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Abstract

Aim: Modern sharks are a diverse and highly threatened group playing important roles
in ecosystems. They have an abundant fossil record spanning at least 250 million years
(Myr), consisting primarily of isolated teeth. Throughout their evolutionary history,
sharks have faced multiple environmental changes and extinction events. Here, we
aim to use dental characters to quantify how shark functional diversity has changed
during the last 66 Myr.

Location: Global.

Time period: Cenozoic era (66-0 million years ago; Ma).

Major taxa studied: Sharks (Selachii).

Methods: We complied a dataset of over 9000 shark teeth belonging to 537 taxa
from museum collections and scientific literature and measured six dental characters
strongly linked with functional traits. We then quantified different functional diver-
sity metrics across Cenozoic time bins, compared them against null expectations and
identified the most important taxa contributing to maintaining functional diversity.
Results: Sharks displayed relatively high functional diversity during the Cenozoic,
with 66%-87% of the functional space being occupied for ~60 Myr (Palaeocene to
Miocene). High levels of functional redundancy during this time resulted in larger-
than-expected functional richness; but a large decline (-45%) in redundancy in the
Oligocene (~30Ma) left shark functional diversity highly vulnerable to further loss.
Shark functional diversity declined from the late Miocene (~10Ma) onwards, losing
44% of functional richness by the Recent. Extinct sharks disproportionally contrib-
uted to the Cenozoic functional diversity and spanned a wider range of functional
space than extant sharks, with the loss of mid-sized suction feeders and large-bodied
predators driving functional declines.

Main conclusions: After maintaining high levels of functional diversity for most of
the Cenozoic, sharks lost nearly half of their functional diversity in the last ~10 Myr.
Current anthropogenic pressures are therefore likely eroding an already diminished
shark functional diversity, leaving future communities ecologically deprived com-
pared with their thriving geological past.
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provided the original work is properly cited.
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1 | INTRODUCTION

Sharks (Elasmobranchii, Selachii) are a diverse and ecologi-
cally disparate group of marine vertebrates (Compagno, 1990).
With over 500 living species across nearly all marine habitats
(Weigmann, 2016), they play a range of critical functions in marine
systemssuch as apex predators controlling prey populations (Myers
etal., 2007), mesopredators acting as food sources for larger pred-
ators (Navia et al., 2017) and nutrient transporters connecting
distant populations and habitats (Williams et al., 2018). Notably,
modern sharks are evolutionary distinct compared to other marine
vertebrates (Stein et al., 2018) and have a 250-million-year-old
fossil record consisting mostly of well-preserved teeth, which are
highly abundant in marine sediments worldwide (Cappetta, 2012;
Kent, 1994).

Throughout their long evolutionary history, sharks have expe-
rienced numerous environmental changes and survived several ex-
tinction events (Belben et al., 2017; Guinot et al., 2012; Guinot &
Condamine, 2023; Kriwet & Benton, 2004; Sibert & Rubin, 2021).
While previous studies have examined shark morphological disparity
through time (Bazzi et al., 2021; Belben et al., 2017), how their func-
tional diversity has changed remains largely unexplored. Exploring
this question is possible by examining fossil shark teeth, which
have been demonstrated to be good proxies of traits such as body
size, prey preference and feeding mechanism (Cooper et al., 2023).
Because these traits can reflect how sharks obtain and move re-
sources across systems, they can be used as a basis to quantify the
diversity of their ecological functions (herein, functional diversity;
Mouillot et al., 2013).

Functional diversity can be assessed using different ap-
proaches. One approach involves quantifying the ecological func-
tions in a community (i.e. number of unique trait combinations, or
functional entities; herein, FEs) and the number of species filling
them. This approach allows assessing the level of functional re-
silience in a community by measuring functional redundancy (i.e.
number of species per entity; herein, FRed) and over-redundancy
(i.e. % of species filling entities above the mean level of redun-
dancy, which measures the over-representation of some func-
tions; herein, FOred; Mouillot et al., 2013, 2014). Furthermore,
functional diversity can be quantified based on the distribution
of species in a multidimensional space defined by their traits
(Mouillot et al., 2013; Villéger et al., 2008). Such an approach al-
lows to quantify the range of ecological functions based on the
volume of trait space occupied by a community (i.e. functional
richness; herein, FRic; Mouillot et al., 2013). Similarly, the distribu-
tion of species in trait space allows identifying species possessing
dissimilar or extreme traits. In this context, ‘functional originality’

is measured as the distance of species to their closest neighbour

(herein, FOri) and ‘functional specialization’ is measured based on
the distance of species to the centroid of the space (herein, FSpe;
Mouillot et al., 2013), which in turn enables identifying species
whose loss would result in disproportional declines of functional
diversity (e.g. Pimiento et al., 2020). By assessing functional di-
versity using these different approaches, it is possible to quantify
changes over time, identify the species contributing the most to
maintaining ecological functions and quantify the potential eco-
logical consequences of extinctions (Pimiento et al., 2017, 2020,
2023; Villéger et al., 2011).

Here, we use shark teeth to evaluate how shark functional di-
versity has changed throughout the Cenozoic, from 66 million years
ago (Ma) to the present. We focus on this era as many shark taxa
in the Cenozoic fossil record have living representatives (Paillard
et al., 2020; Pimiento & Benton, 2020) and therefore, the tooth-
trait links in extant sharks can be applied (Cooper et al., 2023).
We first compiled a global image dataset of over 9000 shark teeth
belonging to 537 taxa from which we took measurements of den-
tal characters known to be proxies to ecological traits. We then
characterized the structure of the shark functional space and cal-
culated several functional diversity metrics across different time
bins (i.e. geological epochs and stages) across the Cenozoic. We
included a time bin representing the present-day (i.e. Recent), for
which we only used extant species with a fossil record (i.e. 21.3%
of extant species [Ebert et al., 2021]; see below) to allow a suitable
comparison with the inherently incomplete fossil record. Finally,
we quantified individual contributions to functional diversity to
identify the taxa whose extinctions had the largest impacts and to
determine whether extinct or extant taxa had larger contributions.
Our results provide insights into the range of shark ecological
functions through a significant portion of their long evolutionary
history and provide a deep-time perspective to their present-day

functional diversity.

2 | MATERIALS AND METHODS
2.1 | Data
211 | Specimen collection

We searched for shark tooth specimens spanning the Cenozoic
era (66-0Ma; Gradstein et al., 2012) and the present-time (i.e. the
Recent). We did this from: (1) nine museum collections in which all
specimens found were photographed with a scale bar to allow subse-
quent measurements; (2) images in online museum repositories and
(3) tooth images from the literature (see supplementary methods).
Literature was searched using Shark-References (https://shark-refer
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ences.com; last accessed May 2023; Pollersp6ck & Straube, 2014),
from which we could extract images from 208 scientific publications
(Data S1). All images used in this data collection can be found in the
Zenodo Repository (https://doi.org/10.5281/zenodo.10076354).

From each tooth, we recorded: (1) taxonomic information from
museum labels or the scientific publications, which was corrected
when necessary based on the taxonomy from Shark-References
(Pollerspock & Straube, 2014); (2) tooth position to account for het-
erodonty using museum labels or the publications where the spec-
imen came from, and comparisons to associated dentitions from
the literature and (3) geological information (i.e. longitude, latitude,
formation, locality and age) from museum labels, the literature and
the Palaeobiology Database (PBDB; https://paleobiodb.org/; last
accessed May 2023). Age (epoch and stage) was assigned follow-
ing Gradstein et al. (2012). Finally, we assessed whether a taxon
was extinct or extant based on Shark-References (Pollerspock &
Straube, 2014) and the PBDB.

