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Abstract Choristoderes were an important clade of semi-aquatic predators that occupied
Laurasian freshwater ecosystems from the Middle Jurassic to the Miocene. During the Early
Cretaceous, the neochoristodere lineage evolved large size and long snouts, converging on
the body plan of modern crocodilians. Here, we describe a new longirostrine choristodere,
Mengshanosaurus minimus gen. et sp. nov. from the Lower Cretaceous Mengyin Formation of
Shandong Province, China. The holotype is the smallest reported neochoristodere individual, with
a skull length of only 35 mm. The poorly ossified braincase, along with retention of a fontanel
at the frontal-parietal suture, indicates this individual was a juvenile. Phylogenetic analyses
recovered Mengshanosaurus as a neochoristodere, a placement supported by the presence of
a single narial opening, fusion of the nasals, and expansion of the temporal fenestrae. In the
Neochoristodera, Mengshanosaurus is sister to a clade consisting of lkechosaurus, Tchoiria,
Simoedosaurus, and Champsosaurus. It differs from other neochoristoderes in having the
lacrimal foramen between the prefrontal and lacrimal, in addition to having large vomerine teeth
(exceeding one-third the width of corresponding maxillary teeth). The closely arranged marginal
teeth and large vomerine teeth suggest juvenile choristoderes may have fed on invertebrates and
insects, similar to juveniles of modern crocodilians. However, the observation that very young
neochoristoderes had similar skull proportions and marginal tooth shapes to adults, along with
features suggesting a more fully aquatic ecology, suggest that neochoristoderes exhibited less
pronounced ontogenetic niche shifts than modern crocodilians.
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1 Introduction

Choristodera were diapsid reptiles that inhabited lakes and rivers across the Laurasia
from the Late Jurassic to the Miocene (Matsumoto and Evans, 2010). Despite being relatively
species poor, they evolved into a wide range of ecomorphotypes. A number of brevirostrine
choristoderes range from the size of small lizards to caimans, spanning the full temporal range
of the clade (Evans, 1990; Evans and Klembara, 2005; Gao and Fox, 2005; Gao and Li, 2007).
Hyphalosauridae, a clade of long-necked choristoderes with a small skull and streamlined body,
loosely resembled miniature plesiosaurs and were endemic to the Early Cretaceous lakes of
Asia (Evans and Manabe, 1999; Gao et al., 1999). Finally, the longirostrine Neochoristodera
overlapped in size with modern crocodilians and were common in the Early Cretaceous of Asia
and the Late Cretaceous and Paleocene of North America and Europe (Brown, 1905; Russell,
1956; Erickson, 1972; 1987; Efimov, 1975; Sigogneau-Russell and Russell, 1978; Sigogneau-
Russell, 1981; Gao and Fox, 1998; Liu, 2004; Ksepka et al., 2005; Matsumoto et al., 2015). Aside
from their characteristic elongate snouts, neochoristoderes are united by derived features including
confluent nares and posteriorly flared temporal fenestrae (Evans and Hecht, 1993; Gao and Fox,
1998). Their relative abundance in many freshwater environments, coupled with their large size
and strong jaws, suggests neochoristoderes were major predators and potential competitors of
crocodylomorphs in the Mesozoic freshwater ecosystems (Matsumoto and Evans, 2016).

