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SUMMARY
The emergence and subsequent evolution of pectoral fins is a key point in vertebrate evolution, as pectoral
fins are dominant control surfaces for locomotion in extant fishes.1–3 However, major gaps remain in our un-
derstanding of the diversity and evolution of pectoral fins among cartilaginous fishes (Chondrichthyes), a
group with an evolutionary history spanning over 400 million years with current selachians (modern sharks)
appearing about 200 million years ago.4–6 Modern sharks are a charismatic group of vertebrates often
thought to be predators roaming the open ocean and coastal areas, but most extant species occupy the sea-
floor.4 Here we use an integrative approach to understand what facilitated the expansion to the pelagic realm
and what morphological changes accompanied this shift. On the basis of comparative analyses in the frame-
work of a time-calibrated molecular phylogeny,7 we show that modern sharks expanded to the pelagic realm
no later than the Early Cretaceous (Barremian). The pattern of pectoral fin aspect ratios across selachians is
congruent with adaptive evolution, and we identify an increase of the subclade disparity of aspect ratio at a
time when sea surface temperatures were at their highest.8 The expansion to open ocean habitats likely
involved extended bouts of sustained fast swimming, which led to the selection for efficient movement via
higher aspect ratio pectoral fins. Swimming performance was likely enhanced in pelagic sharks during this
time due to the elevated temperatures in the sea, highlighting that shark evolution has been greatly impacted
by climate change.
RESULTS

Evolutionary history of selachian ecology
The majority of the 544 extant selachian species are benthic.

We classified 490 extant species by their preferred occupied

habitat (STAR Methods). 342 species (70%) were predomi-

nantly benthic, 84 (17%) were benthopelagic, and 64 (13%)

were pelagic (STAR Methods). Most extant pelagic selachians

belong to only two orders, Lamniformes and Carcharhini-

formes. Stochastic character mapping supports a non-pelagic

origin of selachians (Figure 1A; STAR Methods). For the root

node, we found that only in 2.8% of the 1,000 iterations was a

pelagic state inferred. In 46.3% and 50.9% of the iterations, a

benthic or benthopelagic state was reconstructed, respec-

tively. Therefore, we uncovered strong support for a non-

pelagic origin, but it is unclear whether the origin was benthic

or benthopelagic. The initial expansion to open water occurred

along the branch leading to the node defining the Lamniformes,

no later than the Early Cretaceous (122.6 mya, Barremian).

Carcharhiniformes expanded their habitat into the pelagic

zones next (98.3 to 82.4 mya, Cenomanian to early Campanian).

Thus, the expansion to pelagic habitats in both Lamniformes

and Carcharhiniformes, the two orders that contain most of

the extant pelagic neoselachians, dates back to the Early to
Current Biology 34, 1–9, J
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early Late Cretaceous. In total, we found support for five inde-

pendent expansions into the pelagic zone within selachians

(STARMethods). The other three shifts occurred later, including

the small cookiecutter sharks (Squaliformes; 63.2 to 49.8 mya,

early Paleogene) and, much more recently, the small spined

pygmy shark (Squaliolus laticaudus) and the large and relatively

slow whale shark (Rhincodon typus).

Evolution of pectoral fin aspect ratio
The distribution of pectoral fin aspect ratio across selachians is

congruent with a pattern generated by adaptive evolution, as

suggested by the results of evolutionary model fitting9 and the

agnostic detection of selective regime shifts.10,11 We fitted

several evolutionary models to the data9 (STAR Methods) and

found very strong support for anOrnstein-Uhlenbeck (OU)model

with three adaptive peaks that reflect the different habitat cate-

gories. The inferred peaks agree well with the observed group

means, especially for aspect ratio. Therefore, both aspect ratio

and body size show signatures of adaptive evolution, but with

aspect ratio experiencing stronger selection (median estimate

of a for aspect ratio is 3.77 compared to 1.92 for precaudal

length [PCL]). However, there were considerable ranges of

aspect ratio across all three groups as benthic selachians ranged

from 1.1 to 4.3 (mean = 2.3), benthopelagic selachians ranged
une 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Ancestral state reconstructions of preferred habitat and visualization of pectoral fin aspect ratio and body size (log10 of precaudal

length)

(A) Maximum clade credibility tree of the selachians in this study. Branches are colored by habitat and represent results of ancestral-state reconstructions

obtained from stochastic character mapping (STAR Methods). Posterior probabilities strongly suggest a non-pelagic origin of neoselachian sharks, irrespective

of whether the ancestral state reconstructions are performed over the maximum clade credibility tree or over a random sample of 100 trees from the pseudo-

posterior distribution (histogram). The bar plots are aligned with the phylogeny and illustrate the distribution of aspect ratio and log10(PCL). Numbers signify

transitions to pelagic habitats: (1) Lamniformes, (2) Carcharhiniformes 1, (3) cookiecutter sharks, (4) Rhincodon typus (whale shark), and (5) Squaliolus laticaudus

(spined pygmy shark). Arrows indicate strongly supported selective regime shifts of aspect ratio. Select major lineages labeled.