In total, we gathered images of 8595 Cenozoic fossil shark teeth
belonging to 537 taxa, 454 identified to the species-level (75.6% of
all Cenozoic fossil species; Pollerspéck & Straube, 2014) and 83 to
the genus-level. We additionally collected images of 965 teeth of
living sharks (i.e. from the Recent), 115 identified to species (21.5%
of all known extant species; Ebert et al., 2021), and one to genus
(Data S1). We then degraded our Recent sample to ensure that it
was comparable to the fossil record (see below). Our data covered
all continents; however, data distribution had a notable bias towards
Europe and North America (Figure S1) given that eight of the nine
museums visited were located in these continents; and the sampling
of the fossil record is known to be highly skewed towards wealthy
regions (Raja et al., 2022).

2.1.2 | Dental measurements

We examined the following six dental characters from each speci-
men collected: crown height, crown width, cutting edge, lateral
cusplets, cross-section outline and longitudinal outline (Table S1).
We chose these six characters as they were previously found to
be proxies for three main ecological traits in extant sharks: body
size, prey preference and feeding mechanism (Cooper et al., 2023).
Specifically, tooth size (i.e. crown height and crown width) is a strong
proxy for body size; tooth size and cutting edge are strong proxies
for prey preference and all of these characters in addition to lateral
cusplets and tooth shape (i.e. longitudinal outline and cross-section
outline) are strong proxies for feeding mechanism (Table S2; Cooper
et al., 2023). Crown height and crown width were measured directly
from the specimens examined in museum collections using digital
callipers (in mm), and from the images (which had a scale bar) using
ImageJ (Abramoff et al., 2004) for specimens collected from online
museum repositories and the literature. The rest of the characters
were categorical and assigned to each specimen based on a visual
inspection. Dental characters were treated as either ordinal or nomi-
nal variables in our analyses (see supplementary methods).

-\ | LEYJ—3 o

and Biogeography

2.1.3 | Time-binning

Based on the geological information collected from each specimen,
we assigned each taxon a Cenozoic epoch (Palaeocene, 66-56 Ma;
Eocene, 56-33.9 Ma; Oligocene, 33.9-23.03Ma; Miocene, 23.03-
5.333Ma; Pliocene, 5.333-2.58 Ma and Pleistocene, 2.58-0.01 Ma;
Gradstein et al., 2012). We excluded the Holocene (0.01-0Ma) from
our analyses because we only collected two fossil specimens from
this epoch (a Carcharodon carcharias and an Isurus sp.). All present-
day specimens were assigned to the Recent (0Ma). To ensure that
this sample is comparable with the rest of the Cenozoic, we followed
Villéger et al. (2011) and only included extant taxa with a fossil re-
cord. We assessed whether an extant taxon had a fossil record based
on Pimiento and Benton (2020) and Paillard et al. (2020), which re-
sulted in the exclusion of 53 species.

We used a range-through approach to fill the gaps in non-
consecutive epochs from each taxon's age range (e.g. if a taxon was
recorded in the Oligocene and Pliocene, we assumed it was also
present in the Miocene). Following this data treatment of the fossil
record, we extended the range of all extant taxa to the Recent, even
if they were not recorded from the present-day sample, except for
genus-level taxa for which all their species were already present in
the Recent, which were recorded as extinct. This resulted in the ad-
dition of 51 taxa to the Recent, 16 species and 35 genera, for a total
of 114 taxa in the degraded Recent sample.

We additionally assigned each taxon to a Cenozoic stage and re-
peated the steps described above. This additional binning was done
to (1) assess whether the uneven duration of geological epochs af-
fected our results and (2) capture more detailed changes in func-
tional diversity over time. However, our main analyses were done to
the epoch level to facilitate interpretability due to the high number
of geological stages (i.e. 22; Gradstein et al., 2012).

214 | Final dataset

The degradation of the Recent (i.e. including only extant taxa with
a fossil record) resulted in a final dataset of 9178 shark teeth. The
total number of taxa remained the same: 454 were identified to
the species-level and 83 to the genus-level. Our dataset included
100% of the Cenozoic orders and families, 92% of the genera and
75.6% of the fossil species deemed to be valid by Shark-References
(Pollerspéck & Straube, 2014). Our degraded Recent sample in-
cluded 85% of extant taxa known to have a fossil record (Paillard
et al., 2020) and 21.3% of all living shark species (Ebert et al., 2021;
Weigmann, 2016). We consider this acceptable for our comparison
with the fossil record as we cannot assume that the Cenozoic sam-
ple represents the true shark diversity of the geological past due to
the inherently incomplete fossil record (Benton et al., 2011; Foote &
Sepkoski, 1999; Marshall, 2019). Nevertheless, given our relatively
low representation of current diversity in the Recent sample, we
performed additional analyses to assess how the inclusion of addi-
tional living taxa affects our results (see below).
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2.2 | Analyses
2.21 | Trait analyses

All analyses were conducted in the R environment (R Core
Team 2017). Association between tooth position and each den-
tal character was tested to assess the influence of monognathic
(within jaws) and dignathic (between jaws) heterodonty. To do so,
we used polychoric correlations (Table S3) in the DescTools pack-
age (Signorell et al., 2019). All dental characters (Table S1) were
found to have weak associations with tooth position (rho <0.35;
Table S3), suggesting that heterodonty does not influence our
results.

2.2.2 | |Iterative functional taxonomic units

Shark tooth morphology can display intraspecific variation due
to differences in life stage, sex and jaw position (Cappetta, 2012;
Cullen & Marshall, 2019; Kent, 1994). To account for intraspe-
cific variation in tooth morphology, and hence in functional traits
(Albert et al., 2012; Cianciaruso et al., 2009; de Bello et al., 2011),
we quantified all different dental character combinations per taxon.
We refer to these as Functional Taxonomic Units (FTUs; Pimiento
et al., 2017). A total of 1442 FTUs were computed across 537 taxa.
However, in order to retain the taxonomic identity of each FTU, we
performed the functional diversity analyses described below using
one randomly selected FTU per taxon and repeating this process
across 1000 iterations.

2.2.3 | Functional diversity analyses

We used two approaches to quantify functional diversity, one based
on unique trait combinations, or functional entities (FEs; Mouillot
etal., 2013, 2014) and one based on the distribution of taxa in a mul-
tidimensional trait space (Mouillot et al., 2013; Villéger et al., 2008).
All functional diversity metrics under both approaches were com-
puted using the mFD package (Magneville et al., 2022) and were
computed per time bin and across each FTU iteration (see above).

For the first approach, we first quantified the number of func-
tional entities (i.e. FE richness) per time bin using the ‘sp.to.fe’ func-
tion. We identified a total of 122 FEs, corresponding to 5.65% of a
possible 2160. Then, based on the number of FEs per iteration (see
above), we used the ‘alpha.fd.fe’ function to calculate functional
redundancy (i.e. FRed; the average number of taxa per entity) and
over-redundancy (i.e. FOred; % of taxa that fill FEs above the mean
level of redundancy) per time bin.

For the second approach, we created a multidimensional func-
tional space based on the dental characters assigned to each taxon
(Mouillot et al., 2013). To do so, we first computed a trait distance

matrix using the ‘funct.dist’ function, which is based on Gower's

distance (Gower, 1971) and adapted from the ‘gawdis’ function (de
Bello et al., 2020). This allows for the treatment of multiple variable
types (e.g. ordinal and nominal; Table S1; supplementary methods),
to give different weights to each dental character (see below), and
to retrieve the axes of a principal coordinate analysis (herein, PCoA;
Magneville et al., 2022). Given that the associations between den-
tal characters and functional traits are not always one-to-one, we
assigned weights to some dental characters to avoid the overrepre-
sentation of some aspects of tooth morphology and therefore, func-
tional traits (de Bello et al., 2020; Pavoine et al., 2009). Accordingly,
we assigned a weight of 0.5 to crown height and to crown width, as
both are tooth-size characters and proxies for body size (Table S2;
Cooper et al., 2023 and references therein). We further weighted
cross-section outline and longitudinal outline at 0.33 and 0.67, re-
spectively, as both are tooth-shape-related characters and prox-
ies for feeding mechanism, with longitudinal outline being a more
important proxy (Table S2; Cooper et al., 2023). The remaining
dental characters (i.e. cutting edge and lateral cusplets) were as-
signed weights of one each, as they are independently associated
with prey preference and feeding mechanism respectively (Cooper
et al,, 2023).

