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Elasmobranchii (i.e., sharks, skates, and rays) forms one of the most diverse groups of marine
predators. With a fossil record extending back into the Devonian, several modifications in their body
plan illustrate their body shape diversity through time. The angel sharks, whose fossil record dates
back to the Late Jurassic, some 160 Ma, have a dorsoventrally flattened body, similar to skates and
rays. Fossil skeletons of this group show that the overall morphology was well established earlier in

its history. By examining the skull shape of well-preserved fossil material compared to extant angel
sharks using geometric morphometric methods, within a phylogenetic framework, we were able to
determine the conservative skull shape among angel sharks with a high degree of integration. The
morphospace occupation of extant angel sharks is rather restricted, with extensive overlap. Most of
the differences in skull shape are related to their geographic distribution patterns. We found higher
levels of disparity in extinct forms, but lower ones in extant species. Since angel sharks display a highly
specialized prey capture behaviour, we suggest that the morphological integration and biogeographic
processes are the main drivers of their diversity, which might limit their capacity to display higher
disparities since their origin.

Elasmobranchs (sharks, skates, and rays) represent a lineage of vertebrates with a fossil record extending over
400 million years"? Throughout their evolutionary history, adaptations of feeding mechanisms, behavioural
specializations and ecological distributions are well reflected in their body plan®*. Most modern sharks display
rather conservative overall body shapes’, for most of the pelagic species, and distinguishable from the benthic
species®, also some specific morphological traits like the neurocranium may vary strongly in shape, as seen
in the hammerhead and sawsharks”"'°. Another example of extreme morphology is displayed by angel sharks
(Squatiniformes), which are characterized by highly dorsoventrally compressed bodies similar to batomorphs
(i.e., skates and rays). This similarity caused controversies in their phylogenetic placement'"'?, but their system-
atic position within sharks'*~' and intra-relationships'” are well resolved (Fig. 1). All the 22 living valid species
of the squatiniforms are included in a single genus, Squatina'®*". Living angel sharks can be divided into clades
that follow a biogeographical pattern explained both by vicariant and dispersion events during the last 20 million
years, forming distinct Europe-North African, South African, Asian, Australian, North American and South
American clades'”. More recently, it has been suggested that the species from North and South America can be
differentiated into eastern and western clades?'.

The evolutionary history of angel sharks can be traced back into the Oxfordian (Late Jurassic; 160 Ma), with
several specimens initially assigned to Squatina, but later transferred to the genus tPseudorhina in the family
tPseudorhinidae, ranging from the Oxfordian to the Tithonian??*. Extant members of the order Squatiniformes
have a fossil record that dates back to the Early Cretaceous***. The body plan of Squatiniformes neverthe-
less, arose during the Late Jurassic, based on holomorphic fossil specimens, which remains consistent with
only few changes to date (Fig. 1B,C). Another feature present in some of the holomorphic fossil species is the
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Figure 1. (A) Distribution and phylogeny of extant angel sharks worldwide, the colours correspond to the
clades highlighted in the phylogeny. Phylogeny of the angel shark species, modified from Stelbrink et al.!”
colour code indicates the respective clade, *represents the species used for the present study. (B) Fossil angel
shark tPseudorhina acanthoderma, adult specimen (SMNS 8621441), (C), Holotype X-Ray of Squatina africana
(BMNH1906.11.19.21), modified to fit the figure and downloaded from https://data.nhm.ac.uk/object/15711
224-7ceb-4829-95cb-4286fc14bcad/1591228800000.

neurocranium, which usually is not preserved among cartilaginous fishes. The overall morphology of the dorso-
ventral flattening, the extensive pectoral and pelvic fins, the number of dorsal fins, and the jaw position indicate
a possible similarity in their ecology for both T Pseudorhina and Squatina, suggested to be near-coastal bottom-
dwelling species®. Despite the remarkable features of the body plan of angel sharks, little attention has been paid
to its possible origins as well as other aspects of their biology®®. A previous work on the skeletal morphology of
angel sharks has demonstrated that the neurocranial traits are useful to determine species?. Differences in the
neurocranium are mainly expressed in the shape of the rostral region, which can be anteriorly extended. Because
most of the other external morphological characters and even the dentition tends to be rather conservative, the
taxonomic assignment of fossils to living species remains problematic?*%-%.

