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Abstract

The present-day climate crisis is transforming coral reef communities, potentially undermining
ecosystem functioning. Evolutionary trade-offs between species traits result in diverse life-history
strategies, enabling corals to survive disturbance events through specific adaptive mechanisms.
Trait–trait relationship networks offer insights into trait turnover and changing life-history
strategies during environmental changes. Paleoecological insights from the fossil records can
further illustrate how species adapt to environmental shifts, highlighting resilience traits.

We highlight coral traits that promote resilience in the Caribbean based on fossil occurrences
andmorphological traits, examining biological determinants of species and trait turnover across
the Cenozoic.We use traits that underpin the survival of corals during disturbances, for example,
corallite diameter, colony growth form, corallite integration, and budding type. We analyzed
species turnover and extinctions with a bipartite network and explored trait turnover with trait–
trait co-occurrence networks based on 4268 species records at 421 sites over ~40 Myr.

Our findings support existing evidence that species turnover coincided with major environ-
mental and biogeographic changes across the Cenozoic. Additionally, our results provide new
insight into functional changes throughout theCenozoic. Past cooler climates favored corals with a
fast growing and reproducing (competitive) life-history strategy, which boosts short-term success,
but also increases susceptibility to diseases and thermal stress. Cenozoic species and trait turnover
occurred during environmental change, corroborating expectations of such turnover in the future.
We found trait co-occurrencemodules associated with competitive and stress-tolerant life-history
strategies. The transition from the “greenhouse” (Paleogene) to the “icehouse” (Neogene) climate
over ~40 Myr favored competitive traits, which supported fast-growing, shallow reefs. With
rising temperatures and declining Acropora in the Caribbean, future reefs may resemble Eocene
reefs: dominated by stress-tolerant, slow-growing corals adapted to marginal environments.

Non-technical Summary

Coral reefs are among the most diverse ecosystems on Earth and are facing significant changes
due to the current climate crisis. These changes threaten the many important functions these
reefs perform. Corals have different survival strategies, adapting to changes in their environment
through various traits. By studying the relationships between these traits, we can understand
how coral species have changed over time and how they might respond to future environmental
changes. The fossil record provides valuable insights into how coral communities have adapted
to past climate changes and highlight traits that helped them survive.

In our research, we looked at the fossil records of Caribbean corals and their traits, such as the
size and shape of their skeletons, to identify which traits have helped them persist through past
climatic changes. We analyzed data from 4268 coral record occurrences from 421 sites over
40million years, using network analysis to explore how coral species and their traits have changed.

Our findings suggest that corals of the late Cenozoic possessed traits adapted to cooler
climates, which may now be detrimental to survival in a warming world. Cooler climates in the
recent past favored corals that are nowmore vulnerable to diseases and heat stress. The turnover
of coral species and traits in the past occurred during environmental change, indicating that
similar shifts are likely in the future. We discovered that branching corals with small corallites,
moderate corallite integration, and asexual reproduction through extracalicular budding thrived
in cooler intervals, allowing them to form fast-growing, shallow reefs.

As temperatures rise and certain coral species decline in the Caribbean, future coral reefs may
resemble those from the Eocene epoch, dominated by slow-growing, stress-tolerant corals that
thrive in less favorable environments.
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Introduction

The current climate crisis is substantially transforming coral reef
ecosystems globally (Pandolfi and Jackson 2007; Hughes et al. 2018;
Cook et al. 2022), with altered and reduced ecosystem functioning
due to species losses and community and trait turnover beyond
natural rates (Hodapp et al. 2023). The ecological mechanisms and
consequences of such changes in ecosystem functioning remain
unknown, but past patterns of species, community, and trait turn-
over can provide insight into future shifts in community diversity
and structure (Payne and Clapham 2012; Pandolfi and Kiessling
2014; O’Dea et al. 2017; Raja et al. 2021).

Ecosystem functioning is defined as the flux of energy, nutrients,
and organic matter through the environment (Brandl et al. 2019).
Differences in species traits enable species to occupy different
functional niches, influencing ecosystem functioning (Hooper et al.
2005; Hughes et al. 2017; Brandl et al. 2019). Coral reefs, with their
high diversity, exhibit niche partitioning (Loreau and Hector 2001),
but also significant functional redundancy due to species sharing
similar niches (Yachi and Loreau 1999; Fonseca and Ganade 2001).
High functional redundancy can buffer against species loss, therefore
maintaining ecosystem functions despite species turnover (Yachi and
Loreau 1999; Fonseca and Ganade 2001).

As environmental change intensifies, the magnitude and rate of
community turnover will likely increase, due to the increasing
likelihood of species range expansions (Vergés et al. 2014, 2019;
Gilson et al. 2021; Clay et al. 2023) and contractions (Stuart-Smith
et al. 2021), along with regional and global extinctions (Harnik et al.
2012). The resulting transformed communities may harbor fewer
species, but retain themain functions, essentially functioning with a
“skeleton crew,”much like communities in the geological past after
mass extinction events (e.g., Foster and Twitchett 2014; Dunhill
et al. 2018).

Examining trait turnover in coral reef communities, especially in
response to environmental changes, provides insights into com-
munity functional resilience. There are often trade-offs between
different traits, for example, branching corals have an increased
growth rate that allows them to outcompete competitors for space
on the reef (Baird andHughes 2000); however, this strategy requires
a high energy investment, meaning less energy is available for stress
responses (Pinzón et al. 2014). These evolutionary trade-offs lead to
different life-history strategies, which can be thought of as existing
on a spectrum from “fast” (r-selected) and “slow” (K-selected) life
histories (Pianka 1970; Darling et al. 2012; Padda et al. 2021).
Changes in environmental conditions may favor one strategy over
another. Corals with an r-selected or competitive life-history strat-
egy are fast growing with high fecundity and high mortality (e.g.,
Acropora) and the K-selected or stress-tolerant corals are slow
growing and long-lived but with lower fecundity (e.g., Porites)
(Sleeman et al. 2005; Darling et al. 2012).

Co-occurrence networks allow for the visualization of how
species are associated based on their presence or absence, and
therefore the turnover in ecological interactions between species
(Ulrich et al. 1991; Araújo et al. 2011; Harris 2016; Morueta‐Holme
et al. 2016; Matich et al. 2017). Combining these networks with
trait-based analysis allows for quantifying trait co-occurrences,
linking to community resilience or vulnerability (He et al. 2020;
Clay et al. 2024a). Network metrics, such as modularity, edge
density, degree centrality, and node degree, in trait co-occurrence
networks quantify a community’s ability to recover from a distur-
bance (Flores-Moreno et al. 2019; Gao et al. 2022), making both
species and trait co-occurrence networks valuable for understanding
community turnover and resilience post-environmental disturbance.

A variety of modeling techniques can predict coral community
change in response to future climate change (Donner et al. 2018).
These models are often based on the physiological, ecological, and
evolutionary responses of corals to current or very recent climate
change; however, there is still a great deal of uncertainty concerning
how reefs will respond to the degree of climate change predicted
(Pandolfi 2015). The understanding required to predict future
responses to environmental change can come from paleoecology,
as the fossil record provides evidence of how communities have
responded to the scale of change predicted over the coming decades
to centuries, which is as yet unprecedented in human history
(O’Dea et al. 2017). The Cenozoic (66 Ma to present) (Cohen
et al. 2013) has seen temporal fluctuations in biodiversity and
functional patterns within shallow reef ecosystems. The Cenozoic
Era may provide insight into the future impacts of climate change,
as conditions vary frequently throughout the interval, with some
reflecting current and predicted future conditions (Norris et al.
2013).