(B) Boxplot of pectoral fin aspect ratio in benthic, benthopelagic, and pelagic sharks.

(C) Boxplot of log10 (precaudal length) in benthic, benthopelagic, and pelagic sharks. In both boxplots, the thick line represents themedian, with the box outlining

the interquartile range, the difference between the first and third quantiles (IQR = Q3 � Q1). Whiskers delineate Q1 � 1.5 * IQR and Q3 + 1.5 * IQR, respectively.

Silhouettes of angel, dogfish, and carcharhinid sharks were downloaded from www.phylopic.org (all downloaded images were available for reuse under the

Public Domain Dedication 1.0 license).
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from 1.5 to 4.1 (mean = 2.5), and pelagic selachians ranged from

1.8 to 4.7 (mean = 3.3).

At least three major selective regime shifts of aspect ratio evo-

lution are present within selachians, mostly congruent with the

lamniform and carcharhiniform transition to pelagic habitats. Us-

ing an agnostic approach10,11 (STAR Methods) to characterize
2 Current Biology 34, 1–9, June 17, 2024
the adaptive landscape of aspect ratio, we found three very

strongly supported shifts (Figure 1A). The oldest adaptive peak

shift occurred with the origin of Lamniformes, directly coinciding

with the initial shift to pelagic habitats no later than 122.6 mya

(Barremian). Within Lamniformes, the adaptive peak for aspect

ratio is estimated at 3.25, 1.52 times higher than the ancestral

http://www.phylopic.org
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Figure 2. Traitgram projections of pectoral fin aspect ratio using a time-calibrated phylogeny

Gray shapes represent the pectoral fin aspect ratios measured in fossil specimens (supplemental information). Arrows indicate strongly supported selective

regime shifts of aspect ratio. Silhouettes were downloaded from www.phylopic.org (all downloaded images were available for reuse under the Public Domain

Dedication 1.0 license).
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peak of 2.14. Two more selective regime shifts occurred within

the Carcharhiniformes, successively increasing the adaptive

peak value for aspect ratio to 2.9 (127.9 to 103.6mya, Hauterivian

to Albian) and then 3.55 (60.8 to 54 mya, Paleocene to Eocene).

The regime shifts in carcharhiniforms do not precisely line up

with inferred shift toward pelagic habitats in this clade, as the

older shift precedes the evolution of pelagic habitats and the

more recent one lags behind (Figure 1A). No additional selective

regime shifts were strongly supported, indicating that the transi-

tions topelagic habitats in cookiecutter sharks, the spinedpygmy

shark, and the whale shark did not impact the evolution of pecto-

ral fin aspect ratio. The support for selective regime shifts varies

between analyses performed over a subsample of trees in the

posterior distribution, but all three regime shifts identified for

the consensus tree generally receive very strong support (STAR

Methods). The selective regime shift in lamniforms was strongly

supported in 10 out of 10 iterations; the two shifts in carcharhini-

forms in 7 out of 10. Estimates of the phylogenetic half-life indi-

cate that it took less than 200,000 years for pectoral fin aspect

ratio to evolve halfway toward a new peak.

Lamniforms and carcharhiniforms evolved high pectoral fin

aspect ratio in succession, which was not only suggested by

the timing of the selective regime shifts but also visible in an

evolutionary traitgram12 (STARMethods; Figure 2). The traitgram

visualizes the shifts toward higher aspect ratio by plotting a
projection of the phylogenetic tree in the space defined by

aspect ratio and time. In particular, the branch leading to the lam-

niforms (node age 122.6 mya) and the branch leading to an early

node within the carcharhiniforms (node age 103.6 mya) feature

noticeable increases of aspect ratio. Given that the traitgram is

based on ancestral state reconstruction of only living species,

we superimposed fossil data (Figure S3; STAR Methods) onto

this space. Late Jurassic sharks had low aspect ratio, while

Late Cretaceous sharks achieved aspect ratio in the range of

modern pelagic selachians, reinforcing the view that selachians

became pelagic during the Cretaceous.13–17

The evolutionary traitgram and the fossil record suggest an

increase in the overall disparity of the pectoral fin aspect ratio

during the early Late Cretaceous, and this pattern is confirmed

with a subclade-disparity-through-time analysis. Selachian sub-

clade disparity exceeds the null expectation at 93.7 mya (early

Turonian), at which time the data deviate significantly from the

pattern expected under a Brownian motion (BM) model of trait

evolution (STARMethods; Figure 3B). The timing of the deviation

from the BM expectation overlaps with the Cretaceous Thermal

Maximum (CTM), which featured global average sea surface

temperatures (SSTs) of 28.2�C.8 Upon exceeding the null expec-

tation at 93.7 mya, the subclade disparity continued to rise, a

trend that persisted even over the last 30 million years, which

experienced a substantial cooling of SST.
Current Biology 34, 1–9, June 17, 2024 3
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Figure 3. Selachian swimming performance and subclade disparity of aspect ratio over the past 252 million years