Using the ‘quality.fspaces’ function, we determined that our
data were best represented in four dimensions (Figure S2; Maire
et al, 2015). However, we built our space using three dimen-
sions because (1) the difference in mean absolute deviation val-
ues between a three- and four-dimensional space was negligible
(<0.0001; Figure S2); and (2) 78.4% of the total inertia was repre-
sented within the first three axes. Based on the functional space
built using all taxa, we assessed the relationship between axes and
dental characters (Table S4; Figure S3) using the ‘traits.faxes.cor’
function. To test the effect of our dental character weightings on
these relationships, we repeated the above steps without weight-
ing dental characters (Table S4). We used the ‘alpha.fd.multidim’
function to calculate functional richness (FRic; % volume of the
functional space occupied), mean originality (FOri; the distance of
each taxa to its closest neighbour) and mean specialization (FSpe;
the distance of each taxa to the functional space centroid) per time
bin. We also calculated the FRic and mean FOri and FSpe of ex-
tinct and extant taxa and the mean FOri and FSpe across shark
orders. Finally, we used the “fuse” function to compute species'
individual FOri and FSpe (Griffin et al., 2020; Pimiento et al., 2020)
and ranked taxa according to their scores to identify the top 5%
contributors.

For all metrics described above, we reported the median and
standard deviation (SD) per time bin, as the data across FTU itera-
tions were not normally distributed (Shapiro-Wilk; p <0.05). Based
on median values, we plotted the functional space of the entire
Cenozoic assemblage and identified its vertices using the functions
‘background.plot’ and ‘vertices’ respectively. We also built the func-
tional spaces of each time bin and of extinct and extant taxa using
the ‘alpha.multidim.plot’ function. We additionally used Mann-
Whitney U-tests to assess whether the differences across epochs
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(i.e. assessed in pairwise time bins) were statistically significant.
Furthermore, we performed a Welch two sample t-test to assess
whether mean FOri and FSpe values of extinct and extant taxa were
statistically different, and two-sided 90th quantile permutation
tests (n=5000; Cooke et al., 2022) to assess if outliers in FSpe or
FOri distributions of the extinct or extant samples deviated due to

random chance.

2.2.4 | Assessment of sampling biases

First, we assessed how sampling biases might affect the number of
taxa recorded in each time bin (i.e. empirical taxonomic richness),
and consequently the functional diversity metrics. To do so, we
randomly resampled each time bin based on the lowest sample size
in our dataset (Pleistocene =309 teeth) using the ‘sample’ R func-
tion and re-calculated the number of taxa as well as all functional
diversity metrics per time bin 1000 times without replacement.
We also assessed whether changes in the empirical number of taxa
through time were statistically different from those seen when tax-
onomic richness was resampled. We did this by (1) calculating the
net-changes of taxonomic richness between successive time bins in
both the empirical and resampled data; (2) subtracting the empirical
net-changes from their resampled counterparts to find the differ-
ence in net-changes between the two samples, done for all 1000
resampled iterations (see above); (3) bootstrapping the resampled
net-changes to obtain a median of differences per net-change and
assessing the central tendency and uncertainty with confidence in-
terval tests and (4) performing a one-tailed bootstrap hypothesis
test per net-change to determine if the returned differences were
statistically significant.

We also assessed how the degradation of our Recent sample
(i.e. including only extant taxa with a fossil record) affected our
results. To do so, we re-calculated FRic (i.e. % volume of the func-
tional space occupied) for (1) all taxa from the present-day (i.e.
herein ‘Recent-plus’, which includes taxa without a fossil record;
n=162); and (2) a random subsample of the ‘Recent-plus’ based
on the number of taxa with a fossil record (i.e. herein ‘Resampled
Recent-plus’; n=114) 1000 times without replacement. We
compared these values against those from the degraded Recent
sample.

Finally, we performed a complementary analysis (see supple-
mentary methods) to assess (1) how much of a functional space
comprising the total diversity of living sharks is represented by our
degraded Recent sample; and (2) whether the degraded Recent
sample is missing the most extreme trait values from today's diver-
sity. To do this, we collected trait data of all living species based on
the literature (Data S2). Specifically, we collected data on the traits
that our dental characters serve as proxies of (i.e. body size, prey
preference and feeding mechanism; Cooper et al., 2023). Body size
and prey preference were obtained from Pimiento et al. (2023),
whereas feeding mechanism was obtained from Kent (1994, 2018)
and Cappetta (2012).

-\ | LEYJ—5 o
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2.2.5 | Null model

We compared all functional diversity metrics per time bin against a
null model to examine whether our results differ from random ex-
pectations based on empirical taxonomic richness. Accordingly, for
each time bin, we randomized taxonomic identity while maintaining
the empirical number of taxa and re-calculated all functional diver-
sity metrics 1000 times. To compare the median values from this
null model against those obtained empirically we used Z-scores (i.e.
[empirical median - null model median]/null model SD). Z-scores with
an absolute value of >|1.96] were considered statistically significant
and indicative of empirical results falling beyond 95% of the null dis-
tribution (Hedberg et al., 2021).

2.2.6 | Sensitivity analyses

To assess the sensitivity of our functional diversity analyses to indi-
vidual traits (Lefcheck et al., 2015), we computed all functional di-
versity metrics described above, but removing one dental character

at a time.

2.2.7 | Random simulations of species loss

We examined how changes in FRic over time differ from expecta-
tions based on a random simulation of taxonomic loss. Accordingly,
we computed FRic in randomized subsamples sequentially going
from 10 to the total number of taxa (537), 100 times without replace-
ment (Pimiento et al., 2020). This procedure allowed us to establish
the expected relationship between FRic and taxonomic richness and

assess deviations from expectations.

3 | RESULTS AND DISCUSSION
3.1 | Structure of Cenozoic shark functional space

Our PCoA based on dental measurements (trait-proxies) revealed
that the Cenozoic shark assemblage can be represented within
a reduced three-dimensional trait space (representing 78.4% of
the total inertia; Figures 1a and S2). The first axis (50.5% inertia)
was most correlated to lateral cusplets and longitudinal outline
(Table S4), which, based on Cooper et al. (2023), are associated
with feeding mechanism (Table S2). Although these dental char-
acters were weighted at one and 0.67 respectively (see Methods),
they were also found to be the most correlated to PCoA1 when un-
weighted (Table S4). An extinct megamouth shark, tMegachasma
alisonae, scored the lowest value along this axis (Figure 1a), with
teeth displaying the presence of lateral cusplets and piercing
longitudinal outlines, representing clutching and vestigial feed-
ing mechanisms (Cooper et al., 2023). Such inferences broadly
agree with literature, where tM. alisonae has been interpreted as
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FIGURE 1 Functional space of Cenozoic sharks. (a) Structure of the three-dimensional functional space for all sharks. Black dots
represent the highest and lowest scoring taxon per axis, with their corresponding teeth illustrated and numbered following an accompanying

legend. Grey dots mark all other taxa. (b-h) Shark functional spaces over time (only two dimensions shown here; see Figure S4), with space
occupied in each time bin depicted by coloured convex hulls. Note that the Holocene was excluded from our analyses (see text). Coloured
dots denote taxa present in each assemblage, while grey dots represent absent taxa. Turquoise and orange dots denote taxa with the highest
FOri and FSpe scores, respectively, which are detailed in the legend. (i) Convex hulls of extinct (blue) and extant (grey) sharks.

a filter feeder (Shimada & Ward, 2016). The highest value along
this axis was scored by the extinct ‘megalodon’ tOtodus megalodon
(Figure 1a), whose teeth lack lateral cusplets and had triangular
longitudinal outlines, representing a cutting feeding mechanism
(Cooper et al., 2023). Indeed, 1O. megalodon likely fed by slicing
large prey (Cappetta, 2012; Kent, 1994).