Fluctuating environmental conditions and regional biogeo-
graphic changes in the Caribbean led to corals’ diversity and
abundance variations throughout the Cenozoic (Johnson et al.
2008, 2009; Roff 2021; Yasuhara et al. 2022; Fig. 1). There were
multiple periods of environmental change between the end of the
Eocene and the late Pleistocene that may provide insight into coral
trait changes in response to environmental change. In this paper, we
will examine three of these periods of change: (1) Reductions in sea-
surface temperature (SST) and sea level across the Eocene/Oligo-
cene boundary (~33.9Ma) caused previously algal-dominated reefs
(Scheibner and Speijer 2008; Mutti et al. 2011; Takayanagi et al.
2012) to become large architectural reefs (Johnson et al. 2008, 2009;
Miller et al. 2020; Yasuhara et al. 2022). (2) Throughout the
Miocene, the isolation of the Caribbean from other reef areas, along
with tectonic and ocean current changes (Yasuhara et al. 2022),
contributed to species turnover. This isolation led to shared eco-
logical characteristics across the Caribbean and ultimately the
evolution of endemic Caribbean corals, which are the ancestors
of today’s Caribbean species (Johnson and Kirby 2006). (3) The
formation of the Isthmus of Panama in the Pliocene triggered a
regional extinction event (Roff 2021), reducing coral diversity by up
to 80% (Budd et al. 2011), but paving the way for a surge in reef
growth during the late Pleistocene (O’Dea et al. 2007; Johnson et al.
2008; Klaus et al. 2012). The recovery of reef growth in the late
Pleistocene was mainly driven by the genus Acropora (Klaus et al.
2012; Renema et al. 2016), and its associated traits such as asexual
reproduction and fast growth rates (Roff 2021). Today, the Carib-
bean is threatened by environmental and anthropogenic change,
with declining coral abundance, diversity, functional redundancy
(Jackson et al. 2014), and low resilience to disturbance (Connell
1997; Jackson et al. 2014; Cramer et al. 2020). Exploring species and
community turnover on Caribbean coral reefs may help determine
whether there is an evolutionary historic reason for their current
low resilience in comparison to Indo-Pacific reefs (Roff 2021).

We can predict how modern coral reefs might respond to
environmental change at the trait level by assessing when environ-
mental change pushed species turnover into trait turnover in the
past. Here, we quantify to what degree large-scale environmental
change, of similar magnitude to modern-day climate change, has
transformed coral communities, changed the complexity of trait
networks, and thus affected ecosystem function. We test the fol-
lowing hypotheses: (1) Periods of species turnover and extinctions
across the Cenozoic Era coincide with changing environmental
conditions. (2) In addition, species turnover is associated with trait
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turnover across the Cenozoic Era. (3) Particular traits or trait rela-
tionships were integral to surviving major periods of change, such as
those associated with a competitive or stress-tolerant life-history
strategy. Testing these hypotheses will enhance our understanding
of the mechanisms underpinning coral survival and extinction.

Methods

Data Acquisition

We downloaded coral occurrence data from the Paleobiology
Database (PBDB; https://www.paleobiodb.org, accessed 1 October
2022), using the following parameters: taxa = Anthozoa; time

interval = Cenozoic; longitude min. = �105.249, max. = 40.5176;
latitude min = 7.1881, max = 30.6001 (to capture the western
equatorial Atlantic, including the Caribbean Sea, the Gulf of Mex-
ico, and the Bahamas). The Cenozoic Era is divided into seven
epochs (Paleocene, Eocene, Oligocene, Miocene, Pliocene, Pleisto-
cene, and Holocene), three of which (Miocene, Pliocene, and
Pleistocene) are further divided into sub-epochs (Cohen et al.
2013). We filtered the data to remove occurrence data from the
Paleocene, middleMiocene, middle Pleistocene, andHolocene, due
to a lack of data availability for these epochs/sub-epochs. This left
only the epochs and sub-epochs of interest: Eocene (56.0–33.8Ma),
Oligocene (33.9–23.03 Ma), early Miocene (23.03–15.98 Ma), late
Miocene (11.63–5.33 Ma), early Pliocene (5.33–3.60 Ma), late

Figure 1. Environmental and biogeographic change across the Cenozoic Era (~56 Ma to ~0.0117 Ma) and how these changes affected coral abundance and diversity. Central column
= epochs/sub-epochs, size relates to the length of time (Cohen et al. 2013). Boxes reflect changes in abundance and diversity of corals (Johnson et al. 2008, 2009; Budd et al. 2011;
Steinthorsdottir et al. 2021). Arrows indicate the direction of change in sea-surface temperatures (SSTs) (°C) and sea level (SL) (m) (Miller et al. 2020; Rae et al. 2021). Caribbean
regional biogeographic changes are also indicated (Roff 2021; Yasuhara et al. 2022). The triangle indicates when the closure of the Panama Isthmus occurred (O’Dea et al. 2016), and
the star indicates the early/late Pleistocene regional extinction event (Budd 2000). Coral icons from vecta.io (https://vecta.io).
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Pliocene (3.60–2.58Ma), early Pleistocene (2.58–0.77 Ma), and late
Pleistocene (0.129–0.0117 Ma).

We downloaded species-level occurrence records as collections,
which represent records collected during the same paleontological
survey and are used here to represent communities. We excluded
any collections with fewer than five occurrences to ensure sufficient
data for community-level analysis. We carried out analysis at the
species level, as although both modern and paleontological coral
taxonomy is highly debated (Lathuilière 1996; Kitahara et al. 2016;
Ramírez-Portilla et al. 2022), analysis at the genus level wouldmean
a great loss in trait variation and would not capture the full range of
functional diversity. We checked coral species’ names against the
World Register of Marine Species (WoRMS) using the R package
worrms (Chamberlain and Vanhoorne 2023) to account for recent
updates in coral taxonomy (Hoeksema and Cairns 2025). We only
included reef-building coral species occurrences, due to the lack of
available trait data for non–reef building corals. We identified
azooxanthellate species and any other non–reef building species
using a combination of WoRMS (Chamberlain and Vanhoorne
2023), PBDB (https://www.paleobiodb.org, accessed 1 October
2022), Encyclopedia of Life (EOL 2022), and data from Raja et al.
(2021) and removed them from the database. The final scleractinian
coral occurrence database includes 421 collections from a range of
sites across the western equatorial Atlantic, hereafter referred to as
the Caribbean, and a range of epochs within the Cenozoic Era
(Fig. 2; Supplementary Table 1).

We collated coral traits from the Neogene Marine Biota of
Tropical America (NMITA) (Budd et al. 2001), Raja et al. (2021),

and CoralTraits.org (Madin et al. 2016) databases, along with
primary literature (Duncan 1864, 1873; Vaughan 1899, 1919;
Vaughan and Hoffmeister 1926; Wells 1934a,b, 1935, 1945;
Vaughan and Wells 1943; Durham 1946; Weisbord 1971, 1973,
1974; Frost and Langenheim 1974; Cairns and Wells 1987; Budd
et al. 1992, 2019; Bosellini 1995; Cairns 1995; Filkorn et al. 2005;
Locke et al. 2007; Pandolfi 2007; Budd andWallace 2008; de Araújo
Távora 2016; Flórez et al. 2019). Species traits are often variable,
with intraspecies variation seen across different environments (e.g.,
colony growth form plasticity along depth gradients) (Smith et al.
2007; Todd 2008; Doszpot et al. 2019); however, we have focused on
interspecies variation to capture broad community-level changes
across the Caribbean over such a large time frame (~ 54 Myr) and
therefore used the most common trait for each species. Life-history
strategies are linked to survival during environmental disturbances
(Darling et al. 2012; van Woesik et al. 2012), as are traits related to
extinction risk, such as colony growth form, corallite integration,
maximum corallite diameter, and budding type (Raja et al. 2021;
Table 1). Colony growth form indicates the morphology of corals;
we created four categories based on data availability (Table 1). It is
also worth noting that coral morphology influences preservation
bias, with branching corals more susceptible to fragmentation
reducing their likelihood of fossilization (Webb 1996); therefore,
the presence of branching corals may be higher than the fossil
record indicates. Corallite integration refers to the arrangement
of corallites within the colony (Raja et al. 2022). We split corallite
integration into the same eight categories used by Raja et al. (2021;
Table 1).Maximum corallite diameter was split into four categories,

Figure 2. Sites of the 421 collections within the western equatorial Atlantic, obtained from the Paleobiology Database and used in this study. Colors indicate which epoch/sub-
epoch the collection belongs to.
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Table 1. The four morphological traits of corals used explore trait turnover during the Cenozoic, with category information, life-history strategy group, and short
comments on trait relationships with the two life-history strategy groups: stress-tolerant (K-selected) and competitive (r-selected)

Trait Categories
Life-history
strategy Relation to life-history strategy

Colony
growth form (G)

Branching Competitive Branching species grow faster than other growth forms, making them likely to outcompete for
space and light on reefs (Baird and Hughes 2000).