Muscle cycle frequency comparing benthic (orange line) and pelagic (blue line) shark species is shown in (A). Muscle cycle frequency can be considered a proxy

for tailbeat frequency and therefore swim speed. Subclade disparity (solid black line) over time is shown in (B). The dashed line represents the average subclade

disparity expected under a Brownianmotion (BM)model of trait evolution. The gray area represents 95%confidence interval for average subclade disparity under

BM. Red line shows average global sea surface temperatures (SSTs) from Scotese et al.8 Average subclade disparity exceeds the BM confidence interval during

the early Late Cretaceous (dashed blue line). The blue region represents the phylogenetic uncertainty of when subclade disparity began to exceed the subclade

disparity expected under a BMmodel of trait evolution (STAR Methods). Shark images were downloaded from https://commons.wikimedia.org/wiki/Main_Page

(both downloaded images were available for reuse under Creative Commons Attribution-Share Alike 3.0 Unported license).
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Evolution of swimming performance
Given the strong influence of temperature on muscle power

output in fishes,18 we used existing data to estimate the influence

of changing ocean temperatures on the power output (and there-

fore swimming performance) of pelagic and benthic sharks

through time. Using in vitromuscle data fromDonley et al.19 to es-

timate swimming performance between benthic and pelagic sela-

chians, we found that the latter likely had much higher swim

speeds compared to benthic selachians during the CTM. Muscle

performance data in mako and leopard sharks across a range

of temperatures suggest that power output was significantly

enhanced in the pelagic mako shark with temperatures up to
4 Current Biology 34, 1–9, June 17, 2024
28�C, whereas power output of the benthic leopard shark muscle

declined slightly at the warmer temperatures19 (Table S1). Addi-

tionally, the maximum power output occurred at a higher muscle

cycle frequency in the mako compared to the leopard shark.19

Muscle cycle frequency can be considered a proxy of tailbeat fre-

quency, and therefore swimspeed. Thus,mako sharks canpower

swimming at greater sustained speeds than leopard sharks if their

redmuscle remains above 20�C. Estimates of benthic and pelagic

selachian muscle cycle frequency (which produces peak power)

over the last 250 million years demonstrate that, on average,

pelagic selachians consistently have higher predicted swim

speeds compared to benthic selachians (Figure 3A). Differences

https://commons.wikimedia.org/wiki/Main_Page
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in predicted swimming performance between benthic and pelagic

selachians were pronounced during the early Late Cretaceous

(Figure 3A).

DISCUSSION

We found that selachians were benthic or benthopelagic in

origin and expanded into the pelagic zone during the Early Creta-

ceous (by 122.6 mya) when SSTs were substantially higher than

today. In alignment with the fossil record13,15,16 and previous

studies,17,20 Lamniformes were the first to expand into the

pelagic zone, where they experienced an increase in net diversi-

fication rates.21 Carcharhiniformes were the next group to

expand into the pelagic zone, where they also experienced an in-

crease in net diversification rates.21 These independent expan-

sions occurred during the Cretaceous, and Lamniformes and

Carcharhiniformes to this day contain the overwhelming majority

of the extant pelagic selachians.

Pectoral fins are control surfaces that play critical roles in posi-

tioning and swimming in almost all species of fishes.2,3,22–26 Like

overall body form, pectoral fin morphology is considered to be

closely related to ecology.22,24,25 Pectoral fin aspect ratio is

routinely examined in fishes given its important role in swim-

ming.2,3,22–27 For example, among labrid fishes, species with

higher aspect ratio pectoral fins swim fast whereas species with

lower aspect ratio pectoral fins swim relatively slowly and

frequentlymaneuverwith their pectoral fins.24For the limitedshark

species studied todate, therehasbeennoclearquantitativediffer-

ence in pectoral fin shape among species differing in ecology.28

However, some empirical and theoretical evidence suggested

that benthic selachians have short, rounded (i.e., low aspect ratio)

pectoral fins, whereas pelagic selachians have long and narrow

(i.e., high aspect ratio) pectoral fins.4,14–16,22,26–36

We found evidence for adaptive evolution of pectoral fin

aspect ratio. This suggests that habitat imposes a strong func-

tional demand on pectoral fin morphology. For example, unlike

benthic or benthopelagic selachians that can rest on the sub-

strate, pelagic selachians are obligate ram ventilators that are

constantly moving in the water column,29,30,34,36 which may be

energetically demanding. Thus, the higher pectoral fin aspect ra-

tio selected for in pelagic selachians may be a morphological

adaptation to lower its energetic demands.3,4,29,30,34,36

In addition to higher pectoral fin aspect ratio, we found pelagic

selachians tended to be larger in body size (PCL) compared to

benthic and benthopelagic selachians (Figure 1C). Despite their

considerable body size range, the generally larger body size of

pelagic selachians, which often perform long-distance migrations

and occupy high levels of the marine food web, suggests that

larger body size is a key morphological adaptation for the pelagic

zone.4,36,37 While we did not find an association between aspect

ratio and PCL across all sampled species, we note that larger

pelagic selachians had higher pectoral fin aspect ratio compared

tosmallerpelagic selachians (STARMethods; FigureS1B).Having

a larger body size has several benefits including increased buoy-

ancy, increased energy storage, the ability to travel farther, and

having fewer predators.34,36,38,39 However, moving a larger body

size inwater is energetically demanding,26,40 suggesting that there

might be increased selection for higher pectoral fin aspect ratio

and increased energetic efficiency.3,26,27,33,34
A critical phase in shark evolution
The Barremian to Cenomanian ages appear to be critical

