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The Eocene-Oligocene transition was the crucial turning point when Earth’s
climate shifted to its current icehouse state. Understanding how the marine
biosphere responded during this transition is not well-constrained, appearing
as a simple extinction pulse in low temporal resolution global compendia.
Here we design an artificial-intelligence-inspired metaheuristics algorithm to
construct a high-resolution global species richness history across the
Eocene-Oligocene transition for the rich foraminifera fossil record with an
imputed ~29,000-year resolution. The revealed diversity dynamics are com-
plex and differ for each foraminiferal group with distinct ecology. Planktonic
and shallow-water larger benthic foraminifera show steady diversity levels in
the early phases of the transition in the latest Eocene after a long-term
reduction, while the deeper-water small benthic foraminifera radiate notably
and then decline over the same interval. In the earliest Oligocene, the plank-
tonic and larger foraminifera suffer major species losses coincident with the
first continental-scale ice sheet formed on Antarctica, while small benthic
foraminifera diversity holds steady, followed by an accelerating lowering as
the early Oligocene proceeds. These findings reveal complicated and ecolo-
gically differentiated environment-life processes, indicating the importance of
high-resolution temporal data for dissecting out ecological responses to major
environmental changes.

The Eocene-Oligocene transition (EOT), ca. 34.1-33.7 million yearsago  Antarctica during the early Oligocene®. The trigger of this climate
(Ma), was a turning point in Earth’s history when the climate moved transition has been identified as the drawdown of atmospheric pCO,’
from a warmhouse to an icehouse state'”. The climate shift was marked  through weathering of continental silicates®, enhanced oceanic
by terrestrial and ocean cooling® with large ice sheets emerging on  productivity’, and/or changes in ocean circulation controlling
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poleward heat transport and carbon burial®. Antarctic glaciation

caused significant (-55m) glacio-eustatic sea-level fall in the early Oli-
gocene, coincident with the positive 50 shift, Oi-1 at -33.65 Ma'’. The
initiation of Oligocene glaciation was also accompanied by an ocean-
wide positive §C anomaly of up to 1.0%0° attributed to sea-level fall
and reorganisation of the carbon cycle in response to a rapid draw-
down of atmospheric pCO,". Moreover, distinct geological events,
such as bolide impacts” and volcanic activity in large igneous pro-
vinces (LIPs)"*, have been documented in the late Eocene and early
Oligocene. The eruption of flood basalts related to the Afar-Arabian LIP
from -32 to 28 Ma'"® might have been associated with contemporary
environmental changes (e.g., global cooling and aridity), resulting in
extinctions of land mammals™.

Biosphere disturbances during the EOT have been reported’,
especially for foraminifera”, which were widespread in Cenozoic
oceans and have been used extensively for stratigraphic correlation
and palaeoclimatic reconstruction. Foraminifera are single-celled
protists that can be separated into three groups that are generally
distinct in their life-history strategy, morphology, and ecology, namely
the planktonic foraminifera (PF), larger benthic foraminifera (LBF) and
small benthic foraminifera (SBF). PF are free-floating and primarily
inhabit open ocean waters, with their distribution strongly influenced
by sea surface temperature, salinity, oxygen levels, nutrient avail-
ability, and light intensity. These factors not only affect their survival
and vertical distribution but also their symbiotic relationships with
photosynthetic organisms. SBF, on the other hand, are more ecologi-
cally versatile, occupying a broad range of depths from shallow to
deep marine settings. Their survival is primarily governed by dissolved
oxygen levels and food availability, and historical fluctuations in these
parameters have been linked to major extinction events in for-
aminiferal history. In contrast, LBF are predominantly found in warm,
shallow tropical to subtropical marine environments and are char-
acterised by complex internal structures. Their ecological range is
narrower than that of SBF, and it is controlled by light intensity,
nutrient availability, and salinity because of their reliance on photo-
trophic symbionts (See Supplementary Note 1). They are abundant,
geographically widespread and sensitive to environmental changes'®"’.
During the EOT, planktonic and benthic foraminifera suffered a rich-
ness decline for more than 6 Myr**?., Deep-sea benthic foraminifera
underwent a turnover during the late Eocene to early Oligocene™ >,
The EOT also witnessed the extinction of some long-ranging and
widespread families of PF and LBF, such as Hantkeninidae and
Discocyclinidae” 2%, The triggers of these changes have been con-
troversially related to progressive cooling, sea-level changes asso-
ciated with glaciation, and changes in nutrient supply® 2.

Although the effects of the EOT on marine life have been recog-
nised for over 80 years”, the timing and pattern of biotic changes,
particularly those linked to different environmental factors, remain
debated. While previous large-scale studies and compilations have
mostly focused on planktonic foraminifera®**~?, including analyses of
their ecologically driven diversity dynamics® and comparisons with
other microfossil groups such as diatoms and calcareous
nannofossils****, comparative studies involving benthic foraminifera—
descendants of the same ancestral lineage but with distinct ecological
characteristics—remain limited, largely reflecting field-wide challenges
inherent to large-scale synthesis (e.g., age calibration difficulties,
taxonomic inconsistencies, and high levels of endemism). Further-
more, most richness reconstructions rely on binning schemes with
uneven or highly variable temporal resolutions®**>*¢, though a few
studies have applied unbinned methods®. Consequently, our under-
standing of how organisms with diverse ecological behaviours respond
to the substantial physical and chemical environmental changes across
the entire ocean is still limited.

Here, we compiled global foraminifera data, including both
planktonic (macroperforate and microperforate) and small and larger

benthic foraminifera. An Al-inspired metaheuristic variant of the
Constrained Optimization (CONOP) method**°—CONOP.EA, which
incorporates an evolutionary algorithm—is applied to this compre-
hensive dataset. This method was used to automatically correlate
stratigraphic sections/sites of the Eocene and Oligocene, enabling the
construction of a high-resolution foraminiferal richness curve span-
ning 48 Ma to 20 Ma. This high-resolution pattern is subsequently used
to identify major biotic changes in foraminifera during the Eocene and
Oligocene, and especially across the EOT. Richness changes across the
different groups of foraminifera are examined to throw light on the
major biotic changes during the Eocene and Oligocene, and to quan-
titatively clarify the proposed relationship between foraminiferal
richness and environmental changes, encompassing carbon isotopes,
sea-surface temperature, deep-ocean temperature and eustatic
sea level.

Results and discussion

Reconstructing high-resolution chronology

Achieving high-resolution chronology in deep time (e.g., EOT) requires
exploiting the full information behind first and last appearances of
multiple fossil species”, compared to traditional zonal biostrati-
graphy, which prioritises the most common and well-studied species
and uses only ~1-10% of the fossil record. High-resolution chronology
thus necessitates extensive, well-sampled, and multi-sourced strati-
graphic datasets, coupled with quantitative stratigraphic methods,
such as CONOP which integrates patchy local bioevents into an opti-
mal composite sequence that best matches the fossil ranges observed
in numerous local sections/drill cores®’*2 This method aims to esti-
mate the most complete range of species among sections/cores in the
study dataset, thereby providing an imputed, algorithm-based tem-
poral framework for high-resolution analysis of richness patterns in
life-evolution studies®****,

