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Repeated evolution of durophagy
during ichthyosaur radiation after
mass extinction indicated by
hidden dentition
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Olivier Rieppel®, Min Zhou3, Yuan-chao Hu! & Rong Zhang*

Marine tetrapods quickly diversified and were established as marine top predators after the end-
Permian Mass extinction (EPME). Ichthyosaurs were the forerunner of this rapid radiation but

the main drivers of the diversification are poorly understood. Cartorhynchus lenticarpus is a basal
ichthyosauriform with the least degree of aquatic adaptation, holding a key to identifying such a
driver. The unique specimen appeared edentulous based on what was exposed but a CT scanning
revealed that the species indeed had rounded teeth that are nearly perpendicular to the jaw rami, and
thus completely concealed in lateral view. There are three dental rows per jaw ramus, and the root
lacks infoldings of the dentine typical of ichthyopterygians. The well-developed and worn molariform
dentition with three tooth rows supports the previous inference that the specimen is not of a juvenile.
The premaxilla and the corresponding part of the dentary are edentulous. Molariform dentition
evolved three to five times independently within Ichthyosauriformes in the Early and Middle Triassic.
Convergent exploitation of hard-shelled invertebrates by different subclades of ichthyosauriforms likely
fueled the rapid taxonomic diversification of the group after EPME.

Many components of the modern ecosystem emerged in the Triassic, after the EPME. One of them is marine
tetrapods, air-breathing vertebrates that invaded the sea from land, such as marine mammals and reptiles’.
Marine colonization by tetrapods occurred at least 69 times in the past, 27 of which were in the Mesozoic®. A
high concentration of such colonization events is found soon after the EPME in the Early to Middle Triassic,
when multiple lineages of marine tetrapods entered marine environments and radiated quickly to achieve high
taxonomic and ecological diversity’. Some of these lineages gave rise to the iconic marine reptiles of the Jurassic
and Cretaceous, such as ichthyosaurs and plesiosaurs, that occupied niches similar to those of cetaceans and
pinnipeds in the modern sea®. However, it is still unclear what may have fueled this rapid early diversification.

Ichthyosaurs are a group of marine reptiles noted for the evolution of fish-shaped body profiles®. Typical
fish-shaped ichthyosaurs form the clade Parvipelvia, a subclade within Ichthyosauria, which in turn is a part
of Ichthyopterygia® (Fig. 1). The sister group of ichthyopterygians has been ambiguous but it is now likely that
Nasorostra, a recently discovered clade of marine reptiles, is sister to Ichthyopterygia, together belonging to a
lineage called Ichthyosauriformes’. Cartorhynchus lenticarpus was the first nasorostran to be discovered, fol-
lowed by Sclerocormus parviceps”S. Nasorostra are the only ichthyosauriforms to have a combination of features
that are expected in the earliest members of the clade soon after marine invasion, such as the abbreviated snout,
short body trunk, and pachyostotic ribs. However, Nasorostra have been known only for four years based on two
specimens, so our knowledge of the group is still limited. Yet, they are expected to provide information on the
emergence of Ichthyosauriformes because of their basal position within the clade. Additional information on this
clade is clearly needed.
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Figure 1. Ancestral state reconstruction of the posterior tooth crown shape. (a) Likelihood reconstruction. (b)
Parsimony reconstruction. See Methods.

One of the controversies about the basal ecomorphology of ichthyosaurs, dating back to the previous century,
concerns the dentition. It was once believed that rounded posterior teeth are plesiomorphic in this lineage, largely
based on the condition found in Grippia longirostris® that was then believed to be the most basal ichthyosaur, but
later discoveries revealed that some other basal members of the clade had conical teeth while G. longirostris was
not necessarily the most basal ichthyopterygian®!®!1. Of the four-known basal ichthyopterygians from the Early
Triassic, two have rounded posterior teeth and the other two have conical teeth. Ichthyopterygia in this context
accords with the first phylogenetic definition explicitly given to the clade®, i.e., a clade containing all descendants
of the last common ancestor of Utatsusaurus, Grippia, and Ichthyosaurus (Fig. 1). Dental morphology usually
reflects diet and other ecological factors and may provide important information on what fueled the early radia-
tion of marine tetrapods in the Early and Middle Triassic. It is therefore important to understand the evolution of
dentition in early marine reptiles.