Massive Stress tolerant Higher growth rates require more energy investment, which means less energy is available for
stress response; whereas slow-growing, massive growth–type corals are more stress tolerant
(Pinzón et al. 2014).

Encrusting NA Fall within the “domed” category used by Darling et al. (2012), which also included massive and
submassive growth forms. Likely stress tolerant, weedy, or generalists, but without further
reproductive information (i.e., brooding or not) they cannot be correctly placed in a category.

Platy NA Darling et al. (2012) associated plating corals with a competitive life strategy; however, platy corals
can also be stress-tolerant due to their ability to survive in deeper waters and turbid areas with
low light conditions (Rosen et al. 2000). Therefore, they are difficult to place in a category.

Corallite
integration (C)

0, Solitary Stress tolerant Solitary corals are non-colonial and recover quickly following extinction events; for example,
they were the first to reappear in the fossil record in Argentina following the End-Triassic Mass
Extinction (Echevarría et al. 2017). Solitary corals have a large corallite diameter and are
massive or encrusting in our database.

1, Dendroid NA In dendroid colonies, the corallites branch irregularly, with spaces between each corallite (Raja
et al. 2021, 2022). As dendroid colonies are branching, they could be considered competitive,
but due to their low level of corallite integration, they likely have lower photosymbiotic ability
(Stanley et al. 2018), making them more likely to be generalists.

2, Phaceloid NA Phaceloid colonies also have branching corallites but with coenosteumpresent at the wall base.
Corallites are separated and subparallel (Raja et al. 2021, 2022). As with dendroid colonies,
they are associated with branching corals but are likely generalists rather than competitive.

3, Plocoid Competitive In plocoid colonies, corallites have their own walls and are separated by coenosteum (Raja et al.
2021, 2022). Sixty-seven percent of coral species in our trait database classed as branching
had plocoid coral integration, as did all the Acropora species; therefore, we have classified
them as competitive.

4, Cerioid NA Cerioid colonies have juxtaposed corallites that share a common wall (Stanley et al. 2018).
Associated with genera such as Porites, Favites, and Goniastrea in our database, so they could
be stress tolerant, weedy, or generalist (Darling et al. 2012) but cannot be placed without
further reproductive information.

5, Asteroid/
thamnasteroid

NA Asteroid and thamnasteroid colonies are separated by walls, but the boundaries are not well
defined, and septa are not joined (Stanley et al. 2018; Raja et al. 2021). Associated with the
genera Leptoseris, Mycetophyllia, and Pavona in our database, so they are likely weedy or
generalist.

6, Meandroid NA Corallites are arranged in multiple series, often valley-like (Stanley et al. 2018; Raja et al. 2021).
Flabello-meandroid colonies are similar to meandroid, but the corallites are arranged in a
single series (Raja et al. 2022). High integration levels are correlated with photosymbiosis
(Stanley et al. 2018). Highly integrated coral species might be more vulnerable to thermal
stress (Swain et al. 2018) and less likely to survive extinction events (Stanley et al. 2018). In our
database, meandroid and flabello-meandroid colonies had large-diameter corallites and
were often massive or encrusting, usually traits associated with stress tolerance, so we were
unable to assign them a life-history strategy.

7, Flabello-
meandroid

NA

Maximum corallite
diameter (D)

Small (0–3 mm) Competitive Small corallites are linked to higher photosynthetic autotrophy (Conti-Jerpe et al. 2020;
Dimitrijević et al. 2024) and are usually associated with branching corals. All the branching
Acropora fall into this category.

Medium (4–7 mm) NA Intermediate corallite diameter, associated with a range of genera such as Favia, Montastraea,
and Oculina, as well as a range of colony and growth-form types, thus making it difficult to
assign a life-history strategy.

Large (8–15 mm) Stress tolerant Larger corallites indicate heterotrophic feeding (Crabbe and Smith 2006) and may support
better survival during thermal stress via heterotrophy (Hughes and Grottoli 2013). The large
corallite diameter category covers mostly massive species. The very large category covers
most Mycetophyllia and some massive growth–type corals, as well as the solitary corals.Very large

(>15 mm)
Stress tolerant

Budding type (B) None Stress tolerant No budding occurring. This is generally associated with solitary corals, which generally do not
reproduce asexually, although some species, such as those of the genus Fungia, can
reproduce asexually (Gilmour 2004). We have assigned budding type none as stress-tolerant
due to its association with solitary corals.

Intracalicular Stress tolerant Budding occurs within the tentacle ring of the parent polyp (Raja et al. 2022). Intracalicular
polyps are sexually mature when they bud, allowing rapid repopulation of communities
following a disturbance, but extracalicular polyps are developmentally young (Sakai 1998).

(Continued)
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as categorical data were required for trait network construction
(Table 1). We included maximum corallite diameter even though it
had a low importance for modern corals in Darling et al. (2012),
because it was important for predicting extinction risk in fossil
corals (Raja et al. 2021), and here we want to create comparable
analyses. Budding type refers to where new buds form in relation to
the corallite wall of the parent polyp during asexual reproduction
(Raja et al. 2022). The lack of reproductive trait data for extinct
species may have reduced the power of the study. Therefore, we
included budding type in our analysis, even though it was the least
important variable for extinction risk in Raja et al. (2021). This is
because it is the only morphological trait we have related to repro-
duction and reproductive traits and their evolutionary history likely
drives the survival of coral communities (Roff 2021). Budding type
was split into four categories (Table 1). These traits capture the
main factors in coral morphology that underscore coral resilience
to extinction and were used to split coral species broadly into the
two ends of the r-K continuum: competitive and stress tolerant
(Table 1). It is worth noting that life-history strategies exist as a
continuum (Stearns 1977), and so our categorization of traits as
competitive or stress-tolerant is likely an oversimplification. Com-
binations of different traits place species along this continuum, with
very few species fitting perfectly into any one life-history strategy, as
highlighted by the “generalist” strategy identified in Darling et al.
(2012).

Species and Trait Turnover across the Cenozoic Era

To test our first hypothesis, that species turnover coincided with
environmental drivers, we constructed a bipartite network. We
created a bipartite network spanning from the Eocene to the
Pleistocene using a time bin by species matrix to show species
turnover across the Cenozoic (Fig. 3A). We applied the igraph
(v. 1.4.1) package function bipartite.mapping to ensure bipartite
projection. We applied the layout “layout.fruchterman.reingold” to
visualize all nodes within the network. The final network was edited
using Inkscape (v. 1.2.2) to improve the visibility of all nodes and
edges.We visualized the numbers of epoch/sub-epoch–specific and
shared species via a heat map using the R package ggplot2 (v. 3.4.2)
(Wickham 2016; Fig. 3B). Sampling bias is an issue for all paleon-
tological studies, with heterogeneous sampling effort and differen-
tial preservation leaving our understanding of spatiotemporal
species distributions incomplete (Kiessling 2005). We chose to
focus on fossil occurrence (i.e., presence/absence) rather than
abundance due to the difficulty in distinguishing between true
abundance and preservational artifacts (Kiessling 2008). Some
species may be missing from the bipartite network, potentially
skewing our turnover results; however, as the bipartite projection
is not weighted by abundance, it is not influenced by uneven
preservation of the species sampled in each time interval.

We calculated the Jaccard dissimilarity of coral species using the
Vegan package (v. 2.6.4) (Oksanen et al. 2020) to quantify species
turnover between each of the neighboring epochs and sub-epochs
using presence/absence data.