The CONOP.EA algorithm used in this study applies a procedure,
inspired by Darwin’s theory of evolution, to iteratively improve a set
(i.e., population) of composite sequences via procedures that
resembles or mimics mutation, recombination, and natural selection
(Fig. 1). The composite sequence, which is a certain sequence of
stratigraphic bioevents (i.e., first and last appearance datums) of all
involved taxa, can be considered as a half DNA sequence that
represents the genome of an individual organism. The CONOP.EA
program maintains a population of individual sequences of constant
size, e.g., 24, the number of CPU cores used in a calculation. Starting
from an initial population of diverse sequences, CONOP.EA produces
offspring sequences by recombining randomly selected segments of
two-parent sequences (i.e., recombination) and randomly moving
the positions of some datums in the sequence (i.e., mutation). The
generated offspring should obey basic stratigraphic constraints, e.g.,
a taxon’s last appearance datum must be younger than its own first
appearance datum, and observed coexistences among different
species should still exist, assuming that the observed local ranges
cannot be longer than the true global ranges*. Those offspring with
problematic or fatal mutations are excluded. Then, the program
determines which of the remaining offspring, if any, provides a better
fit (i.e., lower penalty) for the dataset as a whole. If found, the opti-
mised sequence is included in the population to replace the current
least optimised sequence so that the population size is kept constant.
Through this selection procedure, the offspring sequences with
problematic or fatal mutations and larger penalties do not survive
and reproduce. Because the optimised sequences possessing certain
datum variations tend to survive subsequent optimality evaluations
and then generate new, further optimised sequences more fre-
quently, the population evolves from one iteration (=generation) to
another until a stable convergence is achieved. The optimal datum
sequence in the final population is then selected for subsequent
richness analysis.
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Fig. 1| Overview of the CONOP.EA procedure. a Initialisation process. Consider a
nucleic acid, which determines the wing colour of butterfly individuals, as repre-
senting a certain sequence of stratigraphic bioevents. A bioevent, i.e., first or last
appearance of a taxon, can be considered as a nucleotide. A composite sequence
for a given stratigraphic dataset resembles a DNA sequence composed of nucleo-
tides. b Original population. The original population should contain diverse
sequences, sometimes varying greatly. New individuals (equal to composite
sequences) may be generated in two ways, by combining bioevents from sections
or referring to best composite sequences from previous calculations. ¢ Mutation.
This process can occur randomly in two ways: change the positions of two neigh-
boring stratigraphic datums in the sequence (i.e., small mutation) or move strati-
graphic datum 1 to the position of stratigraphic datum 2, with the datums between
datums 1 and 2 all moving one place in time (i.e., large mutation). If the generated
sequence offends the constraint rules (See description in the text), it is refused.
Every mutation step that improves the sequence is recorded and learned by sub-
sequent mutations to generate stronger offspring. d Recombination. Select two
parent sequences, determine the segment for crossover, and replace the segment
in sequence 1 with the segment in sequence 2. The generated sequence also must
obey the constraint rules. e Natural selection. First, replace worse individuals (lar-
ger penalty) in the population with newly generated, better ones (less penalty),
which means the population is only composed of the currently best individuals.
Second, the optimised individuals in the population, which contain certain datum
variations, tend to be selected more frequently as parents to reproduce more
offspring than individuals with other less successful variations. This procedure
from steps c to e is repeated while the population evolves from one generation to
the next until convergence is reached.
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It is noteworthy that optimisation of a set of stratigraphic datum
sequences is often very complex, in that many local optima exist***¢,
To enhance the search ability of CONOP.EA, a series of components
was designed, guided by recent theoretical advances in evolutionary
learning®®. The fact that CONOP.EA maintains a diverse population of
sequences (instead of only one sequence) and produces offspring
sequences by recombination provides the current program with an
improved ability to escape from local optima than the original
CONOP*" or CONOP.SAGA™ procedures (Fig. S1), thus rendering it
more likely to find the globally optimised solution. Furthermore,

CONOP.EA utilises domain knowledge as well as learning from the
information accumulated during the run to accelerate convergence.
For example, to generate the initialising individual in the original
population, the study sections need to be ranked by numbers of
common species weighted by numbers of occurrences of each species.
From this information, the first section in the rank is selected to gen-
erate an individual sequence by adding species from other sections to
it one by one. It should be noted that integrating domain knowledge in
the process of utilising data has been a promising direction in Al (e.g.,
abductive learning*®).

The CONOP.EA output is a high-resolution, event-dense compo-
site sequence that aligns stratigraphic events in the optimal order
consistent with local observations. By integrating fossil and strati-
graphic data from multiple sections, CONOP.EA constructs a coherent,
unified chronological framework that captures the most complete
possible range of species across the dataset. This synthesis enhances
temporal resolution, allowing fine-scale detection of biodiversity
dynamics, evolutionary rates, and turnover patterns®***, Compared
to traditional methods, this approach offers a more continuous and
globally consistent timeline, making it an effective framework for
resolving critical intervals such as the Eocene-Oligocene transition.

The calibrated CONOP-derived composite comprises 962 discrete
temporal levels, each representing a cluster of imputed con-
temporaneous bioevents (i.e., first and last appearance datums). This
composite spans an interval from 48 Ma to 20 Ma, yielding an imputed
temporal resolution of approximately 29.11 Kyr (calculated as 28 Myr
span divided by 962 levels), to which the relative ordering of bioevents
can be resolved. It should be noted that this represents an imputed
temporal resolution, which is conceptually distinct from the absolute
age resolution obtained through isotope dating techniques.

Fine-scale diversity trajectory

Foraminifera can document wider changes in marine biodiversity
because their varied ecologies mean they represent most biotopes.
From 48 Ma to 20 Ma, foraminiferal richness shows notable fluctua-
tions, characterised by two phases of increase and two of decline
(Fig. 2a-c). In addition, each foraminiferal group exhibits a distinct
richness trajectory (Fig. 3a).

Foraminifera display an increasing species richness pattern in
the early and middle Lutetian (Event No.l in Fig. 2), followed by the
Bartonian richness decline (BRD, Event No.2 in Fig. 2), including a
long-term decrease from the late Lutetian to earliest Priabonian
(Fig. 2a-c). The decrease was generally gradual with low proportional
origination rate (-0.2/Lmyr on average, where /Lmyr denotes species
per lineage per million years; Fig. 2d), despite notable peaks at the
beginning and end in proportional extinction rate (Fig. 2e). The BRD
was followed by a rebound in richness, the early-Priabonian radiation
(EPR) (Event No. 3 in Fig. 2). During the early Priabonian, species
richness nearly doubled, and the proportional origination rate
reached two peaks of -0.9 and -0.8/Lmyr and maintained a con-
sistently high level (Fig. 2d).

The Eocene-Oligocene richness crisis is evident as a long-term
richness reduction from the late Priabonian to the earliest Chattian
(from 35.06 + 0.41 Ma to 25.59 + 0.66 Ma, reported as the midpoint
half-width of the bootstrap 95% confidence interval; Fig. 2b). This
richness decline can be divided into two phases, a long-term and
progressive Eocene-Oligocene extinction (EOE, Event No. 4 in Fig. 2),
extending from the late Priabonian to early Rupelian (from
35.06+0.41Ma to 32.01+0.55Ma) and a subsequent, sustained
Rupelian richness decline (RRD, Event No. 5 in Fig. 2, from
30.96 £ 0.58 Ma to 25.59 +0.66 Ma). The EOE was characterised by
high proportional extinction (-0.3/Lmyr on average) and low propor-
tional origination (-0.1/Lmyr on average) rates and thus represents a
straightforward richness decrease. The RRD was also characterised by
high proportional extinction (-0.2/Lmyr on average) and low
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Fig. 2 | General trajectories of foraminiferal species richness. a Species richness,
genus richness and species/genus ratio. b Species richness (solid line shows the
point estimate from the original data) and 95% confidence intervals following 1000
bootstrap iterations. ¢ Rarefied richness for sample sizes of 300 and 500, respec-
tively (solid lines show the mean across 1000 rarefaction iterations and shading
indicates 95% confidence intervals). d Proportional origination rate (solid line
shows the point estimate from the original data) and 95% confidence intervals
following 1000 bootstrap iterations. Dashed line shows the average. e Proportional
extinction rate (solid line shows the point estimate from the original data) and 95%
confidence intervals following 1000 bootstrap iterations. Dashed line shows the
average. f Proportional turnover rate (solid line shows the point estimate from the
original data) and 95% confidence intervals following 1000 bootstrap iterations.
g Proportional diversification rate (solid line shows the point estimate from the
original data) and 95% confidence intervals following 1000 bootstrap iterations.
The time scale is standardised to GTS 2020°"%. 1, Lutetian richness increase; 2,
Bartonian richness decline (BRD); 3, early-Priabonian radiation (EPR); 4-5:
Eocene-Oligocene richness crisis, including Eocene-Oligocene extinction (EOE)
and Rupelian richness decline (RRD). Barton., Bartonian; Aquit., Aquitanian; B.,
Burdigalian.

proportional origination (-0.1/Lmyr on average) rates, which fluc-
tuated, thus accounting for the interval’s richness volatility. The
Eocene-Oligocene richness crisis ended with two high proportional
extinction peaks (-0.7/Lmyr and ~-0.5/Lmyr) in the earliest Chattian.
In the Chattian to early Aquitanian, foraminiferal species richness
remained low, with generally low proportional origination and
extinction rates (Fig. 2a, d, e). Nevertheless, an increase in species/

genus ratio and proportional origination rate in the Aquitanian, pos-
sibly implies the start of an early Miocene recovery (Fig. 2a, d).

The species/genus ratio generally shows a comparable trend to
that of the richness change (Fig. 2a), implying that species richness
varied while genus richness remained relatively stable. The average
value of the ratio is ~1.6 throughout the study interval.