phases in selachian evolution.21 Our phylogenetic comparative

analyses of extant species suggest that selachians had

expanded to open-water habitat regions by the Barremian

and pectoral fin aspect ratio had experienced two major in-

creases prior to the Cenomanian (Figures 1 and 2). The benthic

to benthopelagic origin and the timing of the initial expansion to

the pelagic zone are congruent with the fossil record and previ-

ous phylogenetic reconstructions.13,15–17 Fossilized vertebral

centra indicate that lamniform sharks had reached body sizes

exceeding 6 m in total length by the Albian,41,42 a body size

compatible with pelagic ocean cruisers. The Cenomanian fea-

tures the evolution of the lamniform yCretoxyrhina mantelli,

the Cretaceous analog to the modern great white shark.43

Commonly referred to as the ginsu shark, yCretoxyrhinamantelli

was the apex predator in a fauna that marks a global diversifica-

tion event for actinopterygians and elasmobranchs.21,43,44

This taxonomic diversity peak coincides with high subclade

disparity, which suggests that selachian lineages indepen-

dently evolved similar aspect ratios (Figure 3B). Direct mea-

surements of the aspect ratio in fossils suggest a possible

mismatch between the evolutionary traitgram, which we use

as a visualization but not an analytical tool, and the fossil record.

In the deep parts of the tree, during the Late Jurassic, the ma-

jority of fossils have aspect ratio below the reconstructed

values in the traitgram. The traitgram uses ancestral state re-

constructions based on a BM process, and the computational

approach based on BM favors the reconstruction of average

values near the root. The maximum likelihood root estimate is

similar to a ‘‘weighted average’’ in which the weights are deter-

mined by the topology and branch lengths of the phylogenetic

tree. Given that BM is a stochastic process, one would expect

traits to evolve away from the starting point at the root, roughly

evenly in both directions, toward larger and smaller aspect ratio

values. The low fossil aspect ratio values could potentially mean

that the ancestral state reconstructions in the traitgram are

inaccurate, but two points are worth discussing in this context.

First, ancestral state reconstructions based on extant species

alone come with wide error margins, in particular in the deep

parts of a phylogenetic tree (Figures S2 and S3). While not

necessarily inaccurate, it is important to keep the loose

constraint of the reconstructions in the phenogram in mind.

Second, bias in the fossil data toward low aspect ratio cannot

be excluded. Preservation and sampling bias may partially

have contributed to the predominance of low aspect ratios

among Jurassic fossils. For example, many fossils in our data

come from the Jurassic localities in Southern Germany

(including Solnhofen), which formed in a shallow, restricted ma-

rine environment.14 The fossils from Cretaceous localities in

both Lebanon and theWestern Interior Seaway are from slightly

deeper and less restricted marine environments45,46 compared

to the Jurassic localities in Southern Germany. The fossils from

the Cretaceous localities tended to show higher aspect ratio

compared to the Jurassic localities (Figure S3). The Eocene lo-

calities in Monte Bolca are also regarded as a shallow water

habitat,47 but unlike fossils from the Jurassic in Southern Ger-

many, fossil species with higher pectoral fin aspect ratio were

present (Figure S3). While much remains to be learned about
Current Biology 34, 1–9, June 17, 2024 5
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the fossil record of selachian shark evolution, the currently

available data suggest that aspect ratio >2.5 did not become

common until the ‘‘mid-Cretaceous’’ (Figure 3).

Sea surface temperature, swimming performance, and
pectoral fin evolution
Given temperature has affected shark evolution and diversity

during other periods,21,44,48–51 it is perhaps unsurprising that

we found the ‘‘mid-Cretaceous’’ was an important point for shark

evolution as it was a period with a volatile climate such as ocean

anoxic events and very warm SST.8 For instance, global SST

averaged 23�C during the Late Cretaceous with the CTM or

Cenomanian-Turonian Thermal Maximum representing the

warmest temperature (28.2�C global average SST) that has

occurred in the last 200 million years.8 Subclade disparity ex-

ceeded the BM expectation during the CTM (Figure 3), and the

high SST likely had a profound effect on the swimming perfor-

mance of selachians.