Cartorhynchus lenticarpus is known only from a single specimen exposed from the right-dorsal side®. The
mouth is closed, with up to one millimeter of a gap between the upper and lower jaws depending on the location.
No dentition was seen through the gap, so it was initially considered edentulous®. An attempt to remove further
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Figure 2. 3D rendering of the hidden side of the holotype of Cartorhynchus lenticarpus (AGB 6257), revealing
the dentition. (a) Volume rendering using 2d transfer function on the CT slices. (b) Surface mesh rendering
based on Sequential Isosurface Trimming (see Methods). (¢) Same as b with some cranial bones identified.
Abbreviations: a angular; ar, articular; cl, clavicle; co, coronoid; d, dentary; £, frontal; icl, interclavicle; j,

jugal; m, maxilla; n, nasal; p, parietal; pm, premaxilla; po, postorbital; pra, prearticular; prf, prefrontal; ptf,
postfrontal; q, quadrate; qj, quadratojugal; sa, surangular; so, supraoccipital; sp, splenial; sq, squamosal; st,
supratemporal. Scale bar in 1 cm.

matrix through this gap revealed that there was a tooth-like structure, which later turned out to be an isolated
tooth that was not attached to the jaws. The discovery prompted an examination of the hidden left side of the
specimen to test the presence of a dentition. However, the holotype and only known specimen is delicate, so
mechanical preparation from the other side would involve risk of damage. We therefore decided to CT scan this
rare specimen. The purpose of the present paper is to report the anatomical features revealed by CT scanning,
including a unique dentition, and discuss the evolution of tooth morphology and diet in basal ichthyosauriforms
and its bearing on the rapid diversification of the clade after the end-Permian mass extinction.

Results

Preservation. The specimen has severely been compacted to about 7 mm of total thickness. As a result,
boundaries between bones are often unclear in CT images when a bone is preserved on top of another. Unlike the
right side of the skull that is articulated, the left side, which was hidden previously and revealed by CT scanning
for the first time, is disarticulated, although many bones are still located close to the original positions. Thus, it is
likely that the specimen was deposited with the right side facing down and embedded in sediment, while the left
side was exposed for longer and became disarticulated. Some posterior cranial bones are missing, including large
parts of the left angular and surangular and most of the occiput. One possible mandibular element, tentatively
identified as a possible prearticular in Fig. 2b, is found postcranially, overlapping the right clavicle, suggesting dis-
turbance of the left-posterior part of the skull before complete burial.

Tooth orientation and ‘occlusion’.  The most unusual feature of the dentition is the orientation of the
teeth. Unlike in most vertebrates, many teeth are perpendicular to the outer walls of the respective jaw rami,
especially posteriorly (Fig. 3), and therefore completely concealed when viewing the ramus perpendicularly from
its outer side. The tooth orientation in natural posture is more horizontal than vertical (Fig. 3), when it is nearly
vertical in most reptiles. The outer walls of the jaw rami are preserved parallel to the bedding plane, with the teeth
approximately vertical to the plane, i.e., compactional bias is unlikely to alter the orientation of the teeth (see
Discussion).

The most-likely inclination of the mandibular rami is presented in Fig. 3 (see Methods). Because of the pecu-
liar tooth orientation, the maxillary and dentary teeth do not contact each other tip to tip, and instead, ‘occlusion’
occurs between the side walls of the tooth crowns of the maxilla and dentary (see Discussion). This strange ‘occlu-
sion’ is also evidenced by the tooth wear. Both maxillary and dentary teeth have been worn from their sides facing
the corresponding dentition, and the worn maxillary dentition seems to fit into a shallow basin of worn dentary
teeth (Fig. 3b-d). The worn teeth lack the thin wall of dense material on the occlusal side, which had most likely
been worn through ‘occlusion’ (yellow brackets in Fig. 4b,e). The tooth wear is not an artifact of preservational
compaction because the teeth outside of the occlusal area are not worn. The upper and lower teeth do not abut
against each other in their preserved postures, so the wear was formed before the burial.