Morphological evolution is a process that comprises a series of constraints as well as ecological opportunities
for organisms®"*2. Additionally, the capacity of organisms to evolve can be determined by extrinsic and/or intrin-
sic factors throughout their lifetime and evolutionary history®*-*. Possible phenotypic shapes that a particular
structure can take are limited by various evolutionary constraints that may impose limits to their variability,
like developmental processes, ecological opportunity and/or interactions with other organisms®**-*. Adaptive
radiations are major examples of how morphological evolution can take place in short periods of time, but also in
restricted ranges of distribution’***’. However, morphological disparity does not always match speciation rates,
probably as a result of distinct biogeographic patterns, such as climatic factors limiting distribution ranges*'. A
common trend observed in several studies indicates that some clades initially displayed a larger morphological
disparity, which otherwise became much reduced through their evolutionary history*-*>.
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To understand the shape diversity in the neurocranium of Squatiniformes through time and in a spatial
context, we studied patterns of disparity and morphological evolutionary rate for the group. The goals of this
study are to (1) explore the disparity of both tPseudorhina and Squatina, and among the clades within extant
Squatina (Fig. 1A), (2) observe whether clade arrangement is reflected in morphospace occupation, (3) whether
the neurocranial shape bears a phylogenetic signal for the shape variation, and (4) whether noticeable morpho-
logical evolutionary rate changes occurred or did the neurocranial shape remain constant through time. We
tested whether the neurocranium could be divided into multiple modules to investigate which of these might
contribute to the diversity observed in extant clades, and finally we examined whether the level of integration
among modules restricts morphological evolution. Taken together, this will provide a better understanding of
diversification patterns within this group of unusual sharks.

Results

Neurocranium shape among extant and fossil angel sharks. For the geometric morphometrics
analyses, we divided the sets into one including tPseudorhina acanthoderma and Squatina spp. and another one
for only extant Squatina. Within Squatina the species were divided in European (EUR), African (SAF), North
American (NAM) and South American (SAM) clades. The first analysis with the complete data set shows a clear
separation of the genera (Fig. 2A). The variation explained by the first four principal components is about 65.5%,
with the first and second explaining 51.2%. The morphospace described by the first two principal components
indicates that the negative scores of the PC1 define the position of the nasal capsules and preorbital processes,
which are directed posteriorly and more laterally. In addition, the anterior fontanelle is wider and appears to
be located more anteriorly. Other features include the narrowing of the supraorbital flange, shorter postorbital
processes and a wider occipital region, as displayed by the deformation grid (Fig. 2A).

With respect to the positive scores of PC1, the shape changes are defined by the anterolateral projection of
the preorbital processes, which clusters the specimens belonging to Squatina. The position of the nasal capsule
junction with the rostral processes is also located more anteriorly than the anterior fontanelle, which is also
narrower compared to specimens of TPseudorhina. Overall, the shape is broader anteriorly comprising the nasal
capsules and the anterior fontanelle (Fig. 2A). The supraorbital flange is also broader and the postorbitals are
directed more laterally. Finally, the occipital region shows a narrower configuration. Overall these traits defined
by the PC1 scores cluster the extant angel sharks. Principal component 2 shows changes related to the position
of the supraorbital flange, with no clear separation for any group analysed. On the negative scores, the landmark
position of the supraorbital flanges is located more anteriorly, along with a narrow anterior fontanelle and more
laterally projected preorbitals. The postorbitals are situated more anteriorly. In the positive values, the anterior
fontanelle is broader, and the supraorbital flange is located more posteriorly. Despite the fact that the third and
fourth principal components also explain above 5% of the variation, the morphospaces defined by them show
redundancy, which does not separate clearly the rest of the groups (Supplementary Fig. S1).