To test our second hypothesis that trait turnover coincided
with species turnover, we calculated Jaccard dissimilarity of coral
traits using the same methods as for species Jaccard dissimilarity.
Species and trait dissimilarity was plotted for comparison (Fig. 4,
Supplementary Fig. 1).

Trait Co-occurrences across Major Periods of Change

To test our third hypothesis, that particular traits or trait relation-
ships were integral to surviving major periods of change, we used
trait–trait co-occurrence networks (Clay et al. 2024a). We con-
structed trait–trait co-occurrence networks for three major periods
of environmental change that coincided with periods of high spe-
cies and/or trait turnover identified during the testing of our first
and second hypotheses (Eocene–Oligocene, early Miocene–late
Miocene, late Pliocene–early Pleistocene). To account for the prev-
alence of each trait within each collection, we calculated community
weighted means (CWMs) for each collection within each epoch/
sub-epoch by combining a presence/absence site-by-species matrix
with a species-by-trait matrix, using the FD package (v. 1.0.12.1) in
R (Laliberté et al. 2014). To account for the differing numbers of
collections between epochs/sub-epochs, we randomly subsampled
each group to match the smallest available number of collections
(e.g., 13 of the 23 Oligocene collections, as only 13 collections were
available from the Eocene; earlyMiocene = 40, lateMiocene = 38, late
Pliocene = 36, early Pleistocene = 98). We repeated the random
sampling 10 times, with networks constructed for each iteration.We
calculated a trait–trait relationship matrix by applying Pearson’s
correlation to the collection-by-CWM matrix. We set a significance
threshold of p < 0.05, with correlations below the threshold assigned
as one and those above assigned as zero (He et al. 2020; Clay et al.
2024a). This approach allowed us to analyze a network of significant
trait–trait relationships in igraph (v. 1.4.1) (Csardi andNepusz 2006).
All 10 randomly sampled networks were constructed for each sub-
epoch (Supplementary Figs. 2–4). The networks presented in the
“Results” represent the closest to the mean values for edge density
and modularity (Figs. 5–7). It is also possible that important trait–
trait relationships have been overlooked due to missing species or
trait information, but restricting our study to the well-sampled
Caribbean region means spatial sampling bias is likely not a major
issue, as it would be with a global study (Vilhena and Smith 2013).

Following network construction, we calculated three network
metrics using igraph (v. 1.4.1): node degree, edge density, and
modularity. Node degreemeasures the importance of a node within
a network, a trait with a high node degree is integral to the network
and can be thought of as a “keystone” trait (Flores-Moreno et al. 2019;

Table 1. (Continued)

Trait Categories
Life-history
strategy Relation to life-history strategy

Extracalicular Competitive Budding occurs outside the tentacle ring of the parent polyp (Raja et al. 2022). Extracalicular
budding has been linked to more effective light attenuation increasing photosynthesis rates
and therefore increasing energy intake and growth (Enríquez et al. 2017).

Both NA Both intra- and extracalicular budding can occur, meaning the life-history strategy cannot be
determined.
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Gao et al. 2022; Clay et al. 2024a). A higher node degree is ecolog-
ically preferable, as networks that are made up of one or two
keystone traits may be functionally vulnerable, with the loss of
one or both those traits leading to the breakdown of the network
and thus the loss of ecosystem functioning (Mouillot et al. 2014;
Gao et al. 2022). Edge density measures how well connected a
network is by quantifying the number of edges within a network.
Highly connected networks can infer high environmental margin-
ality (Flores-Moreno et al. 2019), potentially indicating high trait
matching and an increased abundance of generalist species. Mod-
ularity refers to the presence of distinct subgroups or neighbor-
hoods, where groups of traits have more connections with one
another than with the rest of the network (Flores-Moreno et al.
2019). High modularity within a network likely indicates high
functional diversity of the ecosystem. Modules may indicate differ-
ent life strategies or functional niches, meaning high modularity
within a network likely indicates high functional diversity, that is,
more modes of life and, therefore, higher resilience to disturbance
(Liu et al. 2021). We incorporated metrics into the visualization of
the network, where modules are indicated by gray ellipses around
nodes within the same module, and node degree is indicated by the
size of the nodes (Figs. 5–7).

As trait–trait co-occurrence networks do not include all possible
traits, but only those traits that are significantly correlated, we also
created simple weighted edge networks to visualize all possible trait
connections. We calculated the edge density for the weighted edge
networks and compared it with the edge density of the trait–trait
co-occurrence networks to explore how many of the possible trait
connections were deemed significant in the trait–trait co-occurrence
networks.

To quantify community overlap between the epochs/sub-
epochs compared through trait–trait networks and to identify
which traits drive the separation of communities we used principal
component analysis (PCA). We calculated a Euclidean distance
matrix using the numerical CWM for each collection within each
epoch/sub-epoch using the function prcomp and visualized it in
multidimensional space using PCA (Figs. 5C, 6C, 7C). In addition
to exploring community changes, we quantified changes in trait
space between the neighboring epochs/sub-epochs, using princi-
pal coordinate analysis (PCoA). Comparing trait space allows
visualization of the functional richness of each epoch/sub-epoch.
We used convex hulls to visualize this, placing species in multi-
dimensional space based on their functional dissimilarity (Mag-
neville et al. 2022). A larger trait space indicates higher functional
richness (Cornwell et al. 2006; McWilliam et al. 2018). We calcu-
lated Gower’s (1983) dissimilarity matrices for all time bins using
funct.diss (de Bello et al. 2021). To calculate and assess the quality
of functional trait space, we used the mFD package (v. 1.0.4) to
calculate functional richness across four axes (Magneville et al.
2022). We constructed a global hull that included all species and
their traits and then created regional hulls by subsetting species by
each time bin (Laliberté et al. 2014; Floyd et al. 2020; Clay et al.
2024b). To explore which traits were driving the functional sep-
aration of species, we plotted trait vectors on the regional hulls
using the vegan package (v. 2.6.4) from R (Oksanen et al. 2020;
Supplementary Figs. 5d, 6d, 7d).

Results

Turnover of Species and Traits across the Cenozoic

The bipartite network revealed a continuous species turnover
across the Cenozoic (Fig. 3A). Species richness increased between

the Eocene (N = 69) and Oligocene (N = 86), before falling during
the early Miocene (N = 70), late Miocene (N = 71), and early
Pliocene (N = 72), rose slightly in the late Pliocene (N = 82) before
falling again in the early (N = 74) and late Pleistocene (N = 40).
Fifty-one of the species recorded are currently extant today, with
4 originating in the Oligocene, 5 in the early Miocene, 17 in the late
Miocene, 6 in the early Pliocene, 8 in the late Pliocene, 10 in the
early Pleistocene, and 1 in the late Pleistocene (Fig. 3A). There were
also five species identified as regionally extinct in the Caribbean
(Gardineroseris planulata, Leptoseris gardineri, Leptoseris glabra,
Meandrine brasiliensis, and Mussismilia hispida) but extant else-
where. All five of the regionally extinct species originate in the
Miocene (1, early Miocene; 4, late Miocene) (Fig. 3A). The largest
turnover in species occurs between the Eocene and Oligocene, with
only 28% of species from the Eocene surviving through to the
Oligocene (Fig. 3B) (Oligocene–early Miocene = 53%, early Mio-
cene–late Miocene = 46%, late Miocene–Pliocene = 77%, early
Pliocene–late Pliocene = 78%, late Pliocene–early Pleistocene =
62%, early Pleistocene–late Pleistocene = 88%).

Jaccard dissimilarity indicates species turnover to be the greatest
between the Eocene and the Oligocene (0.86) (Fig. 4). Dissimilarity
decreases between the Oligocene and early Miocene (0.58) before
increasing during the early Miocene/late Miocene turnover (0.71).
There is another decrease in Jaccard dissimilarity between the late
Miocene and early Pliocene (0.38) (Fig. 4, Supplementary Fig. 1).
Dissimilarity then increases gradually across the rest of the Ceno-
zoic (early Pliocene–late Pliocene = 0.43, late Pliocene–early
Pleistocene = 0.51, early Pleistocene–late Pleistocene = 0.56)
(Fig. 4, Supplementary Fig. 1).