Northeast Asia was a center of diversity for choristoderes in the Early Cretaceous. All
three morphotypes (brevirostrine, long-necked, and longirostrine) are abundantly represented,
especially in the Jehol Biota (Gao et al., 1999; Lii et al., 1999; Liu, 2004; Gao and Fox, 2005;
Dong et al., 2020). The Jehol also provides spectacular specimens of juvenile choristoderes.
Brevirostrine forms are represented by both adults and juveniles, including an adult
Philydrosaurus preserved adjacent to six juveniles apparently under its parental care (Lii et al.,
2015) and an adult Monjurosuchus with several small skulls representing either near-term fetal
individuals or the unfortunate victims of cannibalism (Wang et al., 2005). The long-necked
Hyphalosaurus is one of the most abundant vertebrates in the Jehol Biota. Juveniles greatly
outnumber adults, and several examples of well-preserved embryos have even been reported
(Ji et al., 2006; Gao and Ksepka, 2008; Hou et al., 2010; Lii et al., 2015). Until now, however,
no early juvenile neochoristodere specimens have been reported. lkechosaurus is relatively
common in the Jehol Biota, but most specimens are adults or relatively large subadults
(Brinkman and Dong, 1993; Liu, 2004). The absence of early juvenile specimens longirostrine
choristoderes, has hindered our understanding about the early developmental stages of these
crocodilian-like species (Brinkman and Dong, 1993).

Here, we report a new longirostrine choristodere from the Lower Cretaceous of
Shandong, China, discovered from a new locality to the south of Liaoning and Nei Mongol
(Fig. 1A). This locality represents the southern-most occurrence of choristoderes in Asia
(Matsumoto et al., 2015; Fig. 1C). The new specimen is a tiny, delicate, and nearly complete
skull measuring 35 mm (Fig. 1B).
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Fig. 1 A new choristodere specimen from Shandong Province
A. map of the fossil locality in Shandong, China; B. photos of the new specimen IVPG-T002 in dorsal (left)
and ventral (right) views; C. paleogeographic map of Asia in the Early Cretaceous (not to scale),
modified from Matsumoto et al. (2015), red triangle represents the fossil locality
Abbreviations: EUR. Europe; INC. Indo-China; J. Japan; K. Korea; KAZ. Kazakhstan; MON. Mongolia;
NCB. North China Block; SCB. South China Block; SH. Shan Thai; SIB. Siberia

2 Materials and methods

The new specimen (IVPG-T002) was collected from Ningjiagou village, near Xintai
City, Shandong Province (Fig. 1A). The skull was extracted from a large block of sandstone
containing two different turtle fossils that have been identified as Ordosemys leios and Sinemys
lens (see Li et al. 2019). Technical preparation of the specimen exposed the mandibles and part
of the palate. The specimen was then scanned using high-resolution computed tomography
(HRCT) with a spatial resolution of 7.52 pm. Image processing and three-dimensional
reconstructions were completed using VGSTUDIO MAX 3.3.

3 Systematic paleontology

Diapsida Osborn, 1903
Choristodera Cope, 1876
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Neochoristodera Evans & Hecht, 1993

Mengshanosaurus minimus gen. et sp. nov.

Etymology ‘“Mengshan”, name of the highest mountain in the region of the type locality,
and “minimus”, Latin for smallest, as the type specimen is the smallest neochoristodere
currently known.

Holotype IVPG-T002, nearly complete skull preserved in greenish-gray sandstone
matrix (Fig. 1B).

Type locality and horizon North of Ningjiagou village, Xintai, Shandong Province of
China; Lower Cretaceous Mengyin Formation (Li et al., 2019; Fig. 1), Berriasian-Valanginian
in age (Xu and Li, 2015).

Diagnosis Mengshanosaurus minimus differs from other neochoristoderes in the
conformation of the lacrimal foramen as a large opening between the prefrontal and lacrimal.
Differs from Champsosaurus in a large lacrimal (greatly reduced in Champsosaurus),
and fusion of the postorbital and postfrontal. Differs from Tchoiria, lkechosaurus, and
Simoedosaurus in placement of the craniomandibular joint anterior to the occipital condyle.
Differs from the condition in Simoedosaurus and lkechosaurus in the parietal articulating
with the squamosal at the posterior half of the supratemporal fenestra and the frontals clearly
widen posteriorly. Differs from Simoedosaurus in a well-developed postorbital process of the
jugal and the interpterygoid vacuity located at the level of the suborbital fenestra. Differs from

lkechosaurus in a smooth U-shaped anterior margin of the parasphenoid.