Long-term trends in foraminiferal richness have already been
established, but unlike previous studies, our record is at higher reso-
lution (-29 Kyr as imputed resolution) covering all three groups of
foraminifera. Our PF and LBF richness curves are comparable to those
of previous studies®***°, The strong correlation between our PF and
LBF richness time series (p =0.87; Fig. 3 and Table S1) provides evi-
dence for similarity between ecological trends in planktonic and larger
benthic foraminifera over the time interval’®. The LBF richness curve of
Whidden and Jones* exhibited a long-term decline from the middle
Lutetian to the end of the Rupelian, similar to that of our study
(Fig. S2a). The only major difference between these two studies is the
more obvious early Rupelian richness decline documented in our
results, whereas the earlier study documented a decrease in the late
Rupelian. The PF species richness curve of Fenton and Woodhouse et
al.* resembles our curve in most features, especially the progressive
and gradual richness decline in the Bartonian and Priabonian and the
rapid, earliest Rupelian richness decrease (Fig. S2b). The PF species
richness curve of Fraass et al.” presented a similar gradual reduction in
richness across the Eocene/Oligocene boundary (Fig. S2¢). Further-
more, both curves present a slow but gradual richness increase in the
Aquitanian, indicating PF recovery after the EOE.

Our study reveals notable differences in the richness patterns of
SBF, compared with PF and LBF (Fig. 3a). Alegret et al.?? also observed a
comparable general pattern of SBF diversity, with a moderate increase
in the early Eocene, followed by a decrease during cooling periods,
besides a diversity increase in the Pacific Ocean, attesting the estab-
lishment of the latitudinal gradient of SBF richness during the early
Lutetian. Our results show that a slow richness increase occurred in the
early Lutetian, ending with a small drop in richness in the late Lutetian.
After along interval of stable richness values in the Bartonian, SBF were
characterised by a quick (-1.9 Myr) richness increase (i.e., EPR), owing
to an interval of high proportional origination rates (Fig. S3a, d). This
similar increase can also be observed in the Pacific Ocean®. While both
PF and LBF exhibited rapid richness declines near the Eocene/Oligo-
cene boundary, SBF showed a -9-Myr-long deterioration in richness
from the late Priabonian to the end of the Rupelian. This decrease was
characterised by highly fluctuating proportional origination and
extinction rates, with the proportional extinction rate generally higher
than the proportional origination rate (Fig. S3a, d).

Mechanisms of long-term richness changes

Foraminifera, especially those inhabiting different depths in the water
column, appear to show differentiated diversity changes correspond-
ing to related environmental changes?******!, This complex differ-
entiation mechanism involving multiple environmental factors has not
been fully elucidated yet in deep-time studies. Our high-resolution
foraminiferal time series richness data covering 28 Myr offers the
chance to test the relationships between some combinations of eco-
logically long-term environmental factors and foraminiferal species
dynamics (Fig. 3).

Over the study interval, three groups of foraminifera show various
and close correlation with environmental factors or proxies before
and/or after detrending. Both PF and LBF richness curves are strongly
correlated with sea level (both p=0.74 and 0.70, respectively) and sea-
surface temperature (p=0.85 and 0.74, respectively) (Table 1). Only
SBF show significant correlation with carbon isotopes (P<0.05),
though the correlation coefficient is weak (p = 0.23). After detrending,
this correlation remains significant, with p = 0.19 and P < 0.05. SBF also
exhibit a moderate to strong correlation to deep-sea temperature
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Fig. 3 | Comparison of species richness curves and environmental proxies.

a Max-Min normalised species richness of three groups of foraminifera. Planktonic
foraminifera (black), larger benthic foraminifera (orange) and small benthic for-
aminifera (blue). b Sea-surface temperature®. ¢ Benthic 6°C% d Benthic 6'°0%

e Eustatic sea level". f Deep-ocean temperature®®. Grey lines represent 90% con-
fidence intervals. g Distinct geological and climatic events. The time scale for sea
level, sea-surface and deep-sea temperature is modified to the GTS 2020°**, The
age models for oxygen and carbon isotopes are based on Westerhold et al.* LIP,
Large Igneous Province; LLTM, Late Lutetian Thermal Maximum.

(p=-0.62) in the detrended time series, but only weak correlations to
those environmental factors or proxies prior to detrending.

Correlations before and after detrending reveal potential secu-
lar and short-term influences of multiple environmental factors on
richness changes®. Our results indicate that sea-surface temperature
and eustatic sea-level changes correlate with fluctuations in richness
for planktonic® and larger benthic foraminifera over the entire 28-
Myr study interval”. Global cooling can lead to a decrease in plank-
tonic and larger benthic foraminifera species richness by reducing
diversity of warm-water taxa® that thrived on the warmhouse planet.
Sea-level change can reduce habitat area, intensify biotic competi-
tion and ultimately cause richness declines'®”. An explanation for the
negative correlation between SBF and deep-sea temperature after
detrending (Table 1) is increased food supply through enhanced
phytodetritus deposition. With ocean cooling, a greater proportion
of the organic carbon fixed in the surface ocean would have reached
the sea floor due to the temperature dependency of the ocean’s
biological carbon pump®. This model is consistent with our finding
of positive correlation between SBF and carbon isotopic values
(Table 1).

Diversification and extinction events

In addition to the long-term environment-life relationship, certain
rapid environmental shifts can sometimes induce transient biological
changes®. The high-resolution time series richness data provide finer
correlations to the occurrence of the environmental changes, allowing
for a more precise elucidation of the environmental catalysts under-
pinning the three major biological changes during the EOT, including
the early Priabonian radiation (EPR, Event No. 3 in Fig. 2), Eocene-
Oligocene extinction (EOE, Event No.4 in Fig. 2) and Rupelian richness
decline (RRD, Event No. 5 in Fig. 2).

The Priabonian was a time of major changes in marine ecosys-
tems, with phytoplankton blooms in the oceans** and a high export
productivity event (-37 Ma)’. Marine diatoms, which account for half of
organic carbon burial in the ocean, diversified in pulses after ~38 Ma,
coupled with global cooling®™*. This diversification, combined with
cooling, would lead to increased export of organic matter and changes
in the amount of organic matter reaching the seafloor®***>*¢, perhaps
accounting for the radiation of deep-sea SBF. However, the early
Priabonian radiation does not appear to be reflected in the PF and LBF
results, as their richness remains stable. The observed stasis in richness
is consistent with the distinct ecological characteristics of PF and LBF.
In general, PF and LBF can access food in the euphotic zone and also
rely on photosymbiotic algae. The blooming of diatoms, to some
extent, results in rapid uptake of surface nutrients and the transport of
organic carbon to the sea floor (i.e. biological pump), leading to dif-
ferences in nutrient content between shallow environments, surface
waters, and deep seafloor regions. Consequently, during the time
characterised by increasing nutrient export, the richness of PF and LBF
shows a comparatively small change when compared to SBF because
of their distinct ecological features.

Foraminiferal changes across the EOT have been linked to abiotic
shifts?>25%*, Previous studies have revealed that oxygen isotopic values
from planktonic foraminiferal tests display a positive excursion
roughly correlated with the turnover and extinction of PF and LBF?"*5,
This association suggests that global cooling might have driven these
foraminiferal events?. Additionally, sea level dropped precipitously in
the early Oligocene (-33.65Ma), caused by major glaciation (Oi-1)".
Our results indicate that sudden PF and LBF richness decreases near
the Eocene/Oligocene boundary may be related to the combination of
sea-surface temperature decrease and eustatic sea-level fall”*® (Fig. 3).

SBF have different ecological features and therefore show a dif-
ferent extinction pattern across the Eocene/Oligocene boundary,
compared with PF and LBF. After the early Priabonian radiation, SBF
experienced a ~9-Myr, two-phase richness decline: the Eocene-
Oligocene extinction and a Rupelian richness decrease. The first
phase (from 35.06 £ 0.41Ma to 33.88 + 0.52 Ma) started in the late
Priabonian and ended before the extinction of PF and LBF across the
Eocene/Oligocene boundary. The richness reduction in SBF was
accompanied by a series of complex biotic and abiotic changes. Major
primary producers in the ocean underwent changes that could have
impacted the food sources and composition reaching the
seafloor”*>", High-latitude food supply became seasonal®, while oli-
gotrophic conditions became more pronounced®. Perturbations in
nitrogen and sulfur isotopes, associated with microbial activity, were
triggered by cooling and sea-level variations™, suggesting changes in
the rate of remineralisation, ocean oxygenation and the size of the
dissolved organic oceanic reservoir?. All these changes probably led to
the decrease in the SBF richness, particularly the previously proposed
high-latitude diversity reduction®.