Trait Co-occurrences across the Eocene–Oligocene Cooling
Period

Across the Eocene–Oligocene cooling period, edge density is
reduced in the trait–trait co-occurrence networks for both epochs
(Eocene = 0.12, Oligocene = 0.14 [mean ± 0.04 SD]), in comparison
to the weighted edge networks (Eocene = 0.74, Oligocene = 0.96
[mean ± 0.03 SD]). Several traits present in the Eocene commu-
nities are not present in the trait–trait relationship network:
corallite integration 3 (plocoid), corallite integration 7 (flabello-
meandroid), small corallite diameter, and encrusting colony
growth form (Supplementary Fig. 3A,C). Platy colony growth
form is missing from the Eocene communities completely
(Supplementary Fig. 3A,C). In the Oligocene, corallite integra-
tion 1 (dendroid) and 7 (flabello-meandroid) are missing from the
communities (Supplementary Fig. 3B,D). Several traits do not
appear in all 10 randomly sampled weighted networks (numbers
in brackets indicate how many networks they do appear in):
budding type none (8), corallite integration 0 (solitary) (9), cor-
allite integration 2 (phaceloid) (7), and colony growth form
encrusting (9). All traits present in the Oligocene weighted
edge network are present in the trait–trait relationship network
(Supplementary Fig. 3B,D), but many of these traits are not
present in all of the 10 randomly sampled networks: budding
types both (7), extra (7), and none (8); corallite integration 0 (sol-
itary) (9), 2 (phaceloid/reptoid) (5), 3 (plocoid) (6), and 4 (cerioid)
(9); corallite diameters large (7) and very large (4); and colony
growth forms encrusting (9) and massive (9) (Table 2).

Trait–trait relationships become more complex following the
Eocene–Oligocene cooling event, with the slight increase in edge
density (Eocene = 0.12, Oligocene = 0.14 [mean ± 0.04 SD]) that
indicates more connections in the Oligocene than in the Eocene
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Figure 3. Coral species turnover throughout the Cenozoic Era (Eocene–Pleistocene) within the Caribbean. A, Bipartite affiliation network. Circles represent different coral species:
purple, extinct species; light blue, extant species now regionally extinct in the Caribbean; dark blue, extant species. B, Heat map showing species overlap between epochs/sub-
epochs; N indicates the overall number of species within each epoch/sub-epoch.
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network (Fig. 5A,B). In the Eocene network, the only two traits
associated with a competitive life-history strategy are branching
colony growth form and extracalicular budding (Fig. 5A), whereas
in the Oligocene, this module increases in size and often con-
tains three to four of the competitive traits: small diameter
corallites, branching colony growth form, corallite integration 3,
and extracalicular budding (Fig. 5B, Supplementary Fig. 1). The
node degree of colony growth form branching remains stable
between the Eocene and the Oligocene, whereas the node degree
of extracalicular budding is reduced (Table 2). Traits related to a
stress-tolerant life-history strategy in corals vary between the
Eocene and Oligocene, with some co-occurring within the same
module (i.e., colony growth form massive, intracalicular budding,
and very large diameter corallites in the Eocene (Fig. 5A), and
other traits being outside of the main stress-tolerant module.
The co-occurrence of stress-tolerant traits across the Oligo-
cene’s randomly sampled 10 networks varies greatly
(Supplementary Fig. 1). Across the Eocene–Oligocene epochs,

three stress-tolerant traits increase in node degree (corallite
integration 0 (solitary), large diameter corallites and very large
diameter corallites) and two decrease in node degree
(intracalicular budding and colony growth form massive)
(Table 2).

The change in trait communities between the Eocene and
Oligocene is illustrated by the PCA results (Fig. 5C). The first two
PCA axes accounted for 41.62% of variation (PC 1, 23.77%; PC
2, 17.85%) (Fig. 5C). There was a decrease in trait community hull
area from the Eocene (35.15) to theOligocene (16.63) (Fig. 5C). The
first two PCoA axes account for 58.72% of variation (PCoA
1, 37.45%; PCoA 2, 21.27%) (Fig. 5D). There was a decrease in
functional richness between the two epochs, with the Eocene occu-
pying 99% and the Oligocene occupying 79% of the overall func-
tional richness (Fig. 5C). The decrease in functional richness was
driven by a decrease in corallite integration traits 1 (dendroid), 6
(meandroid), and 7 (flabello-meandroid) and intracalicular budding
in the Oligocene (Fig. 5C).

Figure 4. Jaccard dissimilarity scores between neighboring epochs/sub-epochs. Solid lines and circles indicate species dissimilarity and dotted lines with triangles indicate trait
dissimilarity. Blue vertical dashed lines represent major environmental or biogeographic changes, with the first indicating the ~5oC Eocene-Oligocene cooling event, the second the
closure of the central American Seaway (CAS) and the third the Caribbean regional coral extinction seen following the closure of the Panama isthmus.
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Figure 5. Trait turnover of Caribbean corals across the Eocene–Oligocene cooling period. Eocene (A) and Oligocene (B) trait–trait relationship networks based on the community
weighted mean (CWM) trait values. Circles indicate network nodes (traits), node size relates to node degree, edges indicate significant co-occurrences, and gray shading indicates
network modules. Orange nodes indicate traits associated with a competitive life-history strategy in corals, and blue nodes indicate traits related to a stress-tolerant life-history
strategy in corals. For the Oligocene, the network withmetrics closest to themean is shown out of a possible 10 networks, created from randomly sampling 13 collections from each
epoch 10 times. C, Principal component analysis (PCA) of CWMs for Caribbean coral trait communities for each epoch (Eocene and Oligocene). G = colony growth form, C = corallite
integration, D = maximum corallite diameter, B = budding type. D, Gower distance–based principal coordinate analysis (PCoA) for Eocene and Oligocene. Gray convex hull
represents overall trait space, with gray points indicating species in both the Eocene and Oligocene epochs. Purple convex hull and purple points indicate species from the Eocene.
Green convex hull and green points indicate species from the Oligocene.
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Figure 6. Trait turnover of Caribbean corals across the early Miocene–late Miocene interval of increased biogeographic isolation. Early Miocene (A) and late Miocene (B) trait–trait
relationship networks based on the community weighted mean (CWM) trait values. Circles indicate network nodes (traits), node size relates to node degree, edges indicate
significant co-occurrences, and gray shading indicates network modules. Orange nodes indicate traits associated with a competitive life-history strategy in corals, and blue nodes
indicate traits related to a stress-tolerant life-history strategy in corals. For the early Miocene, we show the network with metrics closest to the mean out across 10 subsampled
networks. C, Principal component analysis (PCA) of CWMs for Caribbean coral trait communities for each epoch (early Miocene, late Miocene). G = colony growth form, C = corallite
integration, D = maximum corallite diameter, B = budding type. D, Gower distance–based principal coordinate analysis (PCoA) for the early and late Miocene. Gray convex hull
represents overall trait space, with gray points indicating species in both sub-epochs. Purple convex hull and purple points indicate species from the early Miocene. Green convex
hull and green points indicate species from the late Miocene.
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Figure 7. Trait turnover of Caribbean corals across the late Pliocene–early Pleistocene regional extinction event. Late Pliocene (A) and early Pleistocene (B) trait–trait relationship
networks based on the community weighted mean (CWM) trait values. Circles indicate network nodes (traits), node size relates to node degree, edges indicate significant
co-occurrences, and gray shading indicates network modules. Orange nodes indicate traits associated with a competitive life-history strategy in corals, and blue nodes indicate
traits related to a stress-tolerant life-history strategy in corals. For the early Pleistocene, the networkwithmetrics closest to themean is shownout of a possible 10 networks, created
from randomly sampling 36 collections from each sub-epoch 10 times. G = colony growth form, C = corallite integration, D = maximum corallite diameter, B = budding type. C,
Principal component analysis (PCA) of CWMs for Caribbean coral trait communities for each epoch (late Pliocene, early Pleistocene). D, Gower distance–based principal coordinate
analysis (PCoA) for the late Pliocene and early Pleistocene. Gray convex hull represents overall trait space, with gray points indicating species in both sub-epochs. Purple convex hull
and purple points indicate species from the late Pliocene. Green convex hull and green points indicate species from the early Pleistocene.
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Trait Co-occurrences across the early Miocene–late Miocene
Period of Increased Biogeographic Isolation

Edge density was reduced in the co-occurrence networks (early
Miocene = 0.14 [mean ± 0.004], late Miocene = 0.21), in compar-
ison to the weighted edge networks (earlyMiocene = 0.94 [mean ±
0.005], late Miocene = 0.87). Three traits are missing from the
early Miocene community (corallite integration 0 (solitary), 1
(dendroid), and budding type none), and all the traits present in
the community are present in the trait–trait relationship networks
(Supplementary Fig. 4a,c). All the traits present in the early
Miocene communities appear in all 10 of the random samples
(Table 2). The late Miocene community is missing two traits
(corallite integration 1 (dendroid) and colony growth form encrust-
ing), and corallite integration 2 (phaceloid) is present in the
community but missing from the trait–trait relationship networks
(Supplementary Fig. 4b,d).