Based on this analysis, it was not possible to find axes of variation to separate the extant angel sharks by
clades or species. Thus, we performed another analysis with only the extant Squatina spp. and including more
semilandmarks for the anterior margin of the rostral processes, since this feature is not preserved in the fossil
specimens. Overall, the PCA revealed that the first six PCs explain 71.8% of the total variation. Although the
first two PCs only account for 36.4% of the variation, these are the ones that more clearly separate the clades
in the morphospace, with a marked overlapping of the SAM and SAF clades in the middle (Fig. 2B). The left
side of the morphospace captures a broader anterior fontanelle, shortened rostral processes and the preorbitals
directed slightly ventrally. The supraorbital flanges appear to be more separated from the midline, giving a
broader appearance to the anterior region of the neurocranium. In addition, the otic region appears broader
due to the position of the epiotic crests, which are positioned more laterally compared to the mean shape. On
the right side of the morphospace, the rostral processes appear wider and more separated, while the preorbitals
are pointing perpendicular relative to the antero-posterior axis of the neurocranium. The anterior fontanelle is
narrower and located more posteriorly. The supraorbital flanges are straighter and directed anteriorly, thus the
mid-region of the neurocranium appears narrow. The postorbitals are pointing slightly forward and appear more
elongated. The otic region also appears more slender and the glossopharyngeal base is directed more anteriorly.

The PC2 shows a very similar pattern for the rostral processes, nasal capsules and preorbitals, as in PC1. The
main difference is the anterior fontanelle, which is shorter and narrow in the upper part of the morphospace, and
broader and more posteriorly located in the lower morphospace. The supraorbital flanges are positioned more
anteriorly in the positive values and the postorbitals are directed forward. A noticeable feature is in the occipital
region, where the landmark position shows this neurocranial region is directed posteriorly in the positive scores
of the PC. However, this pattern does not seem to be related to a specific feature of a particular clade. As in the
case of the previous analysis, the rest of the PCs show a redundancy in features, and therefore cannot separate
the groups (Supplementary Fig. S2).

When considering the phylogeny, the phylogenetic signal test is significant for the data set comprising 1 Pseu-
dorhina and only extant Squatina (Kmult=1.4458; p=0.006 and Kmult=0.7313; p=0.0155 respectively). The
phylomorphospace for the set with tPseudorhina shows a clear separation of both genera, and both SAM and
NAM clades are more closely clustered, while S. africana appears to display a different shape of the occipital
region compared to the rest of the species (Fig. 3A). When only extant Squatina spp. are analysed in the phylo-
morphospace, we observe a clear separation of the clades, and despite the significant phylogenetic signal, not
all the clades resemble each other, as shown by the location of S. californica and S. dumeril (Fig. 3B). Among
Squatiniformes, the genus Squatina is overall characterized by the extreme positive scores of PC1, and this is
seen as a single event when plotting the PC1 scores on the phylogeny (Fig. 4). The species exhibiting the most
extreme values are also the most derived ones, comprising both NAM and SAM clades. One important aspect
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Figure 2. Morphospace of the neurocranium for the extant clades and fossil angel sharks (A). Morphospace of
the neurocranium of only the extant clades of angel sharks (B). Deformation grids indicate the minimum and
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to consider, at least for the clade SAM, is that it is paraphyletic, since S. armata is not part of the group in the

tree but is basal to all the American species.

Disparity and evolution rate.
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Since the PCA for extant Squatina displays a geographic pattern for the
clades, we investigated how the shape changes are related to this pattern. Following a Procrustes ANOVA, it
is evident that the clades are important for defining the shape differences (r>=0.20366, p=0.0001). Neverthe-
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Figure 3. Phylomorphospace for the complete data set of angel sharks (A) and extant angel sharks species used
in the study (B). Mean shape configurations for each species are displayed over the tip of the plotted tree.

less, when considering the phylogeny to define the differences between the clades, the pANOVA indicates no
significant differences between the clades (r?=0.23584, p=0.996), in spite of a significant phylogenetic signal.
When analysing the full data set, the TPseudorhina specimens displayed the largest disparity, followed by SAF
and NAM (Fig. 5A). A pairwise test to assess differences shows there are only differences with 1Pseudorhina
compared to the rest. This pattern changes when analysing the extant Squatina spp., where SAF and EUR are the
species with the highest Procrustes variance (Fig. 5B). The pairwise test also shows that EUR is different from
NAM and SAM, but not from SAF. Both SAM and NAM are different from EUR and SAF but do not differ from
each other (Table 1). Likewise, the comparison between species shows that members of related clades are not
significantly different from each other, but species from other clades differ as expected. The rates of morpho-
logical evolution show that the NAM and SAM clades are the ones with the highest values, although this is not
significant (Fig. 5B).