4 Description

The skull and mandibles of IVPG-T002 are preserved in articulation with little distortion.
Technical preparation has exposed the ventral surface of the mandibles, the poorly preserved
braincase, and the posterior part of the palate. The skull roof, anterior part of the palate, and
most of the mandibles remain embedded in the matrix and therefore the descriptions of these
regions are based primarily on the CT data (Fig. 2). The type specimen is clearly a juvenile
based on the very small size and incompletely ossified braincase. The opening at the frontal-
parietal contact in particular appears to represent damage along the margins of a fontanel.

The elongate snout and large flared temporal fenestrae give the skull the characteristic
appearance that makes neochoristoderes instantly recognizable. The snout of IVPG-T002
accounts for approximately half of overall skull length, similar in overall shape to the snout
of lkechosaurus and Tchoiria (Brinkman and Dong, 1993; Liu, 2004; Skutschas and Efimov,
2015). Champsosaurus displays a more elongated snout (Brown, 1905; Gao and Fox, 1998;
Dudgeon et al., 2020a), while that of Simoedosaurus is blunter (Sigogneau-Russell and
Russell, 1978; Erickson, 1987).

The premaxilla bears four or five teeth, the number being uncertain due to damage in the
region of the premaxilla-maxilla contact. The rounded anterior margins and slightly constricted
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lateral margins of the left and right premaxilla give the snout a modestly bulbous tip. As in
other neochoristoderes, there is a single confluent narial opening located at the terminus of the
snout, which is considered an adaptation to “snorkeling” in freshwater environments (Erickson,
1985). The presence or absence of an incisive foramen cannot be determined due to damage on
the ventral margin of the premaxillae. The nasals are completely fused into a single element,
which intervenes between the premaxillae and maxillae. Only a short segment of the anterior
portion of the nasal can be identified, so the nature of the articulation between nasal and
prefrontals cannot be determined.

The maxillae resemble those of other neochoristoderes in being dorsoventrally flat, with
the dorsal process of the maxilla strongly inrolled towards the midline of the skull. Due to
lateral compression in the snout region, the maxillae appear to meet medially. However, in
life, they would have been separated by the nasal, which appears to have been crushed inward
by deformation. In the preorbital region, the medial margin of the maxilla contacts the nasal,
prefrontal, and lacrimal. Ventrally, the maxilla contacts the premaxilla, vomer, and palatine,
and together with the ectopterygoid forms the lateral margin of the suborbital fenestra. A total
of 38 or 39 maxillary tooth positions can be observed. The tooth bases are slightly expanded
mediolaterally, but they are more circular than those of lkechosaurus (Brinkman and Dong,
1993). In the coronal CT slices, a bony element intervenes between the ventral processes of the
maxillae, but it cannot be determined with certainty whether this represents the internarial as in

Champsosaurus.

fontz\mel

Fig. 2 Holotype of Mengshanosaurus minimus (IVPG-T002) from Xintai, Shandong
CT model (A, C) and line drawing (B, D) of the skull in dorsal (A, B) and ventral (C, D) views
Abbreviations: bo. basioccipital; cod. mandibular condyle; ect. ectopterygoid; ex n. external naris;
exo. exoccipital; f. frontal; ipt v. interpterygoid vacuity; j. jugal; la. lacrimal; m. maxilla;
n. nasal; p. parietal; pbsh. parabasisphenoid; pl. palatine; pmx. premaxilla; pof. postorbitofrontal;
prf. prefrontal; pt. pterygoid; q. quadrate; qj. quadratojugal; so. supraoccipital; sof. suborbital fenestra;
sq. squamosal; v. vomer. Scale bars = 5 mm
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The subtriangular lacrimal forms much of the anterior border of the orbit. Most of the
lacrimal duct is surrounded by the lacrimal, but its posterior exit — the lacrimal foramen —
opens between the prefrontal and lacrimal in the anterior wall of the orbit (Fig. 3). The lacrimal
foramen opens between the lacrimal, prefrontal, and palatine in other neochoristoderes, with
smaller additional foramina piercing the lacrimal in some species (Ksepka et al., 2005).
In Coeruleodraco jurassicus the lacrimal duct opens between the prefrontal and lacrimal
with no participation of the palatine (Matsumoto et al., 2019), while in Monjurosuchus and
Philydrosaurus the lacrimal duct is fully enclosed in the lacrimal (Gao and Fox, 2005; Gao and
Li, 2007).