Turnover in trait–trait relationships is seen between the early
and late Miocene (Fig. 6A,B). In the early Miocene trait–trait
relationship networks, there is no clear grouping of competitive
or stress-tolerant traits (Fig. 6A). By the late Miocene, distinct
modules have formed, with competitive traits clustered into an
abundant group, while dominant stress-tolerant traits formed a
second well-defined module but were intermixed with other traits
(Fig. 6B). Three of the competitive traits (budding type extra, small
corallite diameter, and colony growth form branching) increased in
node degree from the early to the late Miocene, and corallite

integration 3 (plocoid) stayed the same (Table 2). Three of the
stress-tolerant traits (intracalicular budding, large, and very large
corallite diameter) increased in node degree from the early to the
late Miocene, whereas colony growth form massive was reduced in
node degree and corallite integration 0 (solitary)was only present in
the late Miocene (Table 2).

The PCA results illustrate the change in trait communities, with
the first two PCA axes accounting for 60.26% (PC 1, 38.43%; PC
2, 21.82%) of the variation (Fig. 5C). There was an increase in
community hull area from the early (0.74) to the late Miocene
(1.12), which was driven by increases in the traits for large diameter
corallites and intracalicular budding (Fig. 5C). The first two PCoA
axes accounted for 74.02% of the variation (PCoA 1, 51.30%; PCoA
2, 22.72%) (Fig. 5D). Functional richness increased slightly from
the early (97%) to the late Miocene (99%) (Fig. 5D).

Trait Co-occurrences across the late Pliocene–early Pleistocene
Regional Extinction Event

Edge density is reduced in the trait–trait co-occurrence networks
for both the late Pliocene and early Pleistocene sub-epochs (late
Pliocene = 0.22, early Pleistocene = 0.15 [mean ± 0.01 SD]), in
comparison to the weighted edge networks (late Pliocene = 0.96,
early Pleistocene = 0.98 [mean ± 0.02 SD]). Corallite integration 0
(solitary) and budding type none are missing from the late Pliocene
community, and eight traits (corallite integration 1 (dendroid), 2

Table 2. Node degree for Caribbean coral traits following trait–trait relationship network construction. Mean node degree, standard deviation (SD), and number of
times trait appears (N) for Oligocene, early Miocene, and early Pleistocene networks where we created 10 randomly sampled networks to account for uneven
collection numbers across neighboring epochs. G = colony growth form, C = corallite integration, D = maximum corallite diameter, B = budding type

Life-history
strategy Trait

Eocene Oligocene Early Miocene Late Miocene
Late

Pliocene Early Pleistocene

Node
degree

Mean node
degree SD N

Mean node
degree SD N

Node
degree

Node
degree

Mean node
degree SD N

Competitive B_Extra 0.14 0.09 0.04 7 0.10 0.03 10 0.25 0.25 0.17 0.05 10

C_3 NA 0.13 0.06 6 0.19 0.00 10 0.19 0.125 0.10 0.04 10

D_Small NA 0.10 0.06 10 0.13 0.02 10 0.19 0.125 0.15 0.03 10

G_Branching 0.14 0.14 0.05 10 0.06 0.00 10 0.13 0.25 0.15 0.06 9

Stress
tolerant

B_Intra 0.21 0.14 0.09 10 0.30 0.03 10 0.44 0.25 0.16 0.07 10

C_0 0.07 0.18 0.08 9 NA NA 10 0.31 NA 0.11 0.04 9

D_Large 0.07 0.12 0.07 7 0.06 0.00 10 0.34 0.125 0.14 0.05 10

D_V.Large 0.07 0.12 0.07 4 0.06 0.00 10 0.38 NA 0.26 0.07 10

G_Massive 0.29 0.16 0.06 9 0.19 0.00 10 0.06 NA 0.14 0.05 10

Other B_None 0.07 0.16 0.03 8 NA NA 10 0.31 NA 0.11 0.04 9

B_Both 0.07 0.12 0.06 7 0.15 0.03 10 0.13 NA 0.19 0.04 10

C_1 0.14 NA NA NA NA NA 10 NA NA 0.12 NA 1

C_2 0.07 0.18 0.13 5 0.13 0.03 10 NA NA 0.14 0.03 10

C_4 0.07 0.13 0.05 9 0.10 0.03 10 0.06 NA 0.08 0.03 10

C_5 0.07 0.12 0.06 10 0.26 0.02 10 0.31 NA 0.22 0.04 10

C_6 0.14 0.12 0.08 10 0.11 0.03 10 0.13 NA 0.13 0.02 10

C_7 NA NA NA NA 0.13 0.00 10 0.13 0.375 0.19 0.10 6

D_Medium 0.21 0.12 0.05 10 0.13 0.00 10 0.06 0.13 0.08 0.04 9

G_Encrusting NA 0.18 0.04 9 0.06 0.00 10 NA NA 0.08 0.03 5

G_Platy NA 0.15 0.10 10 0.22 0.03 10 0.06 0.38 0.24 0.04 10
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(phaceloid/reptoid), 4 (cerioid), 5 (asteroid/thamnasteroid), 6 (mean-
droid); very large diameter corallites, colony growth form encrusting,
and budding type both) are present in the communities but missing
from the trait–trait relationship networks (Supplementary Fig. 5a,c).
All possible traits are present in the early Pleistocene communities
(Supplementary Fig. 5b,d). Three traits do not appear in all 10 ran-
domly sampled weighted networks: budding type none (9), corallite
integration 0 (solitary) (9), and corallite integration 1 (dendroid). All
traits present in the early Pleistocene weighted edge network are
present in the trait–trait relationship network (Supplementary Fig.
3B,D); however, many of these traits are not present in all of the
10 randomly sampled networks: budding type none (9), colony from
0 (solitary) (9), 1 (dendroid) (1), and 7 (flabello-meandroid); corallite
diameter medium (9); and colony growth form encrusting (5) (Table 2).

Trait–trait relationships increase in complexity between the late
Pliocene and early Pleistocene, indicated by the increase in traits,
modules, and module connectedness seen in the early Pleistocene
(Fig. 7A,B). All four traits related to a competitive life-history
strategy are connected as a module in the early Pliocene and all
but two of the early Pleistocene randomly sampled networks
(Fig. 7A,B, Supplementary Fig. 2). The node degree of three of
the competitive traits decreases from the late Pliocene to the early
Pleistocene (corallite integration 3 (plocoid), extracalicular budding,
and branching colony growth form). In contrast, the small diameter
corallites increased in node degree (Table. 2). Only two stress-
tolerant traits are present in the late Pliocene trait–trait relationship
network (large diameter corallites and intracalicular budding)
(Fig. 6A). In contrast, all five appear in the early Pleistocene
networks (Fig. 7B, Supplementary Fig. 2). Co-occurrence of stress-
tolerant traits across the early Pleistocene randomly sampled 10net-
works varies, but stress-tolerant traits are present across all the
modules, apart from the competitive module (Supplementary Fig.
2). Between the late Pliocene and early Pleistocene, large diameter
corallites increased in node degree, while intracalicular budding
decreases (Table 2), both traits are related to stress tolerance.