Evolutionary rate of neurocranium modules.  Since the values of the phylogenetic signal were signifi-
cant, we tested for possible patterns of morphological evolution in the different modules of the neurocranium
that could indicate certain regions, which are more changeable among the clades. First, we conducted a modu-
larity test on the partitions of landmarks in the neurocranium, followed by integration test in both data sets.
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Figure 4. Phylogeny of the Squatiniformes analysed and evolution of the neurocranium. The colours of the
branches indicate the shape variation with green towards the shape on the minimum values of the PC1 and in
red the maximum values of PC1.
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Figure 5. Neurocranial morphological disparity and rate of morphological evolution of the set including the
fossil specimens (A) and the data set with the living clades of angel sharks (B).
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ENAA NAM PS SAF SAM
ENAA 0.856 0.001 0.775 0.746
NAM 0.000614421 0.001 0.898 0.539
PS 0.016309606 0.015695186 0.001 0.001
SAF 0.001217229 0.000602809 0.01509238 0.641
SAM 0.000870236 0.001484657 0.01717984 0.002087466

ENAA NAM SAF SAM
ENAA 0.065 0.639 0.001
NAM 0.001668977 0.042 0.142
SAF 0.000562415 0.002231392 0.002
SAM 0.002825327 0.00115635 0.003387742

Table 1. Pairwise comparisons of the sum of variances for the morphological disparity between the extant
clades and the fossil angel shark. Upper triangle of values indicates p value and lower triangle the pairwise
distance between the variance of each group. Bold values in the upper triangle indicate significant differences
at p<0.05.

SR 2 |
/\gg/\ g C O

Mod1 Mod2 Mod3 Mod4 Mod5
Q\ //
W [] Extant Squatina

O TPseudorhina and Squatina

Figure 6. Rate of morphological evolution for selected modules on the neurocranium of the angel sharks,
circles indicate the analysis on the complete data set and squares the dataset with only living angel sharks.
Modules defined after de Carvalho et al.”” Mod1: Rostrum; Mod2: Nasal capsules; Mod3: Orbit; Mod4: Otic
capsules; Mod5: Occipital.

The covariance ratio coefficient (CR) for the fossil and extant data set is CR=0.8496 (p=0.001), which suggest
independence between the modules. Similar results were found in the data set of extant species (CR=0.6699;
p=0.001). The relatively higher CR value in the complete data set suggest that there might be integration in the
modules. Indeed, the integration test for the complete and extant only sets indicates that there is a relatively
stronger integration in the complete data set, the partial least squares correlation (r-PLS) is 0.761 (p=0.001)
compared to the extant data set (r-PLS=0.697; p=0.013). When we compared the evolution rate of each mod-
ule, the rostral region shows the lowest evolutionary rate, while the preorbital in the data set with tPseudorhina
shows the highest value (Fig. 6). Overall, in the dataset containing only extant Squatina, the rate of evolution is
lower and, despite the significant phylogenetic signal, the evolutionary rates for the modules are not significant
(p=0.165). This holds also true for the complete data set (p=1) and can be seen also in the global integration.
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When analysing the dataset including Pseudorhina, and only extant Squatina, the regression slopes (— 0.84823
and — 0.95328, respectively), suggest that the extant species are more integrated than the Late Jurassic squatini-
form.

Discussion

Angel sharks, which show a very consistent dorso-ventrally compressed body plan since their first occurrence
in the fossil record during the Late Jurassic*>***°, apparently have experienced three major radiations* finally
resulting in their current taxonomic diversity and spatial distribution'’”. However, it is still difficult to clearly
differentiate extant angel shark species on the basis of morphological characters, which has led to uncertainty
in species designation®’***". Similarly, many fossil species, which are in most cases based on isolated teeth only,
remain dubious®?>*8, highlighting their highly conserved morphological nature in their dental traits.

Based on our results, the most noticeable differences in neurocranium shape occurred between tPseudorhina
to Squatina, with the extant species displaying a very constrained variation, at least in the four clades we ana-
lysed. When extant species were analysed separately, a pattern emerged in the levels of disparity between each
clade, and geographically close clades displayed non-significant differences. However, this has to be considered
with caution, since other clades of angel sharks (from the West Pacific distribution) might show different levels
of disparity with respect to the overall group disparity. This can be seen in the rostral projections in Squatina
australis, which protrude more anteriorly*®.