Links between bolide impacts (Popigai and Chesapeake) and the
Eocene-Oligocene extinction have been discussed ever since the dis-
covery of physical evidence, including at least two horizons associated
with bolide impacts from sections and drill cores®. The timing of these
major impact events is estimated to be in the mid-Priabonian,
35.5+0.2 Ma"”, approximately 1.6 Myr before the rapid growth of the
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Table 1| Spearman’s rank correlation between species richness and climate proxies

Sea level" Ttz ceem 5"Chenthic’ SSTY
p (95% CI) P p (95% CI) P p (95% CI) P p (95% CI) P

Raw

F 0.34 5.04x107° 0.21 0.0m 0.28 7.81x10™ 0n 0.184
(0.18, 0.48) (0.04, 0.37) (0.1, 0.44) (-0.08, 0.30)

PF 0.74 7.17x107%® 0.68 3.32x10™% -0.m 0.203 0.85 2.65x107°
(0.68, 0.79) (0.60, 0.73) (-0.28, 0.07) (0.81, 0.88)

LBF 0.70 2.9x107% 0.67 3.02x107 -0.01 0.928 0.74 5.09x107%
(0.64, 0.75) (0.58, 0.73) (-0.18, 0.16) (0.68, 0.79)

SBF -0.Mm 0.214 -0.23 0.005 0.23 0.006 -0.33 5.94x107°
(-0.30, 0.09) (-0.40, -0.06) (0.06, 0.39) (-0.50, -0.16)

Detrended

F -0.16 0.052 -0.61 <2.2x107%08 0.24 0.005 -0.45 2.62x10°
(-0.36, 0.03) (-0.71, -0.48) (0.07, 0.39) (-0.59, -0.29)

PF 0.53 <2.2x107308 0.10 0.241 -0.01 0.884 0.56 <2.2x10-%08
(0.38, 0.65) (-0.06, 0.25) (-0.19, 0.16) (0.41, 0.67)

LBF 0.55 <2.2x107%% -0.m 0.208 0.21 0.015 0.14 0.088
(0.42, 0.66) (-0.29, 0.09) (0.03, 0.38) (-0.05, 0.33)

SBF -0.23 0.007 -0.62 <2.2x107%08 0.19 0.026 -0.50 6.35x107°
(-0.42, -0.03) (-0.72, -0.50) (0.01, 0.36) (-0.64, -0.33)

p is Spearman’s rank correlation coefficient; P values are two-tailed; 95% Cls are percentile bootstrap intervals (2.5th-97.5th percentiles; Bootstrap iterations = 10,000). Very small P values are
reported as P<2.2x107%. Tyeep ocean. deep-ocean temperature; §°Cpenthic, benthic foraminiferal 8°C; SST, sea-surface temperature.

Antarctic ice sheet, sea-level drop and extinction of PF or LBF (Fig. 3)*°.
The initiation of the SBF richness decline started at 35.06 + 0.41 Ma,
with a notably high extinction rate (Fig. S3a, d). Nevertheless, there is
no published evidence of any effect of the bolide impact on primary
producers or on species that occupy a crucial position at the base of
marine food chains, such as calcareous nannofossils, diatoms, PF, and
LBF. Clear responses of PF and LBF are not observed to any bolide
impact in this study. Additionally, there is no evidence that consequent
physical or chemical changes, e.g., oceanic redox state, during the
brief period under consideration, directly impacted the survival of SBF
in the deep ocean®. In conclusion, there appears to be no relationship
between the Priabonian impact events and foraminiferal diversity
change.

After the E/O boundary, SBF richness experienced a stagnant
phase for -1.1 Myr, followed by a -7-Myr lowering with highly fluctu-
ating proportional origination and extinction rates, named the Rupe-
lian richness decline (from 32.78 + 0.57 Ma to 25.74 + 0.66 Ma; Fig. 3a,
Fig. S3a, d). One factor that might have contributed to this decline is
the contemporaneous Afar-Arabian LIP event (Fig. 3g). LIP eruptions
have been regarded as potential causes of many extinction events in
geologic history®. The flood basalt eruptions related to Afar-Arabian
LIP activity have been documented to be -32-28 Ma in age'**°. A recent
study has suggested that LIP activity can lead to significant expansion
of oceanic anoxia and euxinia (covering an area of seafloor ~1-2 orders
of magnitude greater than today)**¢, which could affect foraminiferal
assemblages in the ocean, especially on the sea floor, possibly indi-
cating an association between the Afar-Arabian LIP activity and the SBF
crisis.

Summary

Although long-term environmental perturbations influence biological
evolution, testing deep-time environment-life hypotheses at a level of
detail approaching that of long-term ecological analyses (-10,000
years) is challenging® through the lack of high-resolution richness data
(e.g., Cenozoic) or high-resolution environmental proxies (e.g.,
Paleozoic or Mesozoic). In this study, we designed an Al-inspired
metaheuristics algorithm to construct a high-resolution global for-
aminifera species richness history across the Eocene-Oligocene tran-
sition with an imputed resolution of ~29 Kyr. These high-resolution

time series richness data offer the chance to test the relationships
between long-term environmental factors and foraminiferal species
dynamics. Our results indicate that sea-surface temperature and
eustatic sea-level changes strongly correlate with fluctuations in rich-
ness for planktonic and shallow-water larger benthic foraminifera over
the entire 28-Myr study interval, while deeper-water small benthic
foraminifera show significant correlation with carbon isotopes for this
interval. In finer detail, planktonic and larger benthic foraminifera
show steady diversity levels in the early phases of the transition in the
latest Eocene after a long-term decline, while the small benthic for-
aminifera exhibit a notable radiation and subsequent richness decline
over the same interval. In the earliest Oligocene, the planktonic and
larger foraminifera suffer major species losses coincident with the first
permanent ice sheets formed in Antarctica, while small foraminiferal
diversity held steady, followed by an accelerating decline as the early
Oligocene proceeded.

This study provides a high-resolution perspective on the links
between environmental change and biodiversity history over a long-
time scale (-28 Myr) in deep time. This improved resolution reveals
that foraminifera living in different marine habitats had distinct evo-
lutionary histories, dominated by various environmental factors
influencing different water depths or habitats. These findings suggest
that environment-life relationships during the EOT were much more
complex and ecologically nuanced than previously reported, and that
they can be tested with high-quality data. This necessitates a refocus of
major biotic events in deep time, and high-resolution fossil data and
environmental proxies are crucial for this re-evaluation.

Methods

Data overview

Our assembled global foraminifera dataset (raw dataset) comprises
13,138 local bioevents records (i.e., first and last appearance records)
and ~60,000 occurrences of 2988 taxonomic units from 163 published
stratigraphic sections (Supplementary Data 1), encompassing both
calcareous and agglutinated foraminifera. After the cleaning process
(See Supplementary Notes 2-4), the final dataset comprises approxi-
mately 40,000 fossil occurrences of 1269 species derived from
161 stratigraphic records (drill cores and outcrops) (Fig. S4; Supple-
mentary Data 2).
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The dataset includes stratigraphic data for three foraminiferal
groups: 277 PF species, 340 LBF species and 652 SBF species. Of the
161 stratigraphic records (drill cores and outcrops), 102 yield one
foraminiferal group, 59 yield at least two groups, and 16 include all
three groups, covering major ocean basins, including the Atlantic and
Indian Oceans, as well as key marginal seas such as the Mediterranean,
Caribbean, and Gulf of Mexico (Fig. S4).

Occurrence data were extracted from original biostratigraphic
distribution records (depth-versus-taxon) reported in peer-reviewed
journal articles and scientific reports, including 10 continental drill
cores, 52 ocean drill cores (DSDP, ODP and others), and 99 outcrops. In
addition, 18 magnetochrons from five GSSP or GSSP candidate sec-
tions (Massignano, Oyambre, Agost, Varignano, and Alano) were
incorporated into the dataset to enhance stratigraphic correlation and
support robust age calibration.

In terms of depositional environments, 77 outcrops/cores (-48%)
are assigned to coastal settings, e.g., shallow marine, inner to middle
shelf, neritic, and lagoon, reflecting deposition within the photic zone
and proximal to land (Supplementary Data 2). Sixty-nine outcrops/
cores (-43%) were attributed to deep marine settings, i.e., bathyal,
abyssal, continental slope, and pelagic environments, representing
deposition below the photic zone and distal from siliciclastic input.
The remaining 15 outcrops/cores (-9%) exhibited mixed shallow-deep
characteristics, indicating transitional depositional settings along the
shelf-to-basin gradient.