Fig. 3 The lacrimal foramen of Mengshanosaurus minimus (IVPG-T002) from Xintai, Shandong
A. three-dimensional reconstruction of the anterior margin of the left orbit; B. two-dimensional CT slice
through the anterior margin of left orbit. The red arrows mark the lacrimal foramen
Abbreviations see Fig. 2. Scale bars = 1 mm

The jugal forms the lateral border of orbit. Anteriorly, it tapers to contact the maxilla in
a long suture. Posteriorly, it articulates with the quadratojugal and forms the ventral margin of
the infratemporal fenestra. The jugal has a moderately developed dorsal process, similar to that
in Tchoiria and Champsosaurus and unlike the small and dorsoventrally low dorsal process in
Simoedosaurus (Erickson, 1987).

The prefrontals meet along the midline of the skull throughout most of their length, as
in all other choristoderes. Posteriorly, the prefrontals extend to about the mid-level of the
orbit and form a narrow interorbital bar with the frontal. The orbits are dorsally oriented
and relatively larger than that of adult neochoristoderes, which is likely a result of early
ontogenetic stage. Posterior to the orbits, the temporal fenestrae are greatly expanded, with the
supratemporal fenestra located slightly posterior to the infratemporal fenestra.

The frontals taper between the prefrontals anteriorly and share a long suture with the
postorbitofrontal laterally. The frontals clearly widen posteriorly, though their posterior
margins are incomplete at the contact with the parietals. In contrast, the frontals of
lkechosaurus sunailinae are wider anteriorly, and those of Simoedosaurus are rectangular
(Erickson, 1987; Brinkman and Dong, 1993). The frontals of Champsosaurus are widest in the
middle and become narrower anteriorly and posteriorly (Dudgeon et al., 2020a). The frontals
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of Mengshanosaurus minimus have straight lateral margins, resembling other neochoristoderes
and differing from the hour-glass shaped frontals of Monjurosuchus and Philydrosaurus (Gao
and Fox, 2005; Gao and Li, 2007; Gao et al., 2007, 2013).

The paired parietals form the posterior skull roof and the lateral wall of the braincase.
The parietal meets with the squamosal at the medial margin of the supratemporal fenestra.
The posterior processes of the parietals extend to the posterior half of the fenestra, differing
from the condition in Simoedosaurus and lkechosaurus where the parietal articulates with the
squamosal at the mid-level of the supratemporal fenestra (Sigogneau-Russell and Russell,
1978; Erickson, 1987; Brinkman and Dong, 1993; Liu, 2004). The ventrolateral downgrowths
of the parietals cannot be discerned in the CT data.

The fused postorbitofrontal forms the lateral margin of the orbit, as in Simoedosaurus,
Ichoiria, and lkechosaurus sunailinae. Champsosaurus and lkechosaurus pijiagouensis retain
a separate postorbital and postfrontal, which resembles the condition in non-neochoristoderes
such as Philydrosaurus (Liu, 2004; Gao and Fox, 1998, 2005). Along its medial margin, the
postorbitofrontal shares a long suture with the frontal and a short contact with the parietal. The
postorbitofrontal forms the anterior margin of the supratemporal fenestra, and its posterior
process extends to the mid-point of the supratemporal bar. Ventrally, the postorbitofrontal is
bounded by the jugal and ectopterygoid.