The change in trait communities between the late Pliocene and
early Pleistocene is substantial (Fig. 7C). The first two PCA axes
accounted for 41.50% of the variation (PC 1, 25.83%; PC 2, 15.67%)
(Fig. 7C). There was an increase in trait community hull area from
the late Pliocene (33.55) to the early Pleistocene (56.46) (Fig. 7C).
The first two PCoA axes account for 70.32% of the variation in trait
communities (PCoA 1, 47.81%; PCoA 2, 22.51%) (Fig. 7D). There
was a decrease in functional richness between the two epochs, with
the late Pliocene occupying 100% and the early Pleistocene occu-
pying 94% of the overall functional richness (Fig. 7C). The decrease
in functional richness was driven by a decrease in corallite integra-
tion traits 1 (deandroid) and extracalicular budding in the early
Pleistocene (Fig. 7C).

Discussion

Our results support previous findings that periods of species turn-
over were evident throughout the Cenozoic (Eocene–Pleistocene),
with the largest of these occurring between the Eocene and Oligo-
cene, early and late Miocene, and late Pliocene to early Pleistocene,
following environmental cooling and biogeographic changes (Budd
2000; Scheibner and Speijer 2008; Budd et al. 2011; Yasuhara et al.
2022; Figs. 3, 4). Turnover in traits occurred at two of the three
boundaries: the Eocene/Oligocene transition and the late Pliocene/
early Pleistocene transition (Fig. 4, Supplementary Fig. 1). Changes
in trait abundances and trait–trait relationships were observed in all
three transitions, indicating ecosystem-wide transformations of

coral reef composition and function (Figs. 5–7). The changing
environmental conditions and increasing isolation of the Caribbean
Sea selected for competitive (r-selected) life-history traits within
reef-building corals, due to the variable environment, favoring
morphological characteristics associated with faster growth and
photosymbiosis over heterotrophy (Figs. 5–7). This view suggests
a similar expansion of photosymbiosis in response to cooling
climates, as observed in the Triassic (Kiessling 2010), potentially
making their modern descendants less resilient to current increases
in SST (Purvis et al. 2000; Roff 2021).

Species and Trait Turnover across the Eocene to Oligocene
Cooling Period

All metrics indicate the highest turnover in species occurred
between the Eocene and the Oligocene (Fig. 3). The high SST, sea
level, and primary productivity in the Eocene favored algal reefs
(Scheibner and Speijer 2008; Mutti et al. 2011; Takayanagi et al.
2012), which would have outcompeted corals for space (Sandin and
McNamara 2012). As described by Yasuhara et al. (2022), the move
toward cooler conditions in the Oligocene caused a decrease in the
diversity of larger benthic foraminifera but allowed for coral reef
species diversification (Fig. 3). It is, however, important to consider
that the Eocene occurrence records contained fewer collections
than the Oligocene (PBDB, https://www.paleobiodb.org, accessed
1 October 2022), potentially influencing the lower number of
species we reported in the Eocene. However, most corals currently
live less than 2°C below their thermal limits, with temperatures
between 27°C and 37°C leading to coral bleaching and mortality
(Anton et al. 2020). Given that SSTs were ~33°C during the Eocene
(Cramer et al. 2011), fewer species were likely present in the
Caribbean during the Eocene. High species dissimilarity (Fig. 4,
Supplementary Fig. 1) indicates that the large architectural reefs of
the Oligocene were not solely the result of increased growth rates of
all existing Caribbean species (Johnson et al. 2008, 2009), but a
turnover in species from those adapted to extreme heat to cooler-
adapted species.

Trait turnover occurs alongside species turnover during the
Eocene–Oligocene cooling period (Fig. 5). Traits related to stress
tolerance appear more important in the Eocene (Fig. 5A), with
stress-tolerant coral species being better equipped to withstand the
heat of the Eocene and survive in deeper water (Lesser et al. 2021).
One way stress-tolerant coral achieve this is by having larger
diameter corallites, which are better adapted for heterotrophy,
making them less reliant on their symbionts, which would be
vulnerable to such high temperatures (Crabbe and Smith 2006;
Conti-Jerpe et al. 2020; Dimitrijević et al. 2024). As temperatures
decreased during the Oligocene, corals benefited from adopting a
competitive life-history strategy, facilitating the formation of large
architectural reefs in shallow waters (Johnson et al. 2008, 2009;
Yasuhara et al. 2022). Competitive corals thrive in such shallow,
high-light conditions (Baird and Hughes 2000; Darling et al. 2012).
Although many competitive traits have been linked to increased
extinction risk (Raja et al. 2021) in a warming world, the opposite is
likely true in the Eocene–Oligocene cooling period.

The decrease in both trait community hull space and trait space
between the Eocene and Oligocene epochs indicates that commu-
nities became more cosmopolitan in the Oligocene (Fig. 7), a
parallel with contemporary homogenization of coral communities
due to climate change (Stuart-Smith et al. 2021). Increases in both
competitive and stress-tolerant traits are correlated with the change
in community hull space between the Eocene and Oligocene, along
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with reductions in encrusting solitary corals (Fig. 7A), indicating a
general increase in functional diversity across the Eocene/Oligo-
cene transition.

Species and Trait Turnover across the early Miocene–late
Miocene Period of Increased Biogeographic Isolation

Species turnover is also apparent between the early and late Mio-
cene (Fig. 3), which coincides with decreases in carbon dioxide
(CO2) and SST and a jump in community dissimilarity (Fig. 1)
(Edinger and Risk 1994; Miller et al. 2020; Roff 2021). Tectonic
changes throughout the Miocene leading to the closure of the
Central American Seaway (CAS), which previously separated
North and SouthAmerica, shifted currents and increased upwelling
in the Caribbean, restricting corals to marginal environments and
reducing reef-building (Roff 2021; Yasuhara et al. 2022). Caribbean
corals also became increasingly isolated during the Miocene, due to
the closure of the Tethys Sea (now the Mediterranean) (Yasuhara
et al. 2022), with species turnover at this time leading to the
evolution of many modern Caribbean coral ancestors (Johnson
and Kirby 2006).

Our results indicate that rather than the expected simplification
of coral communities, the biogeographic changes of the Miocene
became the force that drove the separation of the two life-history
strategies: competitive and stress tolerant (Fig. 6A,B). Although
there was minimal trait turnover across the early to late Miocene
(Fig. 4), there was a change in trait abundances (Fig. 6D) during
species turnover, leading to a change in trait–trait relationships. A
lack of data availability for the middle Miocene means that part of
the story may bemissing, where trait turnover potentially may have
occurred between the middle and late Miocene.

Species and Trait Turnover across the late Pliocene–early
Pleistocene Regional Extinction Event

The coral communities during final four sub-epochs (early Plio-
cene, late Pliocene, early Pleistocene, and late Pleistocene) of the
Cenozoic appear to be very similar, as seen from their proximity to
each other in the bipartite network (Fig. 3A). The decrease in
temperature and sea level across the early Pliocene to the late
Pleistocene (Fig. 1) potentially pushed some of the remaining coral
species below their thermal optima, with the increased isolation also
contributing to community simplification (O’Dea et al. 2016; Roff
2021). Many extant species first appeared during the Pliocene and
Pleistocene epochs (Fig. 3A), caused by the increasing isolation of
the Caribbean, restricting gene flow from other seas (Jackson et al.
2001). As expected, a reduction in species richness can also be seen
across the Pliocene/Pleistocene boundary, due to the regional
extinction event between the late Pliocene and early Pleistocene
(O’Dea et al. 2007). Although there is little evidence of a global coral
extinction event between the late Pliocene and early Pleistocene,
there were other marine extinction events, such as the Pliocene
megafauna extinctions (Pimiento et al. 2017) and possibly wider
marine invertebrate extinctions (Pimiento et al. 2020). Therefore, a
combination of environmental factors, increasing isolation, and
tectonic activity appears to have shaped the Caribbean coral com-
munity into the communities with low species richness of today.