Data preparation and standardisation

The dataset analysed here was manually digitised by the OneStrati-
graphy team between May 2020 and October 2021. It covers a wide
range of published literature and therefore incorporates records
documented under diverse reporting styles, formats, and taxonomic
conventions. The corresponding reference sources are traceable in the
OneStratigraphy Database through the bibliographic information
provided in Supplementary Data 2. Prior to analysis, the dataset was
first cleansed and standardised by excluding non-foraminifera fossils,
addressing open nomenclature, correcting typographical errors, etc.
(See Supplementary Notes 2). All taxonomy was thoroughly examined
through use of taxonomic atlases®*%, foraminiferal databases (Mikro-
tax and WoRMS), and related taxonomic references. These opinions
were finally verified and resolved by a group of foraminiferal taxo-
nomic experts for correctness and consistency: Bridget Wade (PF), Laia
Alegret (SBF), Qinghai Zhang (LBF and SBF), and Peiyue Fang (PF, LBF
and SBF).

To ensure that our subsequent analyses are based on data with
sufficient temporal resolution and reliability, we first evaluated the
stratigraphic resolution of PF, SBF, and LBF. A pre-estimated result
shows that PF exhibited the highest resolution (-0.30 levels
per section), followed by SBF at -0.24 levels per section, while LBF
demonstrated the lowest resolution (-0.08 levels per section). This
resolution is estimated from the average number of independent
bioevents per section—that is, fossil occurrences that do not coincide
with any other taxon at the same stratigraphic level. A higher average
indicates finer temporal resolution, because more unique events allow
us to distinguish shorter time intervals, and vice versa. To minimise
sampling bias, we included in our analysis only stratigraphic sections
containing more than 30 biostratigraphic events, thereby ensuring
sufficient data density.

CONOP.EA: An evolutionary algorithm for global correlation

The original CONOP program was first developed by Peter Sadler to
address the problem of integrating patchy local biostratigraphic
events into a globally consistent temporal ordering®*'. It was designed
on a simulated annealing algorithm and did not support either parallel
computing or high-performance computing. Fan et al.”’ developed an

enhanced program, CONOP.SAGA, by combining simulated annealing
and a genetic algorithm to overcome these limitations. CONOP.SAGA
was largely based on the original CONOP program designed by Sadler
et al." It followed the same procedure as in CONOP to generate the
initialising sequence, i.e.,, randomly placing the first appearance
datums to positions in the first half of the sequence and the last
appearance datums to positions in the last half of the sequence. It
contains only the mutation procedure of the evolutionary algorithm
and records those mutation operations that improved the sequence in
previous iterations. These recorded operations were collected to
construct a better sequence while all the CPU cores communicated
after finishing a fixed number of iterations (e.g., 10,000 iterations).
This better solution was then shared by each CPU core as the starting
point for the next round of iterations.

Here, we introduce a new evolutionary-algorithm-based imple-
mentation, CONOP.EA, which further enhances both computational
performance and optimisation capability. It is designed to handle
datasets of more than 10,000 species, which is difficult for CONOP and
CONOP.SAGA, as the cost in terms of supercomputer time is enormous
and unacceptable. The EA in its name denotes the integration of a
complete evolutionary algorithm into the program.

CONOP.EA has many distinct features, but two are most impor-
tant. First, it utilises a more complicated evolutionary algorithm (Fig. 1)
than CONOP.SAGA. In each calculation, CONOP.EA generates an initial
population of many sequences (Fig. 1b), and the population evolves
from one generation to another by mutation, recombination and
natural selection (Fig. 1c-e). Second, CONOP.EA can start from a
dataset of sections, similar to CONOP or CONOP.SAGA, or from a set of
sequences constructed before, e.g., result sequences from CONOP or
CONOP.SAGA calculations. This allows CONOP.EA to compare the
differences among previous results and recombine those that are
distinct to generate offspring sequences that possess a better ability to
escape from local optima. Therefore, CONOP.EA can dig more deeply
into previous results to find an even better sequence, which gives it a
capability that is not available in the earlier programs.

Comparison between CONOP.EA and CONOP.SAGA

The performances of CONOP.EA and CONOP.SAGA were compared by
using the present dataset with the same parameters: starting tem-
perature = 500, steps = 700, trials = 40,000. Temperature used herein
is not an actual temperature or a mean deep-sea temperature, but a
parameter in the simulation annealing algorithm®. It is notable that the
number of trials is much fewer (and less expensive) than those used in
the final calculation (i.e., 2,400,000 or 4,800,000) to save time. The
result shows that the average penalty of sequences constructed by
CONOP.EA is ~538.5 less than that by CONOP.SAGA (Fig. Sla). In the
meantime, the average wall-clock time costs of CONOP.SAGA and
CONOP.EA are 13h:09 m:30s and 33 m:56.56s, respectively, on an
Intel Core i9-10900F processor with 10 cores and a base clock speed of
2.80 GHz, equipped with 32 GB of DDR4 RAM. The performance result
demonstrates that CONOP.EA ran ~23 times faster than CONOP.SAGA
(estimated over 40,000 trials) by using an updated function (newpen),
which calculates only the penalty changes of altered part(s) between
the parent and offspring sequences, instead of the penalty of the whole
offspring sequence, during each trial, thus highly speeding up the
CONORP calculation because this is the most time-consuming aspect.
Therefore, CONOP.EA has a better ability to acquire a globally opti-
mised sequence (i.e., lower penalty) and runs much faster than
CONOP.SAGA.

Another test is also applied to prove the higher efficiency of
CONOP.EA. CONOP.SAGA is first run with the following parameters:
starting temperature = 500, steps = 700, trials = 2,400,000 or
4,800,000 to produce ten optimised sequences. Because CONOP.EA
has an ability to evolve from previous results; we applied it to the ten
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sequences by CONOP.SAGA to generate more optimised offspring
sequences with the calculation parameters: starting temperature = 0,
steps = 500-700, trials = 240,000. The starting temperature was set at
zero so that in each iteration the program will only accept a new
sequence with lower penalty, while with a non-zero temperature, the
program could randomly (depending on a function including a non-
zero temperature) accept worse sequences to escape from local
optima. Ten optimised results of the offspring sequences were there-
fore used to compare with the ten parent sequences. The result shows
that the evolved offspring sequences are better than their parent
sequences with on average 104.84 fewer penalties (Fig. S1b), proving
that this function—evolving from previous results—gives CONOP.EA a
unique ability to dig further to find a more globally optimised
sequence by recombining various optimal sequences from previous
computations. This capability was originally intended for CON-
OP.SAGA, but was not successfully realised at the time.

Analytical procedure of CONOP.EA

The CONOP.EA analysis was implemented in four sequential steps.
First, a network analysis of the stratigraphic sections was conducted to
determine if all could be connected through co-occurring fossils
(Fig. S5). Second, a subset of planktonic foraminiferal index fossils was
selected®** and used to test their reliability as time markers under the
assumption that these datums were relatively isochronous throughout
the world ocean (Fig. S6). The resulting sequence (Table S2) was
therefore used to construct a virtual section, which was highly
weighted in later computations to speed up the calculation. Third, we
ran the parallel computing version of CONOP, CONOP.SAGA ten times.
The ten composite sequences present similar trajectories of species
richness (Fig. S7 and Table S3) and were then used as parent sequences
for CONOP.EA for further calculation and improvement. The optimal
(i.e., the one with the lowest penalty) of those generated by CONOP.EA
was used in subsequent analyses. Lastly, owing to the lack of sufficient
high-precision radiogenic isotope dates for horizons in our dataset,
the final composite datum sequence was calibrated to the GTS 2020
time scale through planktonic foraminiferal markers and magneto-
chrons by a cross-validated smoothing spline (Fig. S8; Table S4; and
See Supplementary Note 5).

Richness estimate and its links with environmental proxy data
An unbinned method was used to calculate the species and genus
richness values to avoid losses in temporal resolution from averaging
and issues associated with different counting strategies” (See Sup-
plementary Note 6). The rarefaction method was utilised to evaluate
the effect of sampling on richness estimates (See Supplementary
Note 6 and Fig. S9). A binned approach (bin = 0.2 Myr) was also used to
calculate proportional origination, extinction, diversification and
turnover rates (See Supplementary Note 7). The 95% confidence
intervals for richness change rates are derived by iteratively computing
change rates following 95% bootstrapped confidence interval of the
age model. To assess the association between richness and published,
high-resolution environmental proxy data (See Supplementary
Notes 8, 9), e.g., carbon and oxygen isotopes, temperature (sea-surface
and deep-sea) and sea level*'"°*®’, Spearman’s rank correlation is
applied. However, the 6®Openmic is not used for correlation, as its
variance inflation factor (VIF) is larger than 10, indicating potential
multicollinearity with other proxies, such as sea level and temperature.
Correlations among time series that were linearly detrended (by
removing the best-fitting line using the least squares method) are also
tested, which emphasises interval-to-interval changes rather than
longer-term trends>.