The second axis (19.5% inertia) was most correlated with cutting
edge and crown height (Table S4), which collectively relate mainly
to prey preference (Table S2; Cooper et al., 2023). The lowest scor-
ing species was an extinct nurse shark tGinglymostoma maroccanum
(Figure 1a), with teeth displaying smooth cutting edges and small
crown heights, broadly indicating a preference for invertebrates,
in line with the ecology of its extant relatives (Cooper et al., 2023;
Ebert et al., 2021). The highest scoring species was tOtodus nodai
(Figure 1a), an extinct megatoothed shark possessing teeth with
serrated cutting edges and large crown heights, suggesting a prey
preference for high vertebrates (e.g. seabirds and marine mammals;
Cooper et al., 2023; Cortés, 1999). Interestingly, the highest values
along PCoA2 were largely unoccupied (Figure 1a), suggesting that
some possible forms of shark tooth morphology were not realized.

Indeed, only 5.65% of all possible dental character combinations
were filled (see Methods). The highest scoring values along this axis
represent the tooth morphology of top predators (i.e. the largest
teeth with serrated edges; Cooper et al., 2023). The empty space
along PCoA2 could be due to the fact that top predatory traits are
rare in ecosystems because large body sizes and specialized diets
result in low energy efficiency and population abundance (Garcia
et al., 2008; Munroe et al., 2013). Therefore, large top predators are
functionally distinct compared to smaller, more generalist sharks,
which is reflected in their extreme and/or solitary positions in trait
space.

The third axis (8.4% inertia) of the functional space was most
correlated with crown height (Table S4), which is strongly related to
body size and prey preference (Table S2; Cooper et al., 2023). The
lowest scoring species was an extinct whale shark tPalaeorhincodon
dartevellei, which is inferred to have been planktivorous based on its
small teeth (Kent, 1994). An extinct mako shark, tlsurus retroflexus,
scored the highest value (Figure 1a), which is inferred to have fed on
large fishes based on its large teeth and extant counterparts (Cooper
et al., 2023; Ebert et al., 2021). Interestingly, the species scoring the
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highest and lowest values along PCoA3 do not display contrasting
body sizes. Indeed, planktivorous species can reach large sizes despite
their small teeth, with the extant whale shark Rhincodon typus, reach-
ing up to 21m in total length (Ebert et al., 2021). Therefore, PCoA3
appears to largely display variation in prey size, rather than body size.
Overall, examining the Cenozoic shark functional space (Figures 1
and S4) revealed that low values of the trait-space were occupied
by teeth broadly associated with benthic feeding ecology (i.e. small,
smooth and piercing or semi-circular teeth indicating sharks feeding
on small prey such as invertebrates via clutching and vestigial mech-
anisms), whereas high values were occupied by teeth associated with
high-level macropredators (i.e. large, serrated and triangular teeth
reflecting cutting mechanisms and a prey preference for large prey

such as high vertebrates).

3.2 | How has functional diversity of sharks
changed through time?

The number of collected taxa (i.e. empirical sample) was lowest in
the Palaeocene, at the beginning of the Cenozoic (Figure S5a). This
number more than doubled in the Eocene, where maximum richness
was reached, marking the largest increase in taxonomic diversity
in the Cenozoic based on our sample. Sampled taxa subsequently
dropped by 55% in the Oligocene, which represents the largest
taxonomic decline observed, followed by a 93% increase in the
Miocene. Thereafter, the number of collected taxa decreased in the
Pliocene, Pleistocene and Recent, by 37%, 9% and 15% respectively
(Figure S5a). When accounting for uneven sampling based on our
resampling procedure (see Methods), we found the same general
pattern (Figure S5). However, we also found small differences, in-
cluding an almost negligible (3%) increase from the Pliocene to the
Pleistocene (as opposed to a 9% decrease), and that the Recent (and
not the Palaeocene) was the time bin with the lowest taxonomic
richness (empirical Palaeocene=105, Recent=114; resampled

TABLE 1 Diversity metrics per time bin (“Epoch”).

Epoch Time (Ma) FEs FRed
Palaeocene 66-56 32 3.25

Eocene 56-33.9 55 (+72%) 4.82* (+48%)
Oligocene 33.9-23.03 43 2.67
Miocene 23.03-5.33 56" (+30%) 4.18 (+56%)
Pliocene 5.33-2.58 49 (-12%) 2.92 (-30%)
Pleistocene 2.58-0.01 44 (-10%) 3.02 (+4%)
Recent 0 36 (-18%) 3.17 (+5%)

-\ | LEYJ—7 o
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Palaeocene=87, Recent=83; Figure S5). Nevertheless, the results
found using the empirical data provide a useful representation of
the changes in taxonomic richness throughout the last ~66 million
years (Myr) given that: (1) the differences in the general pattern of
taxonomic richness over time were small; and (2) the difference in
net-change between empirical and resampled data displayed small
uncertainty (i.e. a range within +1 of the central tendency for all net-

changes) and were not statistically significant (p>0.05; Table S5).

3.2.1 | Palaeocene

Our FE approach showed that the Palaeocene epoch (66-56Ma)
had the lowest FE richness and FRed of the Cenozoic (Table 1;
Figure 2a,b), specifically during the early and middle Palaeocene
respectively (i.e. Danian-Selandian, 66-59.2 Ma; Figure Séa,b). The
functional space approach further revealed that Palaeocene sharks
spanned over half of the functional space (FRic=66%; Table 1;
Figures 1b and 2d). Relatively high FOri and FSpe values compared
to the rest of the Cenozoic were established in the Palaeocene; how-
ever, these values only marginally changed thereafter at the epoch
level (Table 1; Figure 2e,f). At the stage level, FOri displayed the
highest values in the middle Palaeocene (Selandian, ~60Ma; Table 1;
Figure Sé6e). Of all the functional diversity metrics considered, FOred
and FRic significantly differed from the null model (i.e. where we
randomized species identities while maintaining the empirical tax-
onomic richness; see violin plots in Figure 2), with values, respec-
tively, 6% and 23% higher than expected in the Palaeocene (Tables 2
and S6), and 6% and 19% higher than expected in the Danian and
Selandian respectively (~63.5Ma and ~60Ma; Tables S7-59). These
results suggest that although the Palaeocene was poor in terms of
number of ecological functions and redundancy, it displayed a con-
siderably wide range of different functions, more so than expected.
Indeed, examining FRic changes in response to taxonomic richness

showed that FRic approaches 50% on average with as few as 70 taxa

FOred (%) FRic (%) FOri FSpe

48 66 0.022 0.308

50* (+2%) 86 (+20%) 0.016 (-27%) 0.304 (-1%)
40 78 (-8%) 0.021 (+31%) 0.300 (-1%)
46 (+6%) 87* (+9%) 0.020 (-5%) 0.302 (+1%)
41 (-5%) 69 0.024* (+20%) 0.309* (+2%)
42 (+1%) 60 (-9%) 0.020 (-17%) 0.302 (-2%)
43 (+1%) 43 (-17%) 0.012 0.293

Note: Functional diversity metric values are medians calculated from 1000 iterations of empirical analyses, accurate to three decimal places for FOri
and FSpe, and up to two for all other metrics. Proportional changes from one epoch to the other are in parentheses, calculated based on values
within the table. Bold denotes largest proportional changes (black, increases; grey, decreases). Asterisks denote highest values per metric.

Abbreviations: FEs, number of functional entities; FOred, functional over-redundancy (% of species filling entities above mean level FRed); FOri,
functional originality (mean distance of taxa to their closest neighbour); FRed, functional redundancy (average number of species per FE); FRic,
functional richness (% of space volume occupied); FSpe, functional specialization (mean distance of species to the centroid of the space); Ma, million

years ago.
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(Figure S7), suggesting that even species-poor shark assemblages
can have a broad range of functions in the Cenozoic.