Our findings confirm that Acropora became the dominant coral
genus during the late Pliocene–early Pleistocene regional extinction
event, as evidenced by competitive modules in the trait–trait net-
works from both periods (Fig. 7A,B). This aligns with existing
research (Klaus et al. 2012; Renema et al. 2016). Stress-tolerant

traits are still present within the late Pliocene and early Pleistocene
networks, but they no longer form stress-tolerant modules in either
epoch (Fig. 7A,B), indicating a shift toward versatile communities
with mixed types of traits. The reduction in CO2, SST, and sea level
throughout the Cenozoic, along with the closing of the Isthmus of
Panama and isolation of the Caribbean Sea, appears to have selected
for traits that are less resilient to environmental change in compar-
ison to other reefs (e.g., Indo-Pacific reefs) (Roff 2021). The Acro-
pora species that are still extant in the Caribbean today (A. palmata
and A. cervicornis) are large and branching but also very long-lived
(Johnson et al. 1995). Both Acropora species rely on asexual repro-
duction, which although useful, as fragmentation allows for quick
repopulation of a reef following storm events, has contributed to
lower genetic diversity on Caribbean reefs (Baums et al. 2006, 2013;
Roff 2021). This low genetic diversity may have made them more
susceptible to disease and other stressors (Baums et al. 2006; Brown
et al. 2022). The majority ofAcropora species suffered losses during
the 1970s and 1980s, leavingCaribbean reefs dominated by “weedy”
brooding species whose low reproductive outputs make repopulat-
ing the reef difficult (McWilliam et al. 2018). By contrast, in the
Indo-Pacific, functional redundancy of Acropora species is much
higher (Roff and Mumby 2012), and Indo-Pacific reefs appear to
have better recovery rates following bleaching than their Caribbean
counterparts (Roff 2021). Similarly, we posit that species with these
traits will struggle to survive or recover from the current climate
crisis (Renema et al. 2016; Enríquez et al. 2017).

The dominant Acropora species in the Pleistocene, which were
the ancestors of many modern Caribbean corals, had small cor-
allite diameters and a moderately high level of corallite integra-
tion, associated with a reliance on photosynthetic hypertrophy
(Crabbe and Smith 2006; Stanley et al. 2018; Dimitrijević et al.
2024). These species have a low heat tolerance because, during
periods of extreme heat, the concentration of endosymbiotic algae
within a coral is reduced, potentially leading to the coral’s mor-
tality if it cannot switch to heterotrophy for carbon assimilation
(Hughes and Grottoli, 2013). They were also branching and,
therefore, fast growing (Renema et al. 2016; Roff 2021), which
allowed them to survive the Pleistocene by outcompeting for space
on the reef, but may now be detrimental, as fast growth requires a
lot of energy, making them less able to respond to stress (Pinzón
et al. 2014).

The increase in community dissimilarity and trait diversity
(Fig. 7C,D) across the late Pliocene and early Pleistocene may help
to explain why we observe trait turnover, but not species turnover
(Fig. 4, Supplementary Fig. 1), as this indicates species abundances
changed rather than the loss or gain of species occurring (Fig. 7C,
D). However, the trait–trait networks for the early Pleistocene
show trait modules to be more interconnected, indicating greater
similarity across communities. This is supported by the known
reduction in species richness following the late Pliocene–early
Pleistocene extinction event (Budd et al. 2011). Four often
co-occurring traits drive the increase in community dissimilarity,
suggesting an increase in corals that are platy growing, form
colonies with asteroid or thamnasteriod integration, reproduce
asexually via both budding types, and have large-diameter coral-
lites (Fig. 7B,C). The four traits are only found together in Myce-
tophyllia species. Two species of Mycetophyllia were recorded in
the late Pliocene occurrence records and six in the early Pleisto-
cene, which potentially explains the increase in these traits driving
the change in community dissimilarity. Another factor to consider
is the lack of species abundance data available in the fossil record,
as our analysis uses coral species presence/absence andMycetophyllia
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species are currently rare (Moulding and Ladd 2022). The lack of
abundance information makes these traits (platy colony growth
form, budding both, corallite integration 5 (asteroid/thamnasteroid))
appear more important in the communities than they are.

Implications for Coral Paleobiology

Our results indicate very little change in species richness across the
Cenozoic, with some increase toward the end of the Cenozoic, which
supports previous findings (Budd 2000). Budd (2000) found
increases in species diversity to coincidewith species turnover across
the middle–late Eocene, late Oligocene–early Miocene, and Plio-
cene–Pleistocene. As we did not split up the Eocene, we were not
able to detect turnover between themiddle and late Eocene.We also
found turnover between the Oligocene and early Miocene (Fig. 4,
Supplementary Fig. 1); this period of turnover is well documented
(Edinger 1991; Edinger and Risk 1994; Budd 2000; Johnson et al.
2008, 2009; Budd et al. 2011;Wallace and Bosellini 2015). However,
we detected higher species dissimilarity between the early and late
Miocene. The drop in dissimilarity following the Miocene supports
the theory that biogeographic isolation was a major driver of coral
diversity reduction due to a loss of gene flow from the Mediterra-
nean (Rosen 1984; Budd 2000; O’Dea et al. 2017; Roff 2021;
Steinthorsdottir et al. 2021). Our results also support high turnover
across the Pliocene/Pleistocene boundary, where the regional
extinction event reduced coral abundance and diversity (Johnson
et al. 1995; Budd 2000). Although the species turnover across the
Pliocene/Pleistocene boundarywas not as high as across the Eocene/
Oligocene boundary, trait turnover was higher, supporting theories
that regional extinction events are not random but trait-based (van
Woesik et al. 2012).

Implications for Modern Caribbean Corals

We have shown that as biogeographic isolation and global cooling
increased throughout the Cenozoic, selection pressure favored a
competitive life-history strategy, leading to the subsequent domi-
nance of Acropora in the Pleistocene. This selection pressure may
have caused the lack of resilience in modern Caribbean corals (Roff
2021). Acropora and other similar corals have high disease suscep-
tibility and high sensitivity to bleaching, making their survival in a
now-warming world challenging (McWilliams et al. 2005; Roff
2021). Modern Caribbean reefs lack the abundance and diversity
of Acropora species due to heat stress and anthropogenic distur-
bance (Cramer et al. 2020, 2021).

With temperatures predicted to rise by up to 4°C by 2100 (IPCC
2023) and with coral communities shifting toward stress tolerance
(Cramer et al. 2021), reefs of the future might resemble Eocene
ones: stress tolerant, homogenized, and non-architectural. As the
world cooled from “greenhouse” to “icehouse” over the last ~
40 Myr, trait selection and evolution occurred slowly over time,
with only a few intense transient phases (Norris et al. 2013). With
modern environmental changes occurring rapidly and the corals’
ability to adapt to rising temperatures highly uncertain (Cramer
et al. 2021), ongoing and future severe declines in Caribbean coral
communities are almost inevitable.

Conclusion

In conclusion, our findings support existing knowledge on coral
species diversity changes and provide new insight into trait turnover
across the Cenozoic. We identified trait co-occurrence modules

integral to coral survival throughout the Cenozoic: competitive and
stress tolerant. These two alternative life-history strategies are rec-
ognized as successful approaches for coral communities to persist in
the face of predicted disturbance events (Kubicek et al. 2019). We
have also shown that environmental and biogeographic changes
often leads to the simplification and homogenization of coral com-
munities, a phenomenon that continues in the Caribbean today in
response to climate change and anthropogenic disturbance (Pawlik
and Loh 2017; Estrada-Saldívar et al. 2019). The protracted fall in
ocean temperatures and increasing geographic isolation throughout
the Cenozoic appear to have selected for traits less resilient to heat
stress (e.g., branching, small diameter, extracalicular budding), set-
ting up the Caribbean’s coral reefs for failure in the current and
predicted climate crisis, where species with competitive life histories
will struggle to survive or recover.
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