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

Data availability

All data to reproduce this study are available in Dryad (July 29, 2025
version; https://doi.org/10.5061/dryad.jh9wOvtk5)*® and Zenodo
repositories (Version v2; https://doi.org/10.5281/zenodo.16336191)*°.
The global foraminiferal data were derived from the OneStratigraphy
Database (http://onestratigraphy.ddeworld.org), an open-access
database. The deposited datasets are publicly available with no
access restrictions. Source data are provided with this paper.

Code availability

All code to reproduce the analyses is provided in the Dryad (July 29,
2025 version; https://doi.org/10.5061/dryad.jh9wOvtk5)*® and Zenodo
repositories (Version v2; https://doi.org/10.5281/zenodo.16336191)*°.
An additional open-access point is provided via the OneStratigraphy
Database (https://onestratigraphy.ddeworld.org/download/
0f53e05eed3243f1898dc5afd2c54134).
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Supplementary Notes
Supplementary Note 1: Basic introduction to foraminifera and their ecology

Foraminifera are broadly classified into three groups: planktonic foraminifera (PF),
larger benthic foraminifera (LBF), and small benthic foraminifera (SBF). Each group
exhibits unique responses to various environmental drivers'-.

PF are primarily found in open ocean waters. They are significantly influenced by
sea surface temperatures, as temperature plays a crucial role in their survival and
geographical distribution’*. Moreover, PF are indicators of past sea surface
temperatures, with their taxonomic and isotopic compositions providing valuable data
for climate reconstructions®’. Nutrient availability and light intensity also play
significant roles, particularly in shaping their vertical distribution in the water column
and impacting their symbiotic relationships with photosynthetic organisms®.
Additionally, oxygen levels and salinity are important for PF’¥, with variations in these
factors influencing their growth and survival.

LBF predominantly inhabit tropical and subtropical shallow marine environments.
Their distribution is more geographically and ecologically restricted compared to SBF,
as they prefer to live in warm conditions™'°. Light intensity and nutrient availability are
key factors affecting LBF, particularly due to their phototrophic symbiotic

1314 which can affect

relationships'""'?. LBF are also sensitive to changes in salinity
their growth and survival.

SBF are versatile, inhabiting a range of depths from shallow to deep marine
environments. They are less restricted in distribution than LBF. Factors such as
dissolved oxygen levels and food supply play an important role in their survival'®, with
fluctuations in oxygen levels and the interaction between oxygen-food supply linked to

many historical extinction events of foraminifera.

Supplementary Note 2: Dataset overview and standardisation of the stratigraphic

and paleontological data

All the data were manually collected from published literature by the
OneStratigraphy team and stored in the OneStratigraphy Database

(http://onestratigraphy.ddeworld.org/). To obtain a complete view of the foraminiferal

records in OneStratigraphy, users are recommended to follow these steps: Navigate to
Stratigraphic Data — Advanced Search — Occurrences and set the fossil group to


http://onestratigraphy.ddeworld.org/

Foraminifera. As of 12 June 2025, the OneStratigraphy Database contained 826,688
foraminiferal occurrences.

Each stratigraphic section is assigned a unique Section ID in OneStratigraphy
(Supplementary Data 2), allowing direct traceability of data entry history, contributor
identity, and original literature sources. For example, the first and last entered entries
in Supplementary Data 2 correspond to the sections Zongpubei (Section ID:
SE202005060304540) and Alano (Section ID: SE202110280146975), respectively.
Querying these Section IDs in OneStratigraphy (Stratigraphic Data — Advanced
Search — Section — Section no.) retrieves the full section records. The Zongpubei
section was digitised and entered into OneStratigraphy by Qin Chen on 6 May 2020,
while the Alano section was digitised and entered by Xiaohong Zhou on 28 Oct. 2021.
In both cases, the original literature sources from which the stratigraphic information
was digitised are documented in the View reference tab associated with each section
record. The related information of bibliography, data enterer and date of entry can be
found in Supplementary Data 2. This structure ensures transparent and clear linkage of
all input sections to their original published sources within the OneStratigraphy
Database. Additionally, any errors found in the process were corrected (e.g., spelling
mistakes in species names) and missing information was filled in (e.g., latitude and
longitude data).

We selected sections/sites containing foraminifera occurrences from the Eocene
to the Oligocene. The raw dataset contained 13,138 local bioevents records (i.e., first
and last appearance records) and ~60,000 occurrences of 2,988 taxonomic units from
163 published stratigraphic sections, encompassing both calcareous and agglutinated
foraminifera. These sections, including drill cores and outcrops, are widely distributed
across modern oceans and continents such as Europe, Africa and Asia (Fig. S4).

The dataset was first cleaned by excluding open nomenclature, such as sp./spp.
(622), aff. (63), question marks for species names (6). Nevertheless, the conferring
species (cf.; 175) and the group species (ex gr.; 25) were preserved and assigned to the
referenced species. Taxonomic assignments below the species level (i.e., subspecies
and variety) were mostly integrated to species level. All non-foraminifera fossils were
removed. The dataset after cleaning was thoroughly examined and verified against
other independent data sources, including taxonomic atlases'>!®, foraminiferal
databases (Mikrotax and WoRMS), and related taxonomic references, and further
verified and resolved by a group of foraminiferal taxonomic experts for correctness and
consistency: Bridget Wade (PF), Laia Alegret (SBF), Qinghai Zhang (LBF and SBF),
and Peiyue Fang (PF, LBF and SBF).



In the present dataset, the drill core Hole 647A has been studied repeatedly within
a comparable stratigraphic framework, focusing on both SBF and PF for variable
purposes, such as testing biotic response to EOT, studying high-latitude deep-water
sedimentary sequence, and stratigraphic correlation'’!”. The three reports'’!’ were
integrated into one section by depth.

The final dataset after data cleaning and verification included ~40,000 fossil
occurrences and 9,032 local first and last occurrence records of 1,269 species in 161
published stratigraphic records (drill cores and outcrops).

All original data are available as section records on the online platform of the
OneStratigraphy Database. The final dataset (as Excel file and CONOP data files) after
data cleaning and verification, as well as the CONOP program package, are also
available as a zip file for free download from the OneStratigraphy
(https://onestratigraphy.ddeworld.org/download/0f53e05eed3243f1898dcS5afd2¢c54134)

or Dryad (https://doi.org/10.5061/dryad.jh9wOvtk5) repositories.

Supplementary Note 3: Network analysis in stratigraphic correlation among

sections

Network analysis was applied to the present dataset by using Gephi software. The
result demonstrates the section relations of the study dataset (Fig. S5). Nodes and edges
in the non-directed network represent the sections and shared taxa among sections,
respectively. The weights of edges are twice the number of shared taxa divided by the
sum of taxa in linked sections, which represents the similarity of fossil composition
among sections. The network analysis result shows that all the sections in the study
dataset are tightly linked through shared species (Fig. S5; The layout of the network is
based on the Fruchterman Reingold algorithm?®). Node centrality, shown by node size,
is estimated by node degrees, i.¢., the sum of edges of the node combined with the edges’
weights, indicating the importance of sections in stratigraphic correlation. The strong
connectivity across the dataset supports its suitability for subsequent CONOP-based
stratigraphic correlation, as all sections/sites are biostratigraphically linked.
Furthermore, the nodes (sections) in the network were grouped into five communities
(Modularity = 0.419) by using the fast unfolding of communities method?! and shown
in different colours in Fig. S5. These communities can be interpreted as approximations
of biogeographic provinces’>. Nodes within each community share similar fossil
assemblages, reflecting comparable palacogeographic and stratigraphic relationships.

While this observation opens opportunities for future research into biogeographic
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connectivity using our high-resolution dataset, such analyses are beyond the scope of

the present study.

Supplementary Note 4: Calculation and use of virtual sequence

When the size of the study dataset becomes larger, i.e., the numbers of sections or
taxa increase, the requirement for computing power will increase as well. One of the
possible reasons is the demand for huge trials in the face of exponentially increasing
solution space (i.e., possible sequences) depending on the complexity of the dataset®>.
The cost on the supercomputer is about 1-2 cents / (core x hour), so that the cost for
only one calculation on the dataset in Fan et al.** could be over $10,000. Therefore, a
virtual section technique was adopted to speed up the calculation, which helps the
program reach the proper solution space quickly and greatly saves the calculating
resource.