The Palaeocene represents the aftermath of the Cretaceous-
Palaeogene (K/Pg) mass extinction, in which elasmobranchs lost
at least 60% of their diversity, with durophagous sharks (those
eating shelled invertebrates) being the most affected (Guinot &
Condamine, 2023; Kriwet & Benton, 2004). This depletion of species
diversity likely explains the low FE richness of this epoch. Moreover,
the K/Pg extinction particularly diminished large-bodied teleosts
(Friedman & Sallan, 2012), suggesting that shark prey may have
been somewhat limited, potentially resulting in functional redun-
dancy being packed into few FEs (i.e. higher than expected FOred).
However, during this time, ocean temperature and eustatic sea level

increased (Miller et al., 2005; Zachos et al., 2001), and ray-finned
fishes diversified and became highly abundant, taking advantage of
the vacant niches left after the K/Pg (Alfaro et al., 2018; Sibert &
Norris, 2015). As such, the higher-than-expected range of ecological
functions (i.e. FRic) of the Palaeocene could be linked to the highly
productive and extensive coastal habitats of the time (e.g. Pimiento
et al., 2017), and to the availability of prey for piscivore diets.

3.2.2 | Eocene

The Eocene (56-33.9 Ma) showcased a marked increase in FE rich-
ness and FRed, the latter reaching its highest Cenozoic value during

85US01 T SUOWIWIOD aA 181D 3|qeol(dde 8y} Aq pausenob afe Saie YO 8sN Jo SajnJ 0} ARIq1T 8UIUO AS]IAN UO (SUOTIPUOD-PUE-SWS)/LI0S"AB | 1M Ale.d]jBujUy/:SdnL) SUONIPUOD Pue SWis | 8U1 89S *[202/90/92] U0 Akeiqiauljuo A8]iM JusliuIen0 Ajquiesssy Usp Ad T8BET GeB/TTTT 0T/I0p/W00 A3 1M AeIqipuljuo//:Scny Wouy pepeojumod ‘0 ‘8EZ899T



COOPER and PIMIENTO

Global Ecology

TABLE 2 Z-scores for all functional

. . . e Epoch

diversity metrics calculated, indicating o

how the empirical result of each metric Palaeocene

differs from random chance expectations Boaane

based on the number of taxa. .
Oligocene
Miocene
Pliocene
Pleistocene
Recent
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FE FRed FOred Fric FOri FSpe
-1.81 1.89 3.33 291 1.14 -1.06
-0.91 0.88 0.36 1.60 0.16 -1.98
2.59 -2.41 -1.87 4.12 0.67 -1.67
1.10 -0.95 82825 2.38 1.00 -1.77
3.28 -2.98 -2.46 1.66 1.37 -0.89
1.43 -1.30 -1.07 0.99 0.82 -1.62
-0.74 0.75 0.18 -0.30 -0.34 -2.24

Note: All values are accurate to two decimal places. Z-scores marked in bold are considered
statistically significant (Z>|1.96]), marking a value that falls outside of 95% of the null distribution.

Abbreviations: FE, functional entities; FOred, functional over-redundancy; FOri, functional
originality; FRed, functional redundancy; FRic, functional richness; FSpe, functional specialization.

this time (Table 1; Figure 2), specifically during the middle Eocene
(Lutetian; ~45Ma; Figure Séb; Table S7). FRic also expanded, reach-
ing near-maximum levels (Table 1; Figures 1c and 2d), specifically
in the late Eocene (Priabonian; ~35Ma; Figure Séd; Table S7). FE
richness, FRed and FSpe slightly deviated from null expectations,
with FSpe being 5% lower than expected for the Eocene (Tables 2
and S6) and FE richness and FRed being 12% higher and 11% lower,
respectively, than null expectations for the Priabonian (Figure Sé;
Tables S8 and S9). Together, these results indicate a significant rise
in shark functional diversity during the Eocene, as indicated by the
increase in FEs and FRic. Taxa were also slightly less specialized than
expected which, together with the high levels of functional redun-
dancy (maximum FRed), likely conferred the Eocene assemblage
some level of ecological insurance.

The Eocene marked the warmest epoch in the Cenozoic
(Zachos et al., 2001), which has been linked to increased produc-
tivity (Rabosky & Sorhannus, 2009) and the emergence of marine
mammals (Uhen, 2007). These environmental and biotic changes
likely enhanced habitat complexity and expanded prey availability
for sharks (Ciampaglio et al., 2005), which may have, in turn, en-
abled the emergence of new ecological functions and facilitated
functional space expansion (i.e. increasing FEs and FRic; Table 1).
Indeed, it is during the Eocene that sharks feeding on high verte-
brates start occupying the highest scores along PCoA2 (Figure 1c).
Moreover, invertebrates and fishes—prey already available to
sharks prior to this epoch—continued to diversify during the
Eocene (Alroy et al., 2008; Guinot & Cavin, 2016), potentially al-
lowing functional redundancy to consolidate (i.e. peak FRed; de-
creasing FOri and FSpe; Table 1).

3.2.3 | Oligocene

The Oligocene (33.9-23.03Ma) experienced the largest declines of
FE richness, FRed and FOred, the latter two hitting their lowest val-
ues of the Cenozoic at the epoch level (Table 1; Figure 2a-c). Despite
these changes, FRic declined only by 8% (Table 1; Figures 1d and
2d), largely retaining the Eocene functional space, even at stage
level (Figure Sé6d; Table S7). Meanwhile, FOri underwent its largest

increase, signifying increased taxon isolation in trait space (Table 1;
Figure 2e). Of all metrics, FE richness, FRed, FRic and FOred signifi-
cantly deviated from null expectations (Tables 2 and S9). Specifically,
FE richness and FRic were, respectively, 16% and 32% higher than
expected, while FRed was 14% lower than expected (Tables 2 and
S6). Similar deviations were also found in both Oligocene stages,
though the FRic deviation was restricted to the early Oligocene
(Rupelian; ~30Ma), and FOred was 5% lower than expected only at
the stage level (Figure Sé6a-d; Table S8). Our results indicate that
although the Oligocene shark assemblage experienced important
redundancy losses (Table 1; Figure 2), there was not a significant
reduction of ecological functions, as indicated by the FE and FRic
values, which were higher than expected. Indeed, the relationship
between FRic and taxonomic richness becomes more asymptotic
as FRic approaches 80% (Figure S7). Interestingly, these changes in
functional diversity did not result in the overrepresentation of some
FEs, as indicated by the low FOred values (Figures 2 and Séc), which
were significantly lower than expected at stage level (Tables S8
and S9). The relative resilience of functional diversity during the
Oligocene was likely the result of the ecological insurance reached
during the Eocene. Nevertheless, functional redundancy was largely
depleted during the Oligocene, as evidenced by the increase in FOri
and decrease in FRed, the latter being lower than expected based on
taxon numbers (Figure 2; Table 2). Overall, our results collectively
suggest that the Oligocene shark functional diversity was somewhat
buffered by the ecological redundancy reached in the Eocene, but
the loss of this redundancy in the Oligocene (Figure Sé), likely left
the assemblage highly vulnerable.

During most of the Oligocene, the oceans were cooler than
in the Eocene (Zachos et al., 2001), likely resulting in a decline in
eustatic sea level (De Boer et al., 2010; Miller et al., 2005). These
changes may have led to a reduction in the extent of coastal habitats
for sharks and their prey (e.g. Pimiento et al., 2017) which could be
linked to the declines in functional diversity (i.e. 22% decline in FE
richness and 45% decline in FRed). However, the continued diver-
sification of fishes and marine mammals during this time (Guinot &
Cavin, 2016; Uhen, 2007) may have ensured access to diverse prey,
as evidenced by the lower-than-expected functional losses and the
maintenance of most of the extent of functional space.
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3.24 | Miocene

In the Miocene (23.03-5.33Ma), shark functional diversity dis-
played marked recoveries from the Oligocene: FE richness and
FRic reached the maximum values of the Cenozoic (Table 1;
Figures 1e and 2a-d), with FRic being 17% higher than expected
(Tables 2 and Sé). These peaks in functional diversity were spe-
cifically observed in the early and middle Miocene (FEs peak in
the Aquitanian-Burdigalian, 23.03-15.97 Ma; FRic peaks in the
Aquitanian-Serravallian, 23.03-11.63Ma; Figure Sé; Table S7).
In the late Miocene (Tortonian and Messinian; 11.63-5.333 Ma),
however, shark functional diversity declined, as evidenced by a
decrease in FEs and FRic (Figure Sé; Table S7). Miocene functional
redundancy metrics did not experience the same level of recov-
ery as other functional diversity metrics. Although FRed increased
from the Oligocene to the Miocene, values were lower than ex-
pected throughout most Miocene stages (Figure S6; Tables S8 and
S9). Similarly, FOred increased in the Miocene, despite being lower
than expected (Figures 2 and Sé; Tables 2 and S9). When taken
together, our results suggest that although shark assemblages ex-
ploited the maximum range of ecological functions in the early and
middle Miocene, they did not necessarily increase their ecological
resilience due to their lower-than expected functional redundancy
and high over-redundancy (Figure Sé; Tables S7-S9).