Tooth morphology and arrangements. A total of 21 teeth are recognized on the right dentary, forming
three rows that are approximately parallel to the jaw margin. There are 10, 7, and 4 teeth, respectively, in the labial,
middle, and lingual rows (Fig. 4b; note that two immature teeth are not showing in this cross section, namely the
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Figure 3. 3D Reconstruction of mandibular posture. (a) Dorsal view of the reconstructed mandible. (b) Medial
view of the reconstructed mandible and maxilla. (c) Medio-ventral view of the dentary and maxillary ‘occlusion.
(d) Same from posterior view. Maxilla is colored in purple. Scale bar is 1 cm.

most posterior tooth of the labial row and the second to the last tooth of the lingual row). The left dentary has 10,
7,and 3 teeth in the labial, middle, and lingual rows, respectively, but the count is less accurate given that they are
not exposed on either side of the specimen. The antepenultimate tooth of the labial row of the right dentary is the
largest, with the maximum crown diameter of 3.13 mm along the horizontal plane and a crown height of 1.65mm,
as measured from CT slices. The teeth in the more labial row are on average larger than those in the more lingual
row, although the difference is minor when excluding the antepenultimate tooth of the labial row. The anterior
part of the dentary, approximately corresponding to the premaxilla in the upper jaw, is edentulous.

The right maxilla has 12 teeth in two rows, and a tooth position belonging to the third row. Seven of the teeth
are in the labial row and 5 in the middle row. The third-row tooth position is located lingual to the middle row
and houses a partly formed tooth crown that is much smaller than the space and tilted about 90 degrees relative
to other tooth crowns. The hidden left maxilla seems to have at least 7 and 3 teeth, respectively, in the labial and
middle rows, and again there seems to be a single tooth in the lingual row.

The tooth crowns are generally rounded, with the crown apex shape ranging from weakly pointed to com-
pletely flattened (Figs. 2 and 4c-e), from anterior to posterior and from lingual to labial within the dentition. Most
tooth crowns have disto-mesially elongated cross-sectional shapes, except for a few posterior teeth along the jaw
margin that are as wide as long in cross-section. All tooth crowns are swollen at least to some extent (Fig. 4c—e),
unlike in more derived ichthyosauriforms where molariform teeth are exclusively found in heterodont dentitions
with conical anterior and molariform posterior teeth. Cross-sectional images also reveal that the tooth crowns are
unusually thin-walled, as judged by the distribution of dense material that at least contains the enamel (Fig. 4a—e).
However, the CT images do not allow clear separation of the dentine from the enamel and the rock matrix, which
may have high density depending on the place probably because of concretion. Also, the gray levels in the images
seem to be driven by artifacts, such as beam hardening and scattering than the actual density of the material, espe-
cially near the boundary of bones and teeth. For example, inside the dense wall, the teeth in Fig. 4c—e are least dense
(i.e., dark) near the crown apex and becomes denser toward the bottom but this change unlikely to reflect biolog-
ical structures. Also, the distributions of the darkest parts are inconsistent across images (compare Fig. 4c with e).
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Figure 4. Sectional images of the 3D volume based on the CT images. (a) Section through the head region
approximately parallel to the bedding plane. (b) A close-up view of the right dentary (below) and maxillary
(middle to above) dentition in a, with a part of the left dentary teeth along the top margin. Dentary tooth rows
are colored, with the labial row in blue, middle row in red, and lingual row in yellow. (c) A cross-section through
the red line labeled c in a, nearly parallel to the longitudinal direction of the dentary teeth. (d) A cross-section
through the red line labeled d in a, nearly parallel to the longitudinal direction of the dentary teeth. (e) A cross-
section through the red line labeled e in a, nearly parallel to the longitudinal direction of the dentary teeth.
Yellow allows point to the constriction between the crown and root. Yellow square brackets indicate the parts of
tooth crowns without the enamel due to tooth wear.

Thus, the “wall” in the current context means the periphery of the teeth with high density. The root is present
in most teeth. Many of the teeth are constricted between the root and crown, even in the largest teeth in the
postero-labial region (yellow arrows in Fig. 4). The root is approximately cylindrical without any fluting or infold-
ings that are typically found in ichthyopterygians.