Some of the most striking features in the skull of #Pseudorhina are the laterally directed preorbitals and pos-
torbitals, also a wider otic region when compared to that of Squatina spp. These features clearly separate the two
groups in the morphospace. In the morphospace for the extant clades, the shape of the neurocranium becomes
more delimited, showing a pattern related to the biogeographic distribution. The EUR clade shows a broader
anterior fontanelle and narrower rostral projections. Both the SAM and SAF species display an intermediate
phenotype with extensive overlap. In the same way, the differences between both NAM and SAM species are not
significant enough to separate both in morphospace. Regarding the disparity, the SAM clade has the lowest levels
and also more constrained dispersion in the morphospace, while the NAM clade has a slightly larger disparity.
In particular the SAM species have been difficult to distinguish?. However, de Carvalho et al.”” considered traits
like the rostral projections and the anterior fontanelle outline as discrete morphological features suitable for use
in species differentiation. In our study, we found that both of these structures display variation enough only to
separate the analysed clades, but not at species level. One of the most prominent features of the neurocranium of
Squatiniformes are the massive postorbital processes, which in tPseudorhina are slender and in extant Squatina
spp. display a wide variety of forms?*?**”#8, This trait also can be interpreted as a derived feature for modern
angel sharks*®, Despite the wide overlapping shapes in the morphospace, our results revealed that there is a strong
phylogenetic signal when analysing the data set including tPseudorhina. This signal, however, is weaker, but still
significant if only extant species are considered, which might suggest that for extant species other factors may
influence the shape of the neurocranium. Among Squatiniforms, the skull shape can be related to a particular
lifestyle displayed by only a few species in all selachians (i.e. elasmobranchs excluding batoids). Angel sharks are
bottom dwelling ambush predators showing a particular hiding behaviour**°. Similarly, orectolobiform sharks
like wobbegongs (Orectolobidae) are ambush predators displaying flattened bodies, although not as extreme as
in angel sharks, and they even have a specialized pigmentation pattern that relate to their ambush behaviour®'->3.
Some of the features in the neurocranium in common between Orectolobus and Squatina have been described
previously®*®, such as the occipital condyles and basioccipital fovea. The shared features between these two
genera most likely are the result of convergent evolution due to their particular lifestyle.

Based on our results on the phylogenetic signal and ancestral character analysis, we detected that the shape
of the skull in angel sharks displays a tendency to similarity in members of a clade. Nevertheless, when we tried
to analyse the evolutionary rate of the members of the clades, as well as the evolutionary rate of the different
modules of the neurocranium, we were not able to identify any significant differences. Despite the morphological
disparity present in the different clades, the lack of significant evolutionary rates indicates that the skull in angel
sharks is rather canalised. Some explanations were proposed for the lack of morphological change in spite of
speciation, such as phylogenetic niche conservationism®>*’. At first glance it might appear plausible that angel
sharks are not extremely diverse in terms of number of species. However, their fossil record shows that they were
distributed from reef-to open marine habitats*>-*>*%. Overall, angel sharks appear to have had a limited capacity
for diversification, with only two recognized genera so far.

One of the major forces in shaping morphological disparity is the ecological opportunity, and while angel
sharks have been successful to achieve a wide geographical range, they also occupy a restricted zone in the water
column. The range of depth in which extant angel sharks occur ranges from 100 to 1390 m*. Probably fossil angel
sharks were benthopelagic sharks predominantly bound to marginal marine waters similar to the occurrence
of extant members. It is possible that other sources of competition could have constrained the opportunities
for Squatiniformes to diversify, despite the fact that Squatina species are not highly specialised with a restricted
dietary niche. For instance, tProtospinax, which is a speciose, but still problematic shark ranging from the Early
Jurassic to the Late Cretaceous, also displays a highly dorso-ventrally flattened body plan with enlarged pectoral
and pelvic fins similar to angel sharks'>?***8. This body plan, together with presence of teeth that correspond to
the crushing-type, suggests that tProtospinax was a benthopelagic shark feeding on various thin- to hard-shelled
invertebrates. Interestingly, both tProtospinax and tPseudorhina commonly co-occur in the same deposits,
which, together with their very similar body plans, might suggests that both genera had similar lifestyles, occu-
pying closely related ecological niches.