The Miocene epoch was a time of large environmental and bio-
logical changes. Temperatures were relatively high throughout the
early and middle Miocene (Zachos et al., 2001), resulting in increased
eustatic sea level (De Boer et al., 2010) and ocean productivity (Marx
& Uhen, 2010). Consequently, cetaceans diversified, reaching their
highest diversity in the Tortonian (lower late Miocene; ~10 Ma; Marx
& Uhen, 2010). Although these conditions became volatile from the
late Miocene onwards, overall, the first half of the Miocene pro-
vided sharks warm temperatures and, importantly, diverse, large
prey. These favourable conditions likely enabled the larger-than-
expected expansion of the functional space, with the Miocene being
the epoch with the largest space occupation of the entire Cenozoic,
(i.e. FRic=87%; Table 1). Some of this expansion was driven by the
appearance of new, highly specialized species, specifically, the larg-
est macropredatory shark that has ever lived, 1O. megalodon, which
likely preyed upon marine mammals (e.g. Collareta et al., 2017;
Godfrey et al., 2021; Godfrey & Beatty, 2022) and sits at the ex-
treme of PCoA1 (Figure 1a,e).

3.2.5 | Pliocene

Pliocene (5.33-2.58Ma) sharks experienced dwindling FE rich-
ness, FRed, FOred and FRic relative to the Miocene (Tables 1 and
S7; Figures 1f, 2a-d, and Sé). Notably, Pliocene sharks experienced
the highest loss of functional space of the entire Cenozoic (i.e. 18%
loss; Table 1). Moreover, taxa became more isolated in and occupied
extreme positions of the trait space, as denoted by rising FOri and
FSpe, which reached their maximum Cenozoic values (Tables 1 and

S7; Figures 2 and Sé). From these metrics, FE richness, FRed and
FOred exceeded null expectations (Table 2). FE richness was 17%
higher than expected, while FRed and FOred were, respectively,
14% and 4% lower than expected (Tables 2, S6-S9; Figure Sé6a-c).
Together, these results suggest that the number of shark ecological
functions (FEs) and functional redundancy (FRed) diminished in the
Pliocene, with taxa becoming more functionally specialized than in
any other time bin (Table 1; Figure 2f). Despite these changes being
less dramatic than expected, the Pliocene assemblage was likely
highly vulnerable to further losses.

From the late Miocene and throughout the Pliocene, ocean
temperature, productivity, eustatic sea levels and the extent of
coastal habitats underwent significant fluctuations, with an overall
trend of decline (De Boer et al., 2010; Marx & Uhen, 2010; Miller
et al., 2005; Pimiento et al., 2017; Zachos et al., 2001). Cetacean
diversity largely mirrored this trend, with an initial increase in the
early Pliocene (Zanclean; ~4.5Ma) and a dramatic decrease towards
the late Pliocene (Piacenzian; ~3Ma; Marx & Uhen, 2010, Pimiento
etal., 2017). These changing conditions likely resulted in limited prey
availability for sharks, potentially explaining the loss of functional
diversity observed in the Pliocene, specifically the contraction of
trait space along PCoA2 (Figure 1f), which is mostly related to a prey
preference for high vertebrates (Table S2).

3.2.6 | Pleistocene

In the Pleistocene (2.58-0.01Ma), FE richness and FRic continued
to decline from the Pliocene, while FRed and FOred maintained
Pliocene levels (Table 1; Figures 1g and 2). All functional diver-
sity metrics maintained similar values throughout all stages of the
Pleistocene (Figure S6; Table S7). Moreover, no metric deviated from
null expectations at either epoch or stage level (Tables 2 and S9).
Overall, these results suggest that the Pleistocene shark functional
diversity represents a continuation from the Pliocene assemblage,
with functional diversity remaining as expected given the losses
from the previous epoch.

The Pleistocene oceans experienced violent temperature
and sea level oscillations (De Boer et al., 2010; Miller et al., 2005;
Zachos et al., 2001), which resulted in ample fluctuations of neritic
area available, and ultimately, a significant decrease in the extent
of productive coastal habitats (Pimiento et al., 2017). It has been
proposed that these area changes were key drivers in the extinc-
tion of one-third of the marine megafauna in the Plio-Pleistocene
transition, which mostly affected homeothermic animals, including
mesothermic sharks (Pimiento et al., 2017). Indeed, the giant mac-
ropredator 1O. megalodon became extinct during this event, spe-
cifically in the late Pliocene (Boessenecker et al., 2019; Pimiento &
Clements, 2014). Although most of the functional space had already
been lost by the Pliocene, the extinction of TO. megalodon resulted
in further loss of trait space, particularly along PCoA1 and PCoA2,
which, combined, represent the ecological role of a super predator
(Cooper et al., 2022; Kast et al., 2022).
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3.2.7 | Recent

In the Recent sample, FE richness continued to decrease, while FRed
and FOred largely retained Pleistocene values (Table 1; Figure 2a-
c). Meanwhile, FRic, FOri and FSpe reached their lowest Cenozoic
values (Table 1; Figures 1h, 2e,f, and Séd; Table S7). FSpe and FRic
were the only metrics significantly deviating from null expectations,
FSpe at the epoch level (Tables 2 and S6) and FRic at the stage level
(Figure Sé6; Table S9). Our sampling bias assessments revealed that
the FRic decline in the Recent is not likely to be a sampling arte-
fact. Specifically, when assessing whether our findings are the re-
sult of our degradation of the Recent (see Methods), we found that
the inclusion of present-day species without a fossil record (i.e. the
‘Recent-plus’ sample) does not extend the space occupied in this
time bin (Figure S8), nor does it when resampling the ‘Recent-plus’
based on the degraded Recent sample size (‘resampled Recent-plus’;
Figure S8). Indeed, the ‘Recent-plus’ FRic was significantly lower
than expected (Z=-4.56; Figure S8). As such, the FRic found based
on empirical data is a conservative estimate. Furthermore, when
assessing the space occupied by the degraded Recent sample in a
functional space built using the total extant diversity (see Methods),
we found that the degraded Recent sample occupies 98% of the
modern functional space and includes the most functionally special-
ized living species (Figure S9). This indicates that our Recent sample
largely captures the extent of ecological functions of modern sharks.
Finally, the decline in FRic in the Recent was significantly different
than expected based on random taxonomic loss (Figure S7). Indeed,
the loss of taxa from the Pleistocene to the Recent was expected
to approach Palaeocene values based on simulations of randomized
taxonomic loss (FRic=~60%; Figure S7), instead of the values found
empirically (FRic=43%,; Figures 2 and S6).