The dentigerous region is 18.9 mm long in the right dentary and 14.3 mm in the right maxilla. Thus, some
dentary teeth have no corresponding teeth in the upper jaw. These teeth are found in the most anterior part of the
dentary dentition, where the gap between the right and left mandibular rami is narrow. See Discussion.

Relative tooth size and crown shape index. Massare (1987) proposed a combination of two tooth char-
acteristics to divide the feeding guilds of Jurassic and Cretaceous marine reptiles, namely the crown shape index
quantified as the ratio between the height and diameter of the largest tooth crown in the dentition, and the relative
tooth size, measured as the maximum dimension of the largest tooth crown to the skull width'2. These two met-
rics were estimated for the present specimen.

The estimation of the tooth size index involves the skull width, which is ideally measured between the quad-
rates but may be substituted by the width between the lateral sides of the supratemporals in ichthyosauriforms,
where the two values are usually similar to each other. Unfortunately, one each of the quadrate and supratemporal
has been displaced, making direct measurements of the skull width unreliable. However, a half of the skull width
can be measured on the right side of the skull roof that retains its articulation, providing a value of 15.1 mm
between the lateral margin of the supratemporal and the sagittal line, measured perpendicular to the latter. This
results in an estimated skull width of 30.2 mm.

The crown shape index based on the largest dentary tooth is 1.90, placing Cartorhynchus in the crushing guild
characterized by an index value above 1.0. The relative tooth size is about 0.104, again placing Cartorhynchus in
the crushing guild, characterized by values equal to or greater than 0.1.

Jaw symphysis. The tooth orientation and size, together with the morphology of the anterior tip of the den-
tary, make it difficult for the right and left mandibular rami to form a solid symphysis. The teeth occupy much
of the medial surface of the mandible anteriorly, leaving only the very tip of the snout for possible symphyseal
articulation. Yet, the rostral tip of the mandible is slender and curved upward, without a symphyseal surface on
the medial side. Therefore, the jaw symphysis, if any, was weak. The jaw symphysis is also weak in Hupehsuchia'?,
the sister taxon of Ichthyosauriformes, so the weakness in C. lenticarpus is phylogenetically reasonable.
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Cranial morphology. The CT imaging illuminated misidentifications of bone sutures and one misinter-
pretation of morphology in the original description®. The parietal seems to have the parietal ridge and slope'*
based on the CT images. The premaxilla has a short supranasal process that forms the anterior-dorsal margin of
the external naris. Also, the right quadrate, which was thought to underlie the right quadratojugal, seems to have
been dislocated, and most of what was identified as the quadrate is parts of the quadratojugal and squamosal.

Ancestral state reconstruction. Ancestral state reconstruction based on likelihood suggests that common
ancestors along the main lineage of Ichthyosauriformes likely retained conical teeth, and that rounded teeth most
likely evolved five times in ichthyosauriforms (Fig. 1a). The parsimony reconstruction suggests that molariform
teeth evolved three to five times in ichthyosauriforms, and that the common ancestors along the main lineage of
Ichthyopterygia unambiguously retained conical teeth (Fig. 1b).

Discussion

The new data on the dentition and jaw design in Cartorhynchus lenticarpus provides useful information on the
feeding ecology of the species. The presence of rounded teeth implies durophagy, although this does not mean
exclusive feeding on hard-shelled invertebrates; durophagous marine reptiles and mammals consume various
mixtures of hard and soft prey items'>. Some mixture of hard and soft prey is therefore likely for C. lenticarpus too.
Such a diet does not contradict the suction-feeding habit that was previously inferred for C. lenticarpus based on
the co-existence of a robust ceratohyal and short and narrow snout with edentulous tips®. For example, among
extant marine vertebrates, at least some sparid fishes are known to suction feed despite their molariform teeth
and durophagous diet'®. The prey size of C. lenticarpus is inferred to have been small, given that the edentulous
tip of the snout, which is likely used as the opening during suction, is about 6 mm wide. The jaw width at the
point where the first tooth becomes visible in Fig. 3a is about 10 mm. The narrowness relative to the skull width
further supports the inference of suction-feeding because it allows a high degree of pressure concentration along
the skull, as seen in extant suction-feeders!”. No stomach content is available but small thin-shelled bivalves,
together with bivalved-arthropods (Thylacocephala) and small ammonoids, occur abundantly in the strata that
yielded the holotype of the species'®. Also, the first diversification peak of invertebrates, especially bivalves, after
the end-Permian mass extinction was recorded in Chinese strata coinciding with the occurrence of C. lenticarpus
and other oldest ichthyosauromorphs'*%.