Among ectotherms, warmer temperatures typically lead to in-

creases inmuscle-driven performance.18 Fishes are no exception,

with swim speeds increasing with rising temperature.18,19,40,52,53

For selachians, pelagic species can power swimming at greater

sustained speeds, at temperatures above 20�C, compared to

benthic species.19 While muscle performance data in sharks are

limited to two species,19 such a comparison is worthwhile as

this provides us with a general understanding of shark swimming

performance across time. When taking these limited performance

data into consideration, benthic and pelagic selachians probably

swam at different speeds under the range of temperatures they

experienced for the last 250 million years. We investigated the

history of selachian swim speeds by incorporating previously

published data on muscle performance in sharks.19 Muscle per-

formance data inmako and leopard sharks across a range of tem-

peratures suggest that power output was significantly enhanced

in the pelagic mako shark with temperatures up to 28�C, whereas

power output of the benthic leopard shark muscle declined

slightly at the warmer temperatures.19 Muscle cycle frequency

can be considered a proxy of tailbeat frequency, and therefore

swim speed, and Donley et al.19 found that the mako exhibits

peak power at higher cycle frequencies (2 versus 1 Hz) than leop-

ard sharks if their red muscle remains above 20�C. Extending
these data to the species in our study provided estimates of

benthic and pelagic selachian muscle cycle frequency (that pro-

duces peak power) over the last 250million years (STARMethods)

and demonstrate that pelagic sharks consistently have higher pre-

dicted swim speeds compared to benthic sharks (Figure 3A;

STARMethods). Differences in predicted swimming performance

between benthic and pelagic selachians were pronounced during

the early Late Cretaceous, a period of elevated water tempera-

tures (Figure 3A). Extant pelagic sharks are known to frequently

exploit warmer waters, including those formed anthropogenically,

for thermoregulation and as a strategy to increase swimming per-

formance.54 Although pelagic selachians had greater sustained

speeds compared to benthic selachians, that does not mean

the pelagic selachians could tolerate the extremely warm tropical

waters of the Late Cretaceous. For example, fossil evidence

shows the lamniform shark genus yCardabiodon had an antitrop-

ical distribution,55 suggesting that the Late Cretaceous tropical

waters placed a physiological limit on some species of selachians.
6 Current Biology 34, 1–9, June 17, 2024
Limited studies suggest pelagic selachians swim faster than

benthic selachians, which is likely associated with an increased

cost of transport (COT),27,36,40,56 or the energy expended per

unit body mass for a given distance traveled across varying

speeds.27,36,40,56 A high COT could negatively affect fitness,56,57

so selection likely favored individuals that minimized COT via

morphological changes. Increasing the lift-to-drag ratio of the

pectoral fins by increasing fin aspect ratio is one mecha-

nism.26,27,36 Thus, we hypothesize that an increase in global

SST led to an increase in shark swim speeds due to increased

muscle performance, which, in turn, facilitated the expansion

into the pelagic zone. Once in this new ecological zone, individ-

uals that had higher aspect ratio pectoral fins were likely at an

evolutionary fitness advantage, leading to higher aspect ratio

fins in the pelagic species.

While the increase in SST may have been a key environmental

factor for both the expansion to the pelagic zone and initial in-

crease in aspect ratio subclade disparity, SST alone cannot

explain the continued increased aspect ratio subclade disparity

(Figure 3B). For example, even during the cooling phase over the

last 30 million years aspect ratio subclade disparity remains high

(Figure 3B). This pattern suggests that other factors must be

important for the evolution of pectoral fin aspect ratio. For

example, the continued appearance of coral reefs and changes

in prey type over time have been linked to selachian evolution

and morphological specializations.4,17,58 This interesting para-

digm warrants further research.

Our integrative study suggests temperature was one impor-

tant factor in driving the evolution of selachian ecology and

morphology. COT increases with swim speed, body size, and

temperature, and all three of these are likely impacting the

fitness of pelagic sharks at the maximum SST in the ‘‘mid-Creta-

ceous,’’ jointly driving the selection of both more streamlined

bodies26,27,36 and high pectoral fin aspect ratio. The trifecta of

swim speed, body size, and temperature and its impact on

COT27,36,40,56 may also explain how some pelagic sharks do

not see an increase in aspect ratio—maybe these sharks are

not swimming as fast, or are as large, or are active in cooler wa-

ters. The absence of well-supported selective regime shifts for

higher aspect ratio in the small cookiecutter sharks, the even

smaller Squaliolus laticaudus (spined pygmy shark), and the

slow-moving Rhincodon typus (whale shark) support such an

interpretation. However, we want to clearly point out that other

factors could potentially impact the evolution of pectoral fin

aspect ratio. Our model fitting approach suggests that the

most parameter-rich model explains the data best, and perhaps

this complex model offers the only option that captures the full

variability in the data. Other factors that could impact pectoral

fin aspect ratio evolution might include reef habitats, which are

known to impact carcharhinid diversification,17 feeding ecol-

ogy,58 regional SST differences,59 or different locomotor physi-

ology.29,30 Analyses of these factors are beyond the scope of

this contribution, but we hope that future investigations will

continue to explore the role of biotic and abiotic factors on

shark evolution. Future studies should also expand the investiga-

tion of locomotor and habitat evolution to other groups within

cartilaginous fishes, both living and extinct. For example, hybo-

donts, a taxonomically and ecologically diverse lineage of chon-

drichthyans closely related to selachians, were the dominant
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chondrichthyans throughout the Triassic and Jurassic, living

alongside selachians before they went extinct at the end of the

Cretaceous. During the Cretaceous, hybodonts were largely

restricted to freshwater habitats, interpreted as having been

competitively replaced in marine habitats by selachians.13 Better

locomotor system andmodified jaw suspension have been cited

for the success of selachians,13,60 yet details on locomotor and

feeding biomechanics and their evolutionary pattern are still

wanting. We posit that integrative studies that combine ecome-

chanical61 and ecophysiological approaches to chondrichthyan

macroevolution will improve our understanding of vertebrate ra-

diations in the oceans.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Shark specimens

B Ecological data

B Phylogenetic data

B Temperature data

B Muscle performance data

d METHOD DETAILS

B Measurements and morphological trait data

B Habitat categorization

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Phylogenetic comparative methods

B Estimates of swimming performance

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2024.05.016.