Batomorphs, whose fossil record dates back to the Early Jurassic®*°' apparently witnessed a major adaptive
radiation during the Early Cretaceous®?. Unlike angel sharks, with which they share a dorso-ventrally compressed

60,61
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body plan, batomorphs have been able to colonize a broad variety of marine habitats, ranging from open marine,
offshore to even freshwater environments'®, due to innovations in their jaw suspension®*** and even swimming
mechanisms®>°°,

It has been shown that higher morphological disparity at a clade origin is usually followed by a decrease in
disparity through time***>%, which might be related to stabilizing selection®® and quite often highly specialized
behaviours (prey capture for instance) can lead to limited disparities®®. Our results suggest patterns of higher
disparity in earlier members among angel sharks. The capacity of angel sharks to diversify in shape could also
be a constraint. This means that despite available resources, ecological opportunity, and colonization of novel
environments, these are not noticeably reflected in their morphology. The clear biogeographic pattern for extant
Squatina species, along with their diversification in recent times, can lead to a lack of phenotypic disparity
through geographical isolation due to the similar environments that were colonized®. The data presented here
indicate that the evolutionary rates of the neurocranium in squantiniforms are not significant, which is also
reflected in the high integration pattern, although the neurocranium consists of distinct modules. This is more
evident when considering the global integration results, where the data set for the extant Squatina spp. showed a
higher level of integration than the data including tPseudorhina. A higher integration can lead to a constrained
ability for novel morphologies”. Some of the limitations can come from developmental constraints, in which
processes during embryogenesis can become limited in the possible variation®®”>72. Only one study has docu-
mented the embryonic development in one angel shark species (Squatina californica). From the description it is
possible to conclude that some of the traits that become apparent later in development are the protrusion of the
rostrum and other changes in shape of the head, while the expansion of the pectoral fins and the flattening of the
body develop earlier’?. The body plan in angel sharks is unique among selachians, and this is only shared with
other less diverse groups such as the sawsharks and wobbegongs®. Other groups of sharks like hammerheads
and wobbegongs also display unusual neurocranial shapes, which are related to the sensory system distribu-
tion, which could impose a constraint®’*. Indeed, interactions of the skull and associated sensory tissues during
development suggest a common pattern for such relationships’>7.

Conclusions

Our results indicate that there is a constrained and limited morphological disparity in angel sharks. Certainly, the
phenotypic disparity and morphological evolutionary rate might not be always correlated*”’-7°. The Squatini-
formes, with its single extant genus Squatina, possess a set of morphological and behavioural traits for their
specialized bottom-dwelling ambush predatory lifestyle. The reduced diversity of angel sharks we observe today
might be the result of a combination of the factors described above, which ultimately might have led to a
restricted niche even since the time they diverged from tPseudorhina. The major driver for the morphological
disparity of extant squatiniforms is seemingly only geographic isolation. This is coupled with a higher integration
in the extant species, which might limit the evolution between the neurocranium modules.

Material and methods

Material. The neurocrania of members of the European (EUR) (n=7), African (SAF) (n=3), North Ameri-
can (NAM) (n=12) and South American (SAM) (n=12) clades within Squatiniformes'” were investigated from
published micro-CT scans, published illustrations, museum specimen X-rays, and fossil specimens directly
examined by us (Supplementary Table S1). Specimens of tPseudorhina (PS) (n=5) all belong to tPseudorhina
acanthoderma, which is the only species known to be preserved in dorsal view, providing detailed information
about the shape of the neurocranium. Only these fossil specimens were used for the analysis, because they pro-
duced more reliable placements of landmarks for the downstream analysis. Anatomical nomenclature follows
de Carvalho et al.”.

