as a function of cumulative shell volume to the time of calcification.
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Fig. 4. Percentage calcite of the total shell volume for Menardella limbata,
Menardella exilis, and Menardella pertenuis.

3. Methods

3.1. study Species. We studied the Neogene planktonic foraminifera spe-
cies Menardella limbata and its two descendent species Menardella exilis and
Menardella pertenuis (S| Appendix, Fig. 1), which originated in the Pliocene, ~4.5
and ~3.5 Mya (57). All three species are exclusively found in tropical and warm
subtropical waters. Their shells are characterized by lenticular, low trochospiral
tests with a prominent keel (58). Menardella exilis and M. pertenuis can be distin-
guished from M. limbata by a thinner, “shinier" shell and lower trochospire, with
M. pertenuis additionally possessing a thin plate extending over the umbilicus
and more chambers in the final whorl than M. exilis (58). All three species became
extinct between 2.6 and 2.2 Ma (57), shortly after Earth had cooled sufficiently to
promote the waxing and waning of large ice sheets on North America and Eurasia
for the first time in the Cenozoic era (59, 60).

3.2. study site. Ocean Drilling Program (ODP) Site 925 is located in the west-
ern equatorial Atlantic at a water depth of 3,040 m (4° 12' N, 43° 29" W), well
above the local carbonate lysocline (61). The age model for Site 925 was recently
updated by high-resolution benthic oxygen isotope stratigraphy (62). The site
sits in the core of the biogeographic range of all three study species, which are
found in high abundance in Pliocene sediments (57). The first appearance dates
of M. exilis and M. pertenuis are well documented at Site 925 (57) and agree with
global low-latitude biostratigraphic schemes (63, 64).

We analyzed five time slices: one before the origination of M. exilis and M.
pertenuis, one during the speciation of M. exilis, one after the origination of
M. exilis but before the origination of M. pertenuis, one during the speciation
of M. pertenuis, and one when all three species had become established. For
every time slice, we analyzed 3 to 8 specimens of all species occurring in that
time slice. Sediment samples were dry-sieved overa >150 um mesh sieve and
divided using a microsplitter. Specimens were selected for CT scanning through
assignment of random numbers to avoid further biases.

3.3. Micro-CT Scanning and 3D Shell Model Reconstruction. To maximize
throughput, prior to CTscanning specimens were stacked one on top of the other
separated by ~2 mm layers of polyurethane foam in transparent plastic drink-
ing straws (2 mm diameter). The foam and plastic straw have significantly lower
attenuation properties compared to foraminiferal calcite which makes it easy to
exclude from the CT data. This allowed individual identification for subsequent
geochemical work and programming of a multiscan session. Scans were con-
ducted at the p-VIS X-ray Imaging Centre, University of Southampton, UK by
a Versa 510 X-ray microscope (Carl Zeiss Microscopy GmbH, Germany) using a
tungsten transmission target, a peak voltage of 110 kVat 10 Wand a 0.15 mm
Si02 glass filter to reduce beam hardening artifacts. Two-stage magnification
was achieved by utilizing a 4x objective. To increase the signal-to-noise ratio,
the detector was binned twice, resulting in a voxel resolution of 1.75 um. Each
scan was focused on a single specimen and imaged using 1,011 projections at
1.3 s exposure time per radiograph projection. The projection data were then
reconstructed using a sharp reconstruction filter with a beam hardening correction
of 1.0 to further reduce beam hardening artifacts into a 16-bit tiff stack [32 to
16-bitwindow: (—0.04, 0.10)] characterized by an average dimension of 992 x
1,015 pixels for each 2D slice using the Zeiss XM FBP Reconstruction software
(Carl Zeiss Microscopy GmbH, Germany).

https://doi.org/10.1073/pnas.2421549122

3.4. Three-Dimensional Growth Analyses. We analyzed three-dimensional
growth trajectories of all scanned foraminifera focusing on ecologically relevant
life-history traits (46, 65). We use chamber number as an indicator of ontogenetic
stage and calculate size at each ontogenetic stage t as the sum of the volumes of
all chambers present at the time chamber t was built. To reconstruct individual
chambers, all specimen CT scans were processed using Dragonfly [66 (version
2021.3)]. Each specimen’s volume data were imported into Dragonfly where
the XY, XZ, and YX planes were manually aligned to the specimen’s proloculus
centroid. Using both the smart grid tool and manual brush we labeled each cham-
ber's internal area on a slice-by-slice basis (Fig. 1). All ROIs assigned to a single
chamber were combined into a multi-ROl layer, for which Dragonfly calculated the
volume and the x, y, and z centroid coordinates. Ten specimens were analyzed by
two members of the team to assess repeatability; the mean proportion of variation
explained by a regression across the two repeats of chamber volume was 0.977
(range across specimens from 0.912 to 0.999). All final data presented come
from a single operator who repeated all measurements for the fullest consistency.