ACKNOWLEDGMENTS

We thank P.L. Jambura for providing images of all fossil museum specimens

used in this study as well as useful discussion on shark paleontology.We thank

K. Shimada for useful discussion on fossil sharks and shark paleontology and a

review of an earlier manuscript draft. Liam Revell helped inform our discussion

of ancestral state reconstructions. We thank M. Dando and A.M. Krak for use-

ful discussion on shark illustrations for measurements. Last, we thank the three

anonymous reviewers as well as the editor for their comments and feedback

that greatly improved the quality of this paper.

AUTHOR CONTRIBUTIONS

P.C.S. and T.E.H. conceptualized the study. P.C.S. collected the data. P.C.S.,

L.S., and T.E.H. performed research. L.S. analyzed the data. P.C.S., L.S., and

T.E.H wrote the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: February 29, 2024

Revised: April 5, 2024

Accepted: May 8, 2024

Published: June 3, 2024
REFERENCES

1. Coates, M. (2003). The evolution of paired fins. Theory Biosci. 122,

266–287.

2. Webb, P.W. (1982). Locomotor patterns in the evolution of Actinopterygian

fishes. Am. Zool. 22, 329–342.

3. Fish, F.E., and Lauder, G.V. (2017). Control surfaces of aquatic verte-

brates: active and passive design and function. J. Exp. Biol. 220,

4351–4363.

4. Compagno, L.J.V. (1990). Alternative life-history strategies of cartilaginous

fishes in time and space. Environ. Biol. Fishes 28, 33–75.

5. Grogan, E.D., Lund, R., andGreenfest-Allen, E. (2012). The origin and early

relationships of early chondrichthyans. In Biology of Sharks and Their

Relatives, Second Edition, J.C. Carrier, J.A. Musick, and M.R. Heithaus,

eds. (CRC Press), pp. 3–30.

6. Maisey, J.G. (2012). What is an ‘elasmobranch’? the impact of paleon-

tology in understanding elasmobranch phylogeny and evolution. J. Fish.

Biol. 80, 918–951.

7. Stein, R.W., Mull, C.G., Kuhn, T.S., Aschliman, N.C., Davidson, L.N.K.,

Joy, J.B., Smith, G.J., Dulvy, N.K., and Mooers, A.O. (2018). Global prior-

ities for conserving the evolutionary history of sharks, rays and chimaeras.

Nat. Ecol. Evol. 2, 288–298.

8. Scotese, C.R., Song, H., Mills, B.J., and van der Meer, D.G. (2021).

Phanerozoic paleotemperatures: the earth’s changing climate during the

last 540 million years. Earth Sci. Rev. 215, 103503.

9. Clavel, J., Escarguel, G., andMerceron, G. (2015). mvMORPH: an R pack-

age for fitting multivariate evolutionary models to morphometric data.

Methods Ecol. Evol. 6, 1311–1319.

10. Uyeda, J.C., and Harmon, L.J. (2014). A novel Bayesian method for infer-

ring and interpreting the dynamics of adaptive landscapes form phyloge-

netic comparative data. Syst. Biol. 63, 902–918.

11. Uyeda, J.C., Eastman, J., and Harmon, L. (2022). bayou: Bayesian Fitting

of Ornstein-Uhlenbeck Models to Phylogenies. R package version 2.2.0

(R Foundation for Statistical Computing).

12. Revell, L.J. (2012). phytools: An R package for phylogenetic comparative

biology (and other things). Methods Ecol. Evol. 3, 217–223.

13. Thies, D., and Reif, W.E. (1985). Phylogeny and evolutionary ecology of

Mesozoic Neoselachii. Neues Jahrb. Geol. Pal€aontol. 169, 333–361.

14. Kriwet, J., and Klug, S. (2004). Late Jurassic selachians (Chondrichthyes,

Elasmobranchii) from southern Germany: re-evaluation on taxonomy and

diversity. Zitteliana A44, 67–95.

15. Vullo, R., Frey, E., Ifrim, C., González González, M.A., Stinnesbeck, E.S.,
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Materials availability
This study did not generate new unique reagents.