Taken together, our results suggest that although shark taxa are
less isolated in trait space in the Recent than in the Pleistocene (i.e.
decreased FOri and FSpe), the Recent sample occupied less than
half of the Cenozoic functional space (FRic=43%), a level of FRic
not even seen in the Palaeocene after the K/Pg extinction (Figure 1;
Table 1), which is a conservative estimate based on our tests (see
above). As such, shark functional diversity is potentially depleted
today compared with the last ~66 Myr. Considering the losses of
shark functional diversity since the late Miocene, this level of eco-
logical loss appears to be the continuation of a long-term decline
(Figures 1f-h and 2). Nevertheless, the extent of functional space of
the Recent is markedly diminished compared with the Pleistocene,
especially along PCoA2. This erosion of functional space resulted
from the loss of tDalatias sp. an extinct form of kitefin shark, which
represents the ecological role of deep-water species potentially spe-
cialized in preying upon large fish (Navarro et al., 2014). Although the
functional space of the Recent sample provides a useful comparison
with the geological past and with modern assemblages (see Methods
and above), it is still a subsample of the current shark functional di-
versity. Nevertheless, when examining vertices of the Recent func-
tional space, we can identify the species holding the extremes of
the functional volume still preserved from the geological past. These
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include the bluntnose sixgill shark (Hexanchus griseus; IUCN Red
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List status=Near Threatened) and the Iceland catshark (Apristurus
laurussonii; IUCN = Least Concern), which preserve the remains of
the highest and lowest values along the Cenozoic PCoA1l. Similarly,
the horn shark (Heterodontus francisci; IUCN=Data Deficient) and
the great white shark (Carcharodon carcharias; IUCN=Vulnerable)
preserve the lowest and highest ends along the Cenozoic PCoA2.
Finally, the tiger shark (Galeocerdo cuvier; IUCN =Near Threatened)
and the short-tail nurse shark (Pseudoginglymostoma brevicaudatum:
IUCN =Critically Endangered; IUCN, 2023) preserve the extreme
portions of the Cenozoic functional space along PCoA3 (Figure S10).
The protection of these species could potentially complement cur-
rent recommendations for the conservation shark functional diver-
sity (Pimiento et al., 2023).

3.2.8 | Therise and fall

Collectively, our tooth-based analyses revealed that shark functional
diversity was generally high in the Cenozoic past (i.e. FRic=60%-
87%) compared with the Recent (i.e. FRic=43%). This diversity ex-
perienced fluctuations through time, with peaks in the Eocene and
Miocene (Table 1; Figures 1 and 2), and a steady decline from the
late Miocene onwards. All functional diversity changes over time
were significantly different across consecutive time bins, as evi-
denced by pairwise statistical comparisons (Mann-Whitney U-tests;
p<0.01; Table S10). Our results are robust in the face of sampling
artefacts, different trait treatments and uneven time bin durations.
Specifically, our functional diversity estimates do not appear to be
affected by uneven sampling (Figure S5), or by the removal of in-
dividual traits (Figure S11), and were upheld when analysed at the
stage level (Figure Sé). Lastly, our estimates of Recent FRic appear
to be largely conservative and capture the extent of functions of the
modern assemblage (Figures S8 and S9).

Our study does not allow us to establish the causal mechanisms
behind the observed changes in functional diversity. However,
fluctuations in global temperature, productivity, sea level and prey
availability largely coincide with the rise and fall of shark functional
diversity. Despite the environmental fluctuations of the Cenozoic
era, the overall trend of the last ~66 Myr has been of cooling (Burke
et al., 2018; Zachos et al., 2001). Today, however, modern shark
communities are encountering markedly different conditions, with
ocean temperatures rapidly increasing due to human-produced
greenhouse gas emissions (Smith et al., 2015). Future projections
suggest that under unmitigated scenarios, temperatures by the
year 2150 could resemble those of the Eocene epoch, potentially
reversing a 50-million-year cooling trend in less than 200years
(Burke et al., 2018). Although we found that functional diversity
peaks coincided with global warming events in the geological
past, studies indicate that modern sharks are being adversely af-
fected by anthropogenic global warming and ocean acidification
(Rummer et al., 2022). Specifically, critical habitats for shark sur-
vival, such as coral reefs and nursery areas are diminishing, and
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shark native ranges are becoming less suitable (Coulon et al., 2024;
Dulvy et al., 2021). Nevertheless, these oceanographic changes
are not the primary threat to sharks today; instead, overfishing is
directly driving around 40% of living shark species towards extinc-
tion (Dulvy et al., 2021; Pimiento et al., 2023). Understanding the
mechanisms shaping shark functional diversity across evolutionary
timescales requires careful consideration of multiple confounding
factors and their interactions, presenting a promising avenue for

future research.

3.3 | Which species had the largest contributions
to functional diversity?

3.3.1 | Extinct versus extant

We found no clear difference between mean functional original-
ity (FOri) and specialization (FSpe) of extinct versus extant sharks
(Welch two sample t-test; FOri: t =0.046, df =208.01, p=0.96; FSpe:
t=-0.9, df=212.81, p=0.37; Figure 3a,c). However, there were sev-

eral high-scoring outliers in the FSpe distribution, almost all of which

are extinct (Figure 3c). Moreover, these outliers were not found to
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deviate from the FSpe distribution by chance (Two-sided 90th quan-
tile permutation tests; p=0.016, see Methods). As such, extinct
sharks spanned a considerably wider range of the functional space
(FRic=98.7%) than extant sharks (FRic=43%; Figures 1i and S4a).
Indeed, the highest and lowest scoring species of all three functional
axes were extinct (Figure 1a).

Ranking the top 5% FOri and FSpe taxa further revealed that
most of these taxa were extinct (Figure 3b,d). This included the top
six FOri and the top 20 FSpe taxa. Interestingly, seven of the top 10
FSpe taxa (Figure 3d) belonged to a single genus: TOtodus (i.e. the
‘megatoothed’ sharks), a clade well known for their gigantic body
sizes (8-20m long) and high trophic levels (Cooper et al., 2022, Kast
etal., 2022). It can thus be inferred that the TOtodus clade performed
a specialized ecological function during the Cenozoic; a function that
would have been lost in the Pliocene following the extinction of its
last surviving species, TO. megalodon (Boessenecker et al., 2019;
Kast et al., 2022; Pimiento et al., 2016; Pimiento & Clements, 2014).
Together, our results indicate that extinct species disproportionally
contributed to Cenozoic shark functional diversity, more so than
their extant counterparts (Figures 1i and 3), largely explaining the
diminishing of functional diversity in the Recent when compared to
the past (Figures 2 and Sé).
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Functional originality (FOri) and specialization (FSpe) of extinct and extant Cenozoic sharks. (a) mean FOri, log transformed

for visualization; (b) top 5% FOri taxa; (c) mean FSpe; (d) top 5% FSpe taxa. Taxa are coloured based on their status as extinct (blue) or extant

(grey).
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3.3.2 | Functionally original taxa

In the Palaeocene, the highest scoring FOri taxon was an extinct
kitefin shark tSqualiodatalias sp., which occupied the lower end of
PCoA1 and PCoA2 (Figure 1b), denoting small, smooth and pierc-
ing teeth with lateral cusplets. Based on Cooper et al. (2023), this
indicates a prey preference for invertebrates and a clutching feed-
ing mechanism. The Eocene's highest scoring FOri species was an
extinct bullhead shark tHeterodontus woodwardi, which occupied
intermediate trait values along PCoA1, and the lowest values along
PCoA2 (Figure 1c). This represents small, semi-circular teeth with no
lateral cusplets or cutting edge, typical of a crushing feeding mecha-
nism and a hard-shelled invertebrate prey preference seen also in its
living representatives (Cooper et al., 2023; Hovestadt, 2018). The
extinctions of tSqualiodalatias sp. and tH. woodwardi did not result
in gaps in the functional space as close neighbours playing similar
ecological roles survived (Figure 1b-d). The most functionally origi-
nal taxon of the Oligocene was tDalatias sp., a kitefin shark which
occupied intermediate trait values along PCoA2 (Figure 1e), mark-
ing medium-sized teeth with serrated cutting edges and thus sug-
gesting a medium body size and prey preference for fishes (Cooper
et al., 2023). Today, there is a single extant species of this genus,
Dalatias licha, which occupies a high trophic level due to being able
to occasionally take bites out of prey larger than itself (Navarro
et al., 2014). Although D. licha has a fossil record dating as far back
as the Eocene (Paillard et al., 2020), tDalatias sp. differed in space
by occupying higher trait values along PCoA2, implying larger, more
heavily serrated teeth (Cooper et al., 2023). We therefore consider
this taxon extinct and separately from its living counterpart. This
taxon persisted into the Pleistocene, but its absence from the Recent
sample left a significant gap in the functional space (Figure 1g,h),
indicating the loss of a distinct ecological role played by mid-sized
deep-sea predators.