The strange tooth orientation and ‘occlusion’ seen in the specimen is enigmatic—the teeth are structurally
strongest when stressed from the tip, not from the side, while high stress is expected when durophages crush
hard-bodied prey?!. There are two possibilities that may reconcile tooth morphology and tooth mechanics,
although neither can explain the positions of the tooth wears. First, if the mandible had been plastically ‘twisted’
during preservational compaction, the dentigerous part of the dentary may have been more horizontal in life.
However, there is no way to test this hypothesis at this point. Second, if the teeth had been supported by hard tis-
sues that oriented them more vertically in life and the tissues were selectively compressed during diagenesis after
elasticity was lost due to the disintegration of collagen, tooth orientation would have been altered. This interpre-
tation would require a substantial mass of porous and compressible hard tissues, possibly resembling the bones
of attachment, to support the teeth. However, there is currently no direct evidence to support this interpretation.

The presence of anterior dentary teeth without corresponding upper teeth is puzzling, given that these anterior
teeth are almost pointing at each other right to left. Considering that the weak jaw symphysis would potentially
allow the two mandibular rami to move relative to each other, it may be tempting to contemplate that the right
and left dentary teeth were used against each other. However, the teeth show no signs of tooth wear unlike the
more posterior teeth that were used against maxillary teeth. Also, the mechanism to allow such jaw movements,
especially muscles, is lacking. Therefore, these teeth were probably not used against other teeth.

Among ichthyopterygians, tooth shape and arrangements that are most similar to those of Cartorhynchus len-
ticarpus are found in Xinminosaurus catactes?, for having multiple tooth rows with rounded crowns posteriorly
in both the upper and lower jaws. To date, X. catactes is the only ichthyopterygian with multiple tooth rows in
the mandible, although it is possible that some other taxa, such as Grippia, may also have the feature—the medial
side of the dentary is poorly known in many taxa. Despite the presence of multiple tooth rows, there is a clear
difference in tooth-size arrangement between C. lenticarpus and X. catactes: labial teeth are large in the former
where the lingual teeth are larger in the latter. Other differences are found in the anterior dentition and the root
morphology-unlike C. lenticarpus, X. catactes has conical anterior teeth that make its dentition heterodont, while
the root has a plicate dentine wall.

The dental morphology of C. lenticarpus partly resembles that of Omphalosaurus®-?° to some extent in that
the teeth are rounded. However, unlike in Omphalosaurus, most teeth have the root and there is only one tooth
per tooth position in C. lenticarpus—Omphalosaurus is known for vertical overlap of teeth without the root. Thin
tooth walls would imply mechanical weakness, which is counter-intuitive given that rounded tooth crowns are
often, although not always, used for crushing hard prey.

Molariform teeth evolved in many vertebrate clades, especially in aquatic environments with a variety of
hard-shelled invertebrate prey but also on land**=*. Of these examples, the best modern analogues for the denti-
tion of Cartorhynchus lenticarpus are found in teleost fishes of the Family Sparidae, whose skull length and tooth
size are comparable to those of C. lenticarpus. Some sparids are known for their molariform oral teeth that are
arranged in multiple rows per jaw ramus'®*!. As with C. lenticarpus, most of the teeth do not protrude beyond the
dentigerous margins of the jaw rami and therefore are largely hidden from external view, although the degree of
concealment is greater in C. lenticarpus. It may be hypothesized that this concealed placement of the teeth reduces
disruption of water movement during suction feeding. Despite the similarities, sparids differ from C. lenticarpus
in a few respects. As in Xinminosaurus, lingual teeth are larger than labial ones, making the tips of the crowns of
different tooth rows more leveled. Also, sparids may have anterior prehensile teeth unlike in C. lenticarpus.