Data and code availability

d The full dataset including the list of all species, habitat categorization, body size, and pectoral fin aspect ratios have been

deposited at OSF and are publicly available as of the date of publication. DOI is listed in the key resources table.

d All original code has been deposited at OSF and is publicly available as of the date of publication. DOI is listed in the key re-

sources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Shark specimens
The illustrations of shark species come from Sharks of the World: A Fully Illustrated Guide by Ebert et al.62 Pictures of extinct species

were obtained from specimens housed in the Natural History Museum (NHMUK, London, United Kingdom) or from published

literature.

Ecological data
We obtained all ecological on shark habitats from Sharks of the World: A Complete Guide by Ebert et al.63
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Phylogenetic data
We downloaded a time calibrated molecular phylogeny of sharks from https://vertlife.org/sharktree/.

Temperature data
We obtained all sea surface temperature (SST) data from Scotese et al.8

Muscle performance data
We used shark in vitro muscle data from Donley et al.19

METHOD DETAILS

Measurements and morphological trait data
Aspect Ratio is defined as the ratio of span to chord,26,27 or in the case of fish fins, fin length to area.24–28 We followed themethods of

Hoffmann et al.28 and Sternes andHigham67 aswe used ImageJ tomeasure the pectoral fin length (PFL) and pectoral fin area (PFA) of

each selachian in our dataset (Figure S1A; STARMethods). AR was calculated by PFL2/PFA. In addition, wemeasured the precaudal

length (PCL), total length (TL) as well (Figure S1A). Following the approaches in previous studies15,16,20,68–72 we used the illustrations

of every extant selachian shark species from Sharks of theWorld: A Fully Illustrated Guide by Ebert et al.62 The purpose of the book is

to help readers in identifying sharks and it consists of nearly 500 shark species drawn in lateral view (at a mature stage) except for the

order Squatiniformes which is drawn in dorsal view. Additionally, in this specific field guide, there is a scale bar for each illustration.

Both Sternes and Shimada20 and Siders et al.71 have performed analyses comparing the illustrations from the book to real shark

specimens to test for their accuracy and reliability. No major significant differences between the illustrations and preserved shark

specimens were determined.20,71 As a guidebook, the pectoral fins are pointed ventrally (except Squatiniformes) to aid readers in

comparing the shape of specimens to the illustrations for species identification. Therefore, the complete shape of the pectoral fin

(e.g., area and fin length) are clearly drawn in a planar orientation. Since Squatiniformes are flattened sharks, they are presented

in dorsal view but this still depicts the full pectoral fin shape in a planar view. Finally, we acknowledge there is possible variation

for pectoral fin shape across individuals of a species but all current studies indicate this variation is minor.67,73–75 For fossil species,

we used previously published images and museum specimens and each measurement is presented in Figure S3.

Habitat categorization
Species were coded as one of three habitat types, ‘benthic’, ‘benthopelagic’, or ‘pelagic’ based on their habitat descriptions from

Ebert et al.63We coded each species as ‘benthic’ based on habitat keywords of ‘benthic,’ ‘onmuddy bottom,’ ‘on sediment,’ ‘bottom

on insular continental shelves.’ Species were coded as ‘benthopelagic’ based on the key terms of ‘demersal,’ ‘near bottom,’ or ‘near

continental shelves.’ Species were coded as ‘pelagic’ based on the keywords of ‘pelagic,’ ‘epipelagic,’ ‘bathypelagic,’ ‘open ocean,’

or ‘oceanic’ (note: functionally, water depth is not critical for classification of pelagic).

QUANTIFICATION AND STATISTICAL ANALYSIS

Phylogenetic comparative methods
We performed phylogenetic comparative methods on the basis of a dated taxon-complete tree for chondrichthyans with a pseudo-

posterior distribution of 10,000 fully resolved trees.7 This treewas time-calibrated with treePL, informed by 10 calibration fossils and a

soft bound on the root node of 422 mya. The backbone of our analysis rests on the maximum clade credibility (MCC) tree, but we

accounted for phylogenetic uncertainty as indicated below. The complete R script of our analyses and output is available at

https://doi.org/10.17605/OSF.IO/FKQPU.

We estimated the evolutionary history of preferred habitat with stochastic character mapping76 implemented in the R64 pack-

age ‘‘phytools’’.12 We generated 1,000 trait mappings over the MCC tree with all-different transition rates (ARD), as this transi-

tion model appeared to be best supported in initial computations (Table S1). To test the robustness of the root state estimate,

we iterated the stochastic character mapping over a random sample of 1000 trees from the pseudoposterior distribution, gener-

ating 1000 trait mappings. We assessed the robustness of ancestral state estimates by comparing the proportions of inferred

states.