Geometric morphometrics. Twenty landmarks and seven semilandmarks for the dataset comprising
representatives of the EUR, SAE, NAM, SAM clades, as well as tPseudorhina, were designated to describe the
overall shape of the neurocranium (Fig. 7A) (see Supplementary Table S2). In incompletely preserved speci-
mens of tPseudorhina, the landmark coordinates from missing structures were estimated using the function
estimate.missing in geomorph R package (version 3.1.3%). To examine a possible effect for the deformation due
to taphonomic bias, we evaluated the pattern of asymmetry with a Procrustes ANOVA, the variation between
individuals, variation between the sides, and the interaction term of individuals*sides which reflects fluctuating
asymmetry, from this analysis the individual variation in our sample accounts for a larger proportion than the
asymmetry. We then evaluated if the asymmetric component would have an effect on the clades, and compared
it to the model without asymmetry, from this test we observed that the asymmetric component has a weak effect
on the clades as most of the individuals (including the fossils) display asymmetry (Supplementary Table S3).
Since the anterior rostral processes are not preserved in any of the available fossil specimens, another landmark
configuration including 21 semilandmarks was established for extant Squatina spp. to include the most anterior
margin of the rostral processes and nasal capsules region (Fig. 7B). The coordinates were captured with the
software tpsDig2 (version 2.31%!). Once the missing landmarks were estimated, they were subjected to a general-
ized Procrustes analysis to reduce differences in size, orientation, and position®, the semilandmarks were slid to
reduce the bending energy®. The mean shape for each clade and species was also estimated. A Principal compo-
nent Analysis (PCA) was performed to observe the shape variation in the morphospace for each clade. The mean
values of each species were plotted on a phylogeny with the plotGMPhyloMorphospace function to visualize the
relationship of shape to the phylogeny of the species analysed. Size can account for the individual shape vari-
ation due to the effect of ontogeny, but we found that the log transformed centroid size effect was r*=0.04446
and not significant (P=0.1031). Consequently, we did not consider size for further analysis. To evaluate if the
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Figure 7. Dorsal view drawings of the neurocranium morphology of Pseudorhina and Squatina. Landmark
configuration on the neurocranium for the data set including tPseudorhina acanthoderma (A). Landmark
configuration on the neurocranium for the data set including only the extant species of Squatina (B). Definitions
of the landmarks are detailed in Supplementary Table S1. AF anterior fontanelle, EC epiotic crest, GB
glossopharyngeal base, LPOP lower postorbital process, NC nasal capsules, OC occipital, PEP preorbital process,
SF supraorbital flange, RP rostral projections, UPOP upper postorbital process. Colours indicate the partitions of
the modules.

neurocranial shape differs between clades, we used a permutational ANOVA followed by a pairwise test of the
Procrustes distances variance between clades and species. A phylogenetically informed ANOVA (pANOVA) was
performed to test the effect of the clade on the neurocranium shape of extant Squatina spp. The sum of variances
was estimated with the function morphol.disparity and it was used to assess the level of disparity for each clade®.

Phylogenetic signal. We used the molecular phylogeny of Stelbrink et al.'” and pruned the tree with the
package phytools® to include only the species we analysed to examine how shape variation is reflected on the
phylogeny. We estimated the position of tPseudorhina with the function locate.yeti from the aggregated mean
values of the species, after a PCA with the landmark coordinates. The resulting tree was re-rooted to tPseudor-
hina in FigTree (version 1.4.4%). Finally, we calibrated the tree with the function chronos using the package ape
(version 5.3%). Another tree was used with only extant species of Squatina for further analyses. The multivariate
K-value (Kmult)® was used to estimate how closely related species within recent clades of Squatina resemble
each other. We considered a K-value > 1 as an indicator of strong phylogenetic signal and considered significant
at a=0.01.

Rate of morphological evolution. The landmark configurations were subject to subdivisions reflecting
possible hypotheses of modularity, i.e. low covariation between subsets of landmarks®. The module partitions
are as follows: rostrum, nasal capsules and optic, otic and occipital regions. All the configurations were esti-
mated from the partitions displayed in Fig. 7, and the partitions subject to modularity and integration tests in
geomorph with 999 iterations. Additional hypotheses of modules arrangements were tested to reflect possible
associations with, for instance embryonic origin of the cartilage, however these resulted as significant as the final
one presented here (Supplementary Table S4). To compare the rate of morphological evolution in the clades
and also in the module partitions under a Brownian motion model, the functions compare.mult.evol.rates and
compare.evol.rates were used. Finally, we estimated the global integration for the two landmark data sets to infer
possible patterns of integration in the neurocranium. This procedure estimates the regression slope of the log of
the variance of partial warps against the log of the bending energies®. The slopes are used to estimate the integra-
tion, with values greater than — 1 suggesting global integration.

Data availability

All specimens are deposited in collections publicly accessible, indicated in Supplementary Table S1
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