SCIENTIFIC REPORTS |

(2020) 10:7798 | https://doi.org/10.1038/s41598-020-64854-z


https://doi.org/10.1038/s41598-020-64854-z

www.nature.com/scientificreports/

Molariform teeth are usually an ontogenetic feature. Juveniles of relevant species have conical or tricuspid
teeth that become larger and more rounded with growth, sometimes becoming almost flattened in extreme
cases®7%. Such ontogenetic morphological changes are usually associated with dietary shifts*”-*. A few excep-
tions to this rule have been noted in at least two, and possibly three species of lizards and one species of fish, where
larger juveniles already have at least a few molariform teeth’®*2. However, we are not aware of a case where juve-
niles have three or more tooth rows of molariform teeth per oral jaw ramus, or where the labial teeth of juveniles
have already become as large as more lingual teeth as a result of tooth replacement. In species with three rows of
mandibular teeth, tooth rows are added from the lingual side and teeth are replaced with growth, while the teeth
are not yet molariform in small juveniles®"*’. Therefore, it takes time before molariform teeth reach the labial
row and become as large as those in more lingual rows. Given the presence of three tooth rows with large teeth in
the labial row, and that molariform teeth are an adult feature in most cases, it is most likely that the holotype of
Cartorhynchus lenticarpus was not of a juvenile, as previously inferred based on skeletal proportions®.

Convergent evolution of molariform teeth within a clade is not rare among non-mammalian vertebrates. For
example, at least two lineages within monitor lizards (genus Varanus) have molariform teeth in adults, namely an
African lineage including V. niloticus and the Philippine lineage including V. olivaceus*'-**. Durophagy, associated
with oral molariform teeth, evolved ten times independently among moray eels’” and up to seven times among
sparid fishes*. Molariform teeth also repeatedly evolved in the pharyngeal jaws of some fish lineages, such as her-
oine cichlid fishes where it evolved at least six times***>. Our inference that molariform teeth evolved three to five
times in Ichthyosauriformes, whose Linnaean rank is undetermined but should be higher than the Superorder
Ichthyopterygia that it contains®, is therefore not exceptionally high, especially for an aquatic lineage.

The evolution of molariform teeth is most likely correlated with that of durophagy?!-**4”. More than half of
Early and Middle Triassic ichthyosauriform species had at least a few molariform teeth (Fig. 1), so it is likely that
hard-shelled prey formed a substantial proportion of the diet of early ichthyosauriforms. However, it is unlikely
that all of them fed on the same prey type through time. For example, molariform ichthyosauriforms in the
Early Triassic had small teeth as in Cartorhynchus, with the maximum diameter of up to about three millimeters,
while those in the Middle Triassic included species with the maximum tooth diameter exceeding 1 cm?**. Also,
the shape of the occlusal surface of the crown varied from round to ridged in the Middle Triassic**, while Early
Triassic species had uniformly rounded teeth. Therefore, it seems that later ichthyosauriforms consumed larger
and more diverse prey than their predecessors. This matches the known pattern of invertebrate diversification
after the EPME*. It then appears that ichthyosauriforms exploited the changing communities of hard-shelled
prey by repeatedly giving rise to new types of durophages in the Early and Middle Triassic, rather than by a single
durophagous lineage adapting to the changes. Therefore, it is likely that the rapid taxonomic diversification of
ichthyosauriforms after the EPME was at least partly driven by the evolution of hard-shelled prey.

Methods

Specimen. The holotype of Cartorhynchus lenticarpus was used. It is accessioned at the Anhui Geological
Museum under the specimen number AGB 6257. Its field number was MT-II. The first author is in charge of
research at the museum and granted permission to study the specimen himself.

CT scanning. The holotype of Cartorhynchus lenticarpus (AGB 6257) was scanned at the Yinghua testing co.
LTD, Shanghai, China, using 250kV micro CT (V| tome|x s). The specimen was scanned with a beam energy of
180kV and a flux of 150 mA at a detector resolution of 38 pum per pixel. A total of 1200 transmission images were
reconstructed in 1588 slices of 1313 x 720 pixels.