To illustrate the phylogenetic and overall distribution of data on aspect ratio and PCL, we chose phylogenetic barplots and box-

plots (Figure 1). Given that the patterns of aspect ratio and PCL are similar, we tested if aspect ratio scaled with PCL using phylo-

genetic generalized least-square regressions.77 We assessed the support for different linear models, specifically, a simple, an inter-

cept, and an interaction model for linear fits using both a Brownian motion (BM) and an Ornstein-Uhlenbeck (OU) correlation

structure, implemented in the ‘‘nlme’’ package65,78 for R. The simple model does not allow for differences across habitat groups

and fits a single line to all data. The intercept model fits lines for each habitat group separately, but only the intercept is free to

vary, the slope is forced to be equal for each group. The interaction model, finally, lets all slopes and intercepts vary. AIC scores

and corresponding Akaike weights point to the BM interaction model as the best linear fit (Figure S1C; STAR Methods). P-values

of this linear model reveal that if there is a correlation between aspect ratio and PCL it is only present in pelagic neoselachians. In

addition, the bivariate scatterplot of aspect ratio and PCL illustrates the high variance of aspect ratio for given PCL (Figure S1B).
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We therefore passed on aspect ratio and PCL to additional phylogenetic comparative methods and did not calculate residuals of

aspect ratio.24

To determine the mode of aspect ratio and PCL evolution and test for presence of adaptive signals in the data, we turned to evolu-

tionary model fitting with mvMORPH.9 We iterated the model fitting over a random subsample (N = 100) from the pseudo-posterior

tree distribution and specifically compared the fit of the following models of trait evolution.

(1) BM1, a BM model with a single rate for each trait;

(2) BMM, a BM model that allows different rates for each trait;

(3) EB, a model of trait evolution with initially fast rates that slow over time (early burst model);

(4) OU, an Ornstein-Uhlenbeck model of trait evolution with one selective regime for the whole tree (single peak OU model); and

(5) OUM, an Ornstein-Uhlenbeck model of trait evolution with multiple selective regimes for the tree, corresponding to pre-

defined groups (multi-peak OU model). To test for hypotheses of evolutionary lag, i.e., with one trait trailing another, can

be tested with asymmetrical alpha matrices (diagonal, upper, lower).

We determined the best fitting model via AIC scores and Akaike weights (Figures S1C and S1D). The OUMmodels emerged as the

by far best supported models, yet there were no clear differences between the four OUM versions we tried (OUM, OUM diagonal,

OUM upper, OUM lower). We therefore summarized the results of the basic OUM model (Figures S1E and S1F).

Next, we turned to an agnostic approach to characterize the adaptive landscape of aspect ratio evolution, a Bayesian implemen-

tation of the OU method.10,11 We performed the bayou-analysis for the MCC tree, letting two reversible jump Markov Chain Monte

Carlo (MCMC) simulations run for 6,000,000 generations. We used half-cauchy distributions for a and s2, a conditional Poisson dis-

tribution for the number of shifts (expected number of changes: 10, maximum number of changes: 50), and a normal distribution for q,

centered on the mean of aspect ratio with 1.5 standard deviations. We allowed one regime shift per branch, irrespective of branch

length. After discarding the first 30% as burn-in, we checked whether the two independent MCMC chains had converged on similar

regions in the parameter space with Gelman’s R for log likelihood, s2, and a (Figure S2A), and a bivariate plot of the posterior prob-

abilities for shifts along branches against each other (Figure S2B). If convergence was reached, these posterior probabilities should

fall along a line with a slope of one if convergence is reached. We considered shifts in the selective regime along a branch as well-

supported if their respective posterior probabilities were far outside the main distribution of all probabilities (Figure S2C). With this

approach, we conservatively identified 3 selective regime shifts, and confirmed that these branches received high support when

we performed the bayOU analysis over a random subsample of 10 trees from the pseudo-posterior distribution.

We highlighted the position of these three very strongly supported selective regime shifts within an evolutionary traitgram of aspect

ratio.79 The evolutionary traitgram (Figure 2)79 illustrates the inferred trait history, by plotting a projection of the phylogenetic tree in

the space defined by aspect ratio. Unsurprisingly, the root ancestral state of aspect ratio is reconstructed near the average value of

aspect ratio among extant neoselachians. The ancestral states are estimated by maximum likelihood, employing a BM model (the

simplest evolutionary model), with no prior constraints on the root.

The early Late Cretaceous also emerges as an important time interval when calculating a subclade disparity through time plot80

with the R package ‘‘geiger’’.66 We obtained reproducible result when performing 10,000 simulations, and then iterated the disparity

calculation over 100 random trees. The results from these 100 iterations allowed us to better understand when subclade disparity

began to exceed the subclade disparity expected under a BM model of trait evolution (Figure 3B).

Estimates of swimming performance
We used the in vitromuscle data from Donley et al.19 to estimate the effects of historical changes in water temperature on the swim-

ming performance of benthic and pelagic sharks. To do this, we used their data regarding the cycle frequency that resulted in

maximum muscle power (PPF, or peak power frequency) over a range of temperatures in both mako sharks (Isurus oxyrinchus;

15�C to 28�C) and leopard sharks (Triakis semifasciata; 15�C to 25�C). Cycle frequency can be considered a proxy for tailbeat fre-

quency, and tail beat frequency is correlated with swim speed. We ran linear regressions relating PPF to the temperatures used

in their study, extracted the equations of the lines (Table S1), and then used the historical sea surface temperature data from Scotese

et al.8 to estimate the PPF for each species over time. The equation for mako sharks was PPF = 0.16(temp)-2.24 and the equation for

leopard sharks was PPF = 0.04(temp)+0.02.
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