Chamber-to-chamber (somatic) growth rates were calculated as the increase
in total shell volume for every chamber added relative to the size at the pre-
vious chamber addition. To analyze spiral growth in three dimensions, we
extracted centroid coordinates of all chambers from the Dragonfly specimen
reconstructions. Using the foram3D package (65) in R, version 4.2.1 (R Core
67)we calculated the angle a chamber makes with the previous two chambers,
and trochospirality at each ontogenetic step, where trochospirality is the angle
a chamber is added at relative to the plane spanned by the previous three
chambers [see figure 11 in Brombacher, Searle-Barnes, Zhang, and Ezard (65)].
Changes in the angle of new chamber addition point to changes in the number
of chambers in the final whorl, a key diagnostic feature for Menardella species,
whereas trochospirality is known to change with ontogenetic stages such as the
transition from juvenile to neanic and could thus be used to quantify growth
stages (68-74).

3.5. Laser Ablation Inductively Coupled Plasma Mass Spectrometry. \We
use Mg/Ca ratios in the foraminiferal chamber calcite as a proxy for temperature at
the time of chamber formation as foraminiferal calcite Mg/Ca ratios increase with
ambient temperature (75, 76). Although specific temperature-Mg/Ca relation-
ships vary among species (75) and these curves are impossible to parameterize
experimentally for extinct species, for the purpose of this study, the positive cor-
relation between temperature and Mg/Ca is sufficient to investigate the effect of
temperature on ontogenetic trajectories within individuals of our sister species.

Mg/Ca ratios were determined using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Following CT scanning, specimens were
mounted on glass slides using double-sided adhesive tape. Trace elements in the
foraminiferal calcite were analyzed using an Agilent (Agilent Technologies Inc., CA,
USA) 8900 triple quadrupole inductively coupled plasma (QQQ-ICP) mass spec-
trometer coupled to an Elemental Scientific Lasers (Bozeman, MT, USA) NWR193
excimer laser ablation system at the School of Ocean and Earth Science, University
of Southampton. The following isotopes were acquired in time resolved mode:
"i, ’Be, B, 24Mg, 211, %3Ca, *Ca, BMn, ©Cu, 7n, 81, "Ba, and 28U (only
2*Mg and **Ca are presented here). The final chamber (f), penultimate chamber
(f-1), and chamber -3 were ablated in two separate locations to quantify within-
chamber variation (see also Kearns et al. 2023). Chambers f-5, f-7, and f-9 were
ablated in a single location due to limited area.

Each ablation was performed usinzg a 30 um diameter spot, with a repetition
rate of 5 Hz at a fluence of 0.73 J/em*. Each acquisition was preceded by a 15-s
gas blank/laser warmup and was followed by a 30-s "wash” (to permit resid-
ual material to leave the system). Ten replicates of NIST 612 and 610 reference
glasses, a pressed powder pellet of MACS-3 (United States Geological Survey),
and a pressed powder pellet of JCp-1 (Porites sp. coral, Japanese Geological
Survey) were analyzed in batches throughout each analysis session after every
80 to 100 analyses.

Each time-resolved analysis was background subtracted using the gas blank
measured immediately before each sample (or standard). Sample and standard
data were internally normalized using Ca wt% using the following concentrations:
37.7 wt% MACS-3, 37.5 wt% JCp-1, 8.5 wt% NIST 612, and 8.15 wt% NIST 610
(77,78). Elemental concentrations in the chamber walls were determined using
a calibration derived from NIST 612, NIST 610, and MACS-3 (reference concen-
trations from ref. 77). Following ref. 79, a pressed powder pellet of JCp-1 was
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analyzed as an unknown to assess accuracy (using the same calibration strategy).
Average concentrations in JCp-1 were determined as follows: Mg was 836 + 124
ppm (vs. 867 = 23 ppmin ref. 77) and Ca was 38.1 = 3.8% Ca[vs. 37.5 = 2.4%
by Sekimoto et al. (80)]. After calibration, our NIST glass calibrations thus predict
trace elements within carbonate target material within the specified uncertainty
limits. Trace element ratios were extracted using the lablaster R package (81)
and presented as the median of all on-target time slices, applying the endPoint
function (dt = 10, smoothing = 10) to identify when the laser fully penetrated
the chamber wall.

3.6. Statistical Analyses. To investigate the effects of internal and external con-
straints on Menardella growth rates and morphology within and among species,
we employed generalized additive mixed models (GAMMs) using the “mgcv"
package (82)in R [version 4.2.1 R Core Team (67)]. GAMMs consist of two parts:
a linear mixed effect part and a generalized additive model part. Growth rates,
trochospirality, and chamber angles were modeled as potentially nonlinear spline
relationships against: i) chamber number (ontogenetic stage), i) cumulative vol-
ume (to investigate for size thresholds for changes in growth rates), and iii) Mg/
Caratios as indicator of temperature of the calcification environment during the
lived life-cycle of the now fossil individual. The models for trochospirality and
chamber angles additionally included growth rates as fixed effect to investigate
possible dependency of architectural traits on growth rates. Specimen ID code
and laser shots (in the case of multiple shots of the same chamber) were included
as random effects in all models to facilitate model comparisons using Akaike
Information Criterion values (AIC) (83). The species-level splines were specified
using an “interactive” fixed effect between the explanatory variables above and
the species classification. Splines were penalized using the default settings. If
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