The squamosal forms the lateral and posterior margins of the flared temporal fenestrae
with three distinct processes. The dorsal process contacts the postorbitofrontal and forms the
posterior part of the supratemporal bar. The medial process articulates with the parietal, but its
anterior tip is limited to the posterior half of the supratemporal fenestra. The ventral process
articulates with the quadratojugal at the posterior margin of the infratemporal fenestra. In
ventral view, the squamosal is crushed in the region where it articulates with the quadrate. The
neomorph cannot be identified in the CT data.

The palatal region and braincase are badly crushed, although the incomplete vomers,
palatines, pterygoids, quadrates, and the ventral part of the braincase can be observed with a
few diagnostic features. The vomers are paired, sub-triangular, and sutured along the midline.
Only the anterior portions of the vomers are preserved, including 4 teeth on the right vomer
and 2 teeth on the left (Fig. 4). Similar to the vomers, the palatines are subtriangular, and
they are sutured with the maxilla along the lateral margins. The left palatine bears 3 intact
teeth, whereas none are preserved on the right palatine. The palatal teeth of Mengshanosaurus
minimus are relatively much larger than those in other neochoristoderes, with each vomerine
tooth average about one-third (range 26%—37%) the width of the maxillary teeth at the same
antero-posterior level (Fig. 4). In comparison, the vomerine teeth of other neochoristoderes
are proportionally smaller compared to the maxillary teeth, averaging 16% in lkechosaurus
sunailinae, 13% in Tchoiria klauseni, and 19% in Champsosaurus lindoei (Table 1). We note
that due to the lack of young juvenile specimens of other neochoristoderes, it remains uncertain

whether the relative sizes of the marginal and palatal teeth change over ontogeny.
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Table 1 Measurements of vomerine and maxillary teeth in the same cross section (mm)

Vom(‘a;;gfhtooth Maxg)\l/?ghtooth Proportion
Mengshanosaurus minimus V1 0.26 0.70 0.37
(IVPG-T002) V2 0.20* 073 0.27
V3 0.19% ' 0.26
V4 0.22 0.64 0.34
Average proportion 0.31
Tchoiria klauseni Vi1 1.40 9.99 0.14
(IGM 1/8) V2 1.03 9.32 0.11
Average proportion 0.13
Champsosaurus lindoei Vi 0.65 4.25 0.15
(CMN 8920) V2 0.77 3.54 0.22
Average proportion 0.19
Tkechosaurus sunailinae Vi1 0.38 2.40 0.16
(IVPPV 9611-3) V2 0.33 2.30 0.15
Average proportion 0.16

* Two vomerine teeth approximately arranged in a row correspond to the same marginal tooth.

Fig. 4 Size comparisons between the palatal and marginal teeth
of Mengshanosaurus minimus (IVPG-T002) from Xintai, Shandong
A. line drawing of the skull in ventral view (not to scale); B—D. the palatal teeth (white arrows) and the
maxillary teeth and tooth sockets (red arrows) in the same coronal plane. Scale bars = 1 mm

The posterior ends of the pterygoids are preserved, with the intact medial margins
forming the borders of an elongate and roughly oval interpterygoid vacuity. This vacuity is
located posterior to the suborbital fenestra in Simoedosaurus (Sigogneau-Russell and Russell,
1978; Erickson, 1987). In lkechosaurus, Tchoiria, and Champsosaurus, the anterior margin of
the interpterygoid vacuity extends to the level of the suborbital fenestra (Brinkman and Dong,
1993; Skutschas and Efimov, 2015; Dudgeon et al., 2020a). The vacuity of Mengshanosaurus
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minimus resembles that of Tchoiria namsarai in having a smooth U-shaped posterior margin
formed by the parasphenoid (Skutschas and Efimov, 2015). This differs from the condition
in lkechosaurus sunailinae, where the parasphenoid has an elongate basisphenoid process
(Brinkman and Dong