The highest scoring FOri species in the Miocene and Pliocene
was an extinct bramble shark tEchinorhinus blakei, which was also
the most functionally original of the whole Cenozoic (Figure 3b). This
species occupied low trait values along PCoA1 (Figure 1e,f), denot-
ing piercing longitudinal outlines and lateral cusplets, and indicating
a clutching and grasping feeding mechanism (Cooper et al., 2023).
However, this species also occupied intermediate values along
PCoA2, marking smooth cutting edges and medium crown heights,
implying a medium body size and a prey preference of fishes (Cooper
et al.,, 2023). Indeed, Echinorhiniformes was the order with the high-
est mean FOri (Figure S12a). Both extinct and extant echinorhini-
forms are poorly studied (Bogan & Agnolin, 2022), but the order is
known for medium to large body sizes (reaching 4-4.5m long) and
suction feeding (Ebert et al., 2021). Notably, the extinction of tE.
blakei between the Pliocene and Pleistocene left a gap in the shark
functional space (Figure 1g,h), indicating the loss of an ecological
role played by medium-sized suction feeders. A megamouth shark,
tMegachasma sp., was the most functionally original taxon of the
Pleistocene, and occupied low PCoA1 values (Figure 1g), denoting
teeth with lateral cusplets and piercing longitudinal outlines and
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thus a clutching or vestigial morphology, typical of a filter feeding
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mechanism (Cooper et al., 2023). The space left by tMegachasma sp.
was retained in the Recent by close neighbours with similar ecologi-
cal roles. The highest scoring FOri species of the Recent sample was
the bonnethead shark Sphyrna tiburo. This species occupied interme-
diate trait values along PCoA1 and the lowest values along PCoA2
(Figure 1h), indicating small, semi-circular teeth with no cutting edge
or lateral cusplets, and thus suggesting crushing feeding and prey
preferences of invertebrates (Cooper et al., 2023), in line with the
species' known ecology (Leigh et al., 2018; Mara et al., 2010).
Overall, our results suggest that mid-sized sharks feeding on
invertebrates and fishes displayed high FOri values, and thus were
highly isolated in trait space through time. The Pliocene extinction of
tE. blakei, a presumed mid-sized suction feeder, and the Pleistocene
extinction of tDalatias sp., a presumed mid-sized piscivore, left the

largest gaps in the trait space.

3.3.3 | Functionally specialized taxa

The highest scoring FSpe taxa of the Palaeocene and Eocene ep-
ochs were tPalaeocarcharodon orientalis and tOtodus nodai, respec-
tively, with 1O. nodai also being the most functionally specialized
species of the Cenozoic (Figures 1b,c and 3d). These species sat in
the upper end of PCoA2 (Figure 1c,d), denoting a prey preference
for high vertebrates based on their large and serrated teeth (Cooper
et al., 2023). The extinction of these species did not result in the
loss of functional space, as other taxa playing similar macropreda-
tory ecological roles occupied neighbouring sections of the space
(Figure 1b-d). The highest scoring FSpe species of the Oligocene and
Miocene was 10O. angustidens, which was a close neighbour of 0.
nodai from the Eocene (Figure 1d,e) and had an inferred prey prefer-
ence of high vertebrates (Cooper et al., 2023). The extinction of this
species in the Miocene resulted in the loss of the highest trait values
along PCoA2 (Figure 1e,f). 1O. megalodon was the highest FSpe spe-
cies of the Pliocene, occupying the highest end of PCoA1 (Figure 1f).
This marks triangular teeth with no lateral cusplets and thus a cut-
ting feeding mechanism (Cooper et al., 2023). 1O. megalodon's ex-
tinction in the Pliocene left a notable gap in the Pleistocene trait
space (Figure 1f,g). Overall, the extinctions of the different TOtodus
species in the Miocene and Pliocene resulted in the loss of ecologi-
cal roles played by giant apex predators. The highest FSpe taxon of
the Pleistocene was tDalatias sp. (Figure 1g), which occupied the
highest remaining values along PCoA2. The absence of this taxon
in the Recent suggests a further loss of predatory ecological roles
(Figure 1g,h). This left the tiger shark Galeocerdo cuvier as the most
functionally specialized species of the Recent, which occupied high
values along PCoA1 (Figure 1h), marking teeth with polygonal longi-
tudinal outlines and no lateral cusplets; and a cutting feeding mecha-
nism (Cooper et al., 2023).

The most functionally specialized taxa of the Cenozoic belong to
the orders Squaliformes (tDalatias sp.), Carcharhiniformes (G. cuvier)
and Lamniformes (tP. orientalis and TOtodus spp.). While none of
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these orders had the highest mean FSpe scores, all had high-ranking
outliers represented by the above-mentioned taxa and others, par-
ticularly Lamniformes (Figure S12b). These results collectively in-
dicate that the Miocene-Pliocene extinctions of TOtodus species,
followed by the Pleistocene extinction of TDalatias sp. (i.e. the re-
duction of the Dalatias genus to a single living species; D. licha), were
probable drivers of functional diversity losses between the Miocene
and the Recent.

Overall, when examining the contributions of individual taxa to
the Cenozoic functional diversity, our results revealed that (1) ex-
tinct sharks spanned a larger extent of the functional space and were
generally more functionally distinct than extant sharks (Figures 1i
and 3); and (2) specialized suction feeders, mid-sized deep-sea pred-
ators and gigantic apex predators were important contributors to
functional diversity, with their Miocene-Pleistocene extinctions
resulting in losses inside the functional space, likely explaining the
overall decline of functional diversity from the late Miocene on-
wards (Figures 1f-h, 2, and Sé).

4 | CONCLUSIONS

Our tooth-based analyses revealed that shark functional diversity
was generally high throughout most of the Cenozoic (e.g. FRic >60%;
Table 1), peaking at 86%-87% FRic in the Eocene and Miocene
(56-33.9 and 23.03-5.333Ma; Figures 1c,e, 2d, and Sé). Despite
the loss of species in the K/Pg (Guinot & Condamine, 2023; Kriwet
& Benton, 2004), shark functional diversity was higher than ex-
pected between the Palaeocene and Miocene epochs (FRic Z>1.96
in the Palaeocene, Oligocene and Miocene; Table 2). However, we
found that shark functional diversity has steadily declined since its
Miocene peak, with 44% of FRic being lost between then and the
present (Tables 1 and S7; Figures 1e-h, 2d, and Séd). Consequently,
shark functional diversity today is likely diminished compared with
the Cenozoic past. Indeed, we found that extinct sharks inordinately
contributed to functional diversity compared with extant sharks
(Figures 1i and 3). The functional diversity decline from the late
Miocene onwards was likely driven by the loss of giant apex preda-
tors (i.e. TOtodus spp. in the Miocene and Pliocene), suction feeders
(e.g. TEchinorhinus blakei in the Pliocene) and deep-sea sharks at high
trophic levels (i.e. the extinction of tDalatias sp. in the Pleistocene).
Today, sharks rank among the most imperilled marine vertebrates on
Earth, with overfishing emerging as the primary driver of extinction
(Dulvy et al., 2014, 2021; Stein et al., 2018). Our findings forewarn
that ongoing anthropogenic-driven shark declines might be eroding
an already diminished functional diversity. Current recommenda-
tions to safeguard elasmobranch functional diversity include the
identification of functionally unique, specialized and endangered
species, as well as the areas harbouring hotspots of functional diver-
sity (Pimiento et al., 2023). Our study further highlights the modern
shark species holding some of the Cenozoic functional space, po-
tentially complementing our knowledge on the current priorities for
the preservation of shark functional diversity in the changing world.
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