The virtual section is composed of planktonic foraminiferal index fossils and
magnetochrons. The order of their first and last appearance levels, which we refer to as
the virtual sequence, comes from widely accepted stratigraphic standards such as GTS
2020%>%6 and Wade et al.”’. The order of these fossils was further evaluated by running
CONOP on a small subset of the study dataset which only contains sections with these
index fossils. Magnetochrons are tested in five GSSP and GSSP candidate sections
containing them for the consistency with index fossils. If there are any inconsistencies
between the CONOP results/real sections and the virtual sequence, we should refer back
to the original stratigraphic report to determine the source of the problem. In our
experience, inconsistencies mainly arise from incompleteness of fossil ranges in
sections (even in GSSP sections). For example, the last appearance of Catapsydrax
dissimilis in Hole 1130A&C occurs at a lower level than that recognised in the
planktonic foraminifera zonation?’. Checking the original publication reveals that this
site has a low recovery, with the species C. dissimilis only found in one sample and
being rare. Therefore, the virtual sequence after verification is robust not only in
previous studies but also in the present dataset (Table S2).

Further analysis without any weighted virtual sections was conducted to test the
validity of the virtual sequence and estimate the cost for acceptable optimised results.
A subset of the study dataset was explored following the criteria: (1) the sections were
densely collected and cover a considerably longer stratigraphic interval; (2) the sections
contain diverse foraminifera, especially those index fossils; (3) the subset is big enough,
e.g., containing about 1/3 to 1/4 species of the whole dataset, so that a relatively

convincing analysis can be done at a reasonable cost. The generated subset, which
6



contains 308 species from 12 sections, was subsequently calculated by varying trials
but constant start temperature (500) and steps (700). It should be noted that none of the
sections or taxa is weighted. The subset was calculated ten times for each set of
parameters, and the consistency index was calculated to depict the consistency of the
virtual sequence and the order of those first or last appearance levels in each result. It
shows that consistency increases with exponentially increasing trials (r* = 0.98; Fig.
S6), indicating the validity of the virtual sequence and that the reliability of the result
sequence depends on the number of trials at exploring the solution space. However, the
original dataset contains about four times more species and nearly 15 times more
sections than the experimental subset, thus it will require an inestimable number of
trials to obtain an optimised sequence for the original dataset, which is undoubtedly a
huge cost.

The verified sequence of index fossils (Table S2) and magnetochrons (tested in
five GSSP and GSSP candidate sections containing them) was used to construct a
virtual section, which was included in the study dataset and highly weighted in the
subsequent CONOP computations to speed up the calculations on the supercomputer.
CONOP.SAGA was first run on the Tianhe II supercomputer ten times with the
following parameters: starting temperature = 500, steps = 700, trials = 2,400,000 or
4,800,000. The Tianhe II supercomputer comprises 16,000 compute nodes, each
equipped with two Intel Xeon E5-2692 v2 12-core CPUs operating at a base clock of
2.2 GHz (turbo up to 3.0 GHz) and three Intel Xeon Phi 31S1P co-processors—yielding
a total of 3,120,000 CPU cores and 48,000 coprocessor cards—backed by 1,375 TiB of
DDR3 system memory and a 12.4 PB global storage system. Our project, requesting 4
nodes (256 CPU cores), was provisioned with 1 TB of user file-system space. Ten
results were collected and loaded in CONOP.EA. The program used them as parent
sequences to generate 10 offspring sequences for an initiating population, which then
evolved one generation to another. The CONOP.EA program collected all the optimised
sequences and saved them in a library of optimised sequences, most of which were
better than their parent sequences generated by CONOP.SAGA. The most optimal

sequence was chosen for subsequent richness analyses (Fig. S7).

Supplementary Note 5: Calibration of the composite sequence to the geologic time

scale

Due to the lack of sufficient high-precision isotope dating for the study interval,
the composite sequence acquired from CONOP.EA was ultimately calibrated to GTS
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2020%>%% by using geological ages corresponding to the boundaries of seven planktonic
foraminifera zones near the stage boundaries and seven well-identified and robust
magnetochrons (Fig. S8 and Table S4).

In this study, the age model was constructed by fitting a cross-validated smoothing
spline to the tie points (biozones and magnetochrons), selecting its smoothing
parameter by leaving-one-out cross-validation to achieve an optimal trade-off between
fidelity to the data and overall smoothness®®. The 95% confidence interval was
quantified by 1000 residual bootstrap iterations. Smoothing splines do not enforce exact
interpolation at every tie-point (assumption of isochrony) but instead balance goodness-
of-fit against overall smoothness, so the resulting curve may deviate slightly from
individual tie-points to achieve a globally optimal solution. For instance, the tie-point
for the last common occurrence (LCO) of Chiloguembelina cubensis is allowed to shift
modestly, since its empirical common occurrences lie a little below the highest last

occurrence recorded in the CONOP-derived composite sequence.

Supplementary Note 6: Construction of unbinned richness curve and its

standardisation

After acquiring a calibrated composite sequence with 962 discrete temporal levels,
an unbinned method was used to generate a species-level richness curve (Fig. 2a).
Richness was initially set at 0, and if there was a first appearance in the next temporal
level, the richness value was increased by one. If there was a last appearance, the
richness value was decreased by one. This unbinned method can preserve the original
high temporal resolution and avoid bias due to uneven subdivision of time bins. The
same method was also applied to generate the genus-level richness curve by tracking
generic changes through the composite sequence (Fig. 2a). The species/genus ratio was
easily calculated for each temporal level by dividing the species richness by the genus
richness (Fig. 2a). The constructed species richness curves were comparable to those of
previous studies (Fig. S2).

Sampling effect is inevitable when generating richness curves. Many researchers
had put forward concerns that strong sampling biases may influence the accuracy of the
curve”-33, In addition to the common factors that may lead to these biases, such as
sampling intensity and fossil preservation, taxonomic identification plays a vital role in
species-level richness studies. These studies require taxonomic data at the species level.
Consequently, fossils classified at a higher taxonomic level (e.g., genus) are excluded

from the dataset. This exclusion is significant for SBF, a highly diverse and disparate
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group. Many SBF studies do not identify rare morphological species to the species level
or include informal groupings of rare taxa. These factors collectively complicate
species-level richness estimates, leading to uneven sampling sizes throughout the
research interval. As a result, the absolute richness values represent an estimate of the
compiled dataset, while the trend of richness changes matters if not strongly influenced
by sampling biases.

Here, rarefaction was applied to test the sampling effect of our dataset by making
a standardised comparison of the unevenness of the species record***> in the full
foraminiferal curve (Fig. 2c) and curves of three foraminiferal groups (Fig. S9),
respectively. Sample size was generally uneven for different temporal levels, which
might strongly influence the estimation of species richness. Taxonomic rarefaction was
used to standardise the total number of local taxonomic ranges through each temporal
level in the composite sequence. Take the full foraminifera curve as an example. Firstly,
the sample size should be set for rarefaction based on sample size distribution
throughout the study period (from 48 Ma to 20 Ma). The smallest sample size of the
study period is 626, so the sample size of each temporal level can be standardised to
300 and 500, respectively. Next, a simulated sample is set in each level based on the
taxa ranges and their section distribution, then the species at each level are resampled
without replacement, and then the rarefied species richness is calculated (Fig. 2c).
Although the changes of the rarefied curves were less remarkable than the unrarefied
curve, the major changes were still identifiable, confirming that sample size did not
significantly influence the estimation of the main richness trajectories in the present
dataset. The same method was applied to the three groups of foraminifera (Fig. S9).
Sample size at each time level was standardised to 50, ensuring that richness estimates
were fair and comparable among intervals with different degrees of sampling bias. This
process was iterated 1000 times to generate a robust estimate of rarefied richness. The
results indicated that richness trends show no remarkable changes, though the
amplitude of some events (e.g., SBF in RRD) was reduced. Therefore, the richness

trend estimate is robust, indicating reliable richness changes during the EOT.

Supplementary Note 7: Species richness change rate

A binned method was used to calculate the richness change rates including

proportional origination, extinction, turnover and diversification rates*®’

over a
uniform time bin of 0.2 Myr. The 0.2 Myr bin size was chosen as the bin duration

because the temporal resolution is uneven through the study interval, e.g., the imputed

9



temporal resolution of the Priabonian is ~12.7 Kyr and that of the Chattian is ~52.6 Kyr.
Significant changes in these curves (Fig. 2d—g, Fig. S3d—f), together with those of the
richness curves (Fig. 2a—c, Fig. S3a—c), help us identify major bioevents (e.g.,
extinction) through the study period. When calculating proportional origination rates,
the number of first appearances of species was counted in each bin, and then divided
by the duration of the time bin (i.e., 0.2 Myr) and total species richness of the bin for
standardisation (Fig. 2d). The extinction rate was generated through a similar procedure
(Fig. 2e). The proportional turnover and diversification rates were calculated by adding
proportional origination and extinction rates, and detracting proportional origination

rate by proportional extinction rate, respectively (Fig. 2f, g).