3D rendering from CT slices. We used a combination of Fiji’! (Image] 2.0), 3D Slicer*? 4.8.1, and Meshlab*
2016.12 for 3D surface reconstruction given in Fig. 2a,b through a method that may be called Sequential
Isosurface Trimming. Fiji was used to crop the slices and to apply a weak convolution filter to reduce noises—the
slices suffered from streaks of noises even after the best efforts to remove noise by the scanning facility. Slicer was
then used to produce 20 isosurfaces at different gray levels. The resulting isosurfaces were converted to polygonal
meshes and saved as PLY files, which were then edited in Meshlab to remove noisy areas—noises typically form
linear streaks of random lengths that are parallel to X and Z axes of the original CT images and can readily be
distinguished from the smooth surfaces of bones. The trimmed surfaces were then examined for redundancy, and
when two or more surfaces were redundant, one with the lowest gray level was retained. The remaining trimmed
surfaces were merged and faces with low ambient occlusion (i.e., largely concealed from outside) were removed.

This Sequential Isosurface Trimming approach may not be traditional but we used it because our initial trial
using a standard approach of CT image segmentation, whereby bone boundaries are subjectively determined on
each CT slice to form the basis of 3D reconstruction, turned out to be unfruitful. It was very difficult to segment
bones consistently because of a combination of biases, such as inconsistency of gray levels within and between
slices caused by the high-density matrix, high level of noises, and severe compaction of the fossil that turned
many bones into thin sheets. The resulting 3D images failed to capture many of the small features.

To test whether Sequential Isosurface Trimming led to unintentional elimination of important bone struc-
tures, we also volume-rendered the data in ImageVis 3D** 3.1.0, using the 2D transfer function option for com-
parison. Supplementary Fig. S1 is an example of such a rendered image. After trying different combinations of 2D
transfer functions, we concluded that the surface reconstruction did not lack any significant part of the skeleton
that is present in the CT image slices. The outcome of Sequential Isosurface Trimming is given in Supplementary
Fig. 2.
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3D arrangement of the mandibular rami. The mandible was reconstructed by combining the 3D mesh
of the right mandibular ramus with the mirror image of itself, given that the left ramus is far less complete than
the right. The arrangement of the two was made under the following conditions. First, the mandibular width at
the jaw joint was kept at the skull width reported in Results. Second, the anterior tips of the two mandibular rami
are located as close to the sagittal plane as possible, without diverging laterally—the tips would diverge from the
sagittal plane unless the rami are kept in certain postures because of the strong upward curvature of the mandible.
Third, the two mandibular rami do not overlap with each other. The jaw rami were allowed to incline relative to
the sagittal plane, but it was evident that there was little space for manipulation under these three conditions. For
example, if we try to orient the mandible and maxilla so that their respective teeth point at each other tip-to-tip,
both the maxilla and mandibular rami become nearly horizontal, and the mandibular width would become twice
as large as the skull width estimated above.

Ancestral character state reconstruction. We used a recently published phylogenetic hypothesis of
Ichthyosauromorpha and its associated taxon-character matrix for ancestral state reconstruction®. The matrix
reflects the dental morphology reported in the present study, as well as the latest findings on basal ichthyosau-
romorphs. Dental character states for Sclerocormus parviceps are considered ambiguous given that the species
may have hidden dentition as in C. lenticarpus. The ancestral state reconstruction was performed based on
the strict consensus tree of the most parsimonious trees® using Mesquite 3.51%. Two reconstruction models,
squared-change parsimony* and likelihood models, were used. We only examined character 72, which codes the
posterior tooth crown shape as (0) conical, (1) rounded, or (2) flat. In parsimony reconstruction, the multistate
character was treated as ordered, while the default model of Mesquite was used in likelihood reconstruction.
Because the phylogeny is based on parsimony, the exact branch lengths for likelihood reconstruction is unknown.
Thus, branch lengths were kept uniform across the tree when calculating likelihood reconstruction.

Data availability

All data used in this study are available in Supplementary Material or in cited references.
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