Supplementary Note 8: Potential CCD influence on SBF richness estimation

The present dataset encompasses both calcareous and agglutinated foraminifera.
Therefore, fluctuations in the Calcite Compensation Depth (CCD) are likely to affect
the preservation of calcareous foraminiferal fossils, thereby influencing the recorded
richness of small benthic foraminifera. However, our richness curve for SBF (Fig. 3a)
shows no association with documented CCD shoaling and/or deepening events (e.g.,
CAE 2-7) during the middle to late Eocene, as reported by Palike et al.*®. Intriguingly,
SBF richness declined during the EOT, a period characterised by a reverse deepening
of the CCD. Therefore, changes in the CCD are inferred to have little influence on our

results.

Supplementary Note 9: Correlation analysis of species richness and environmental

proxies

The Cenozoic is currently the best time for precise correlation analysis between
biodiversity history and environmental changes because many high-resolution
environmental proxies have been compiled during the past decade, such as Cenozoic
carbon and oxygen isotopes®’, sea level*®’, sea-surface temperature*' and deep-sea
temperature*?. However, the J'*Obenthic is not used for correlation, as its variance
inflation factor (VIF) is larger than 10, indicating potential multicollinearity with other
proxies, such as sea level. Their correlations with species richness were analysed by
Spearman’s rank correlation. Nevertheless, some of those proxy data were published at
different times and thus were calibrated to different time scales, such as GTS 2004 and

2012. Before the correlation analysis, they were calibrated to GTS 2020, the same time
10



scale as the present richness data. Considering the temporal resolutions of all these time
series, a 0.2 Myr time bin was used to standardise both biotic and abiotic data.

The sea-level, sea-surface temperature, and deep-sea temperature time series were
originally reported on earlier Geologic Time Scale versions (GTS2004 and GTS2012)
and were harmonised to GTS2020 by linear interpolation between published
magnetochron and/or stage tie points. The carbon and oxygen isotopic data*’, calibrated
to La2010Db (an orbital solution referenced in GTS 2020), required no further adjustment
to align with the biotic data.

Spearman’s rank correlation analysis was applied to the time series of the same
time scale and also the detrended time series (Table 1), as the former shows the long-
term trend and the latter focuses the interval-to-interval changes*. To quantify
uncertainty, we estimated 95% confidence intervals for Spearman’s p using bootstrap
resampling (10,000 iterations), recalculating p for each resample and taking the 2.5™
and 97.5" percentiles of the bootstrap distribution. There are two major methods of
detrending: removing the best linear fitting line of the time series or to first-difference
neighbouring values throughout the time series. Actually, detrending aims to remove
the main (long-term) component of the signal and compare residual variability;
however, this can inadvertently amplify high-frequency noise when individual
observations carry non-negligible uncertainty, which are probably difficult in palaeo-
time series, such as diversity** and the results of CONOP, because of the uncertainty of
the heuristic algorithm (Simulated annealing). Therefore, a less severe detrending by
simple linear regression is used to reduce the influence of the primary trend without

over-emphasising high-frequency noise.
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Fig. S1 | Comparison of penalties of results constructed by CONOP.SAGA and
CONOP.EA, respectively. a, The two programs were applied to the present dataset
with the same running parameters: starting temperature = 500, steps = 700, trials =
40,000 (n = 11 independent runs per program). b, The two programs were run in
different ways. Parameters of CONOP.SAGA: starting temperature = 500, steps = 700,
trials = 2,400,000 or 4,800,000 (n = 10 runs). The CONOP.EA calculation was based
on ten results generated by CONOP.SAGA, and the parameters were set as: starting
temperature = 0, steps = 500-700, trials = 240,000 (n = 10 runs). Circles and solid lines
represent means and medians, respectively. Box plots show the median (centre line)
and interquartile range (IQR; box, 25"-75™ percentiles); whiskers extend to 1.5xIQR.

Open circles indicate the mean.
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estimates from the original data. The shadings represent the 95% confidence interval

from 1,000 bootstrap iterations.
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Fig. S4 | Distribution of study sections on the modern map. Blue circle represents
the site/section contains occurrences of LBF. Yellow circle represents site/section
contains occurrences of PF. Green circle represents site/section contains occurrences of
SBF. Base map boundaries/coastlines were generated in MATLAB using the Mapping

Toolbox dataset landareas.shp.
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Fig. S5 | Network analysis on the study dataset, where nodes are sections and

edges are the shared taxa among sections. Node sizes are their centrality of Degree.

Nodes in the same colour belong to the same community identified*!. These
communities, displayed in different colours in the figure, can be interpreted as
approximations of biogeographic provinces?’. Nodes within each community share
similar fossil assemblages, reflecting comparable paleogeographic and stratigraphic
relationships. The layout of the network is based on the Fruchterman Reingold
algorithm?’. The names labelled in the network refer to the three GSSPs included in
the study dataset.
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Fig. S6 | Correlation showing the relationship between the calculation cost and
consistency of the result sequence to the virtual sequence. Empirical analyses reveal
that among the three parameters, the starting temperature and steps can be set as
constant, but the numbers of trials need to be large enough because it will decide the
quality of the result sequence, which is proved by this figure. An unweighted dataset
was applied to perform the test. The order of index fossils in the result sequence was
checked and compared with the order of the virtual sequence. It is obvious that the order
of species in the virtual sequence is robust, and the consistency finally reaches 100% if
the number of calculations is large enough. The fit is based on eight data points (R* =
0.98).
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The red line represents the most optimal curve.
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Table S1 | Spearman’s rank correlation among species richness time series data of
three different foraminiferal groups.

PF LBF SBF
p (95% CI) P p (95% CI) P 0 (95% CI) P
0.87 -0.28
PF / / 8.89 x 107 8.89 x 10
(0.82,0.91) (-0.43, -0.12)
0.87 022
LBF 8.89 x 107* / / 0.009
(0.82,0.91) (-0.37, -0.07)
-0.28 0.22
SBF 8.89 x 10~* 0.009 / /
(-0.43,-0.12) (-0.37,-0.07)

Notes: p is Spearman’s rank correlation coefficient; P values are two-tailed; 95% Cls

are percentile bootstrap intervals (2.57-97.5" percentiles; B = 10,000). Very small P
values are reported as P <2.2x1073%,
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Table S2 | Index fossils used for the construction of the composite sequence.

No.

Name

1

10
11
12
13
14
15
16
17
18

Catapsydrax dissimilis
Globoquadrina dehiscens
Paragloborotalia kugleri

Paragloborotalia pseudokugleri
Paragloborotalia opima
Chiloguembelina cubensis
Ciperoella angulisuturalis
Turborotalia ampliapertura
Pseudohastigerina naguewichiensis
Hantkenina alabamensis
Globigerinatheka index
Globigerinatheka semiinvoluta
Morozovelloides crassatus
Orbulinoides beckmanni
Morozovella aragonensis
Globigerinatheka kugleri
Guembelitrioides nuttalli

Turborotalia frontosa
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Table S3 | Ten calculations using CONOP.SAGA.

No. Parameters Penalty Time cost

(hh:mm:ss)
1 500-700-2.4M 33692.3 3:03:28
2 500-700-2.4M 33859 3:02:13
3 500-700-2.4M 33876.1 3:02:36
4 500-700-2.4M 33925.6 3:02:27
5 500-700-2.4M 33758.6 3:03:07
6 500-700-4.8M 33655.9 6:08:13
7 500-700-4.8M 33654.7 6:06:49
8 500-700-4.8M 33659.1 6:03:16
9 500-700-4.8M 33628.8 6:03:43
10 500-700-4.8M 33659.3 6:01:42

Note: Computations are conducted on the Tianhe II Supercomputer with 4 nodes (256

CPU cores), and 1 TB of user file-system space. Parameters indicate those major

settings used in the simulated annealing process, i.e., starting temperature, steps, and

trials. For example, 500-700-2.4M means the starting temperature was set as 500°C, the

cooling step was conducted 700 times, and the number of iteration calculations (trials)

in each cooling step was 2,400,000.
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Table S4 | Interpolated geochronologic ages for zonal boundaries (align with the

stage boundaries if available) used in the calibration of the composite sequence.

Age Age
No. Fossil name Type
(Ma, GTS 2012) (Ma, GTS 2020)
1 Catapsydrax dissimilis Top 17.59 17.53
2 Globoquadrina dehiscens Base 22.48 22.43
3 Chiloguembelina cubensis LCO 27.29 28.1
4 Hantkenina alabamensis Top 339 33.9
5 Morozovelloides crassatus Top 37.99 38.26
6 Orbulinoides beckmanni Base 40.41 40.5
7 Turborotalia frontosa Base 48.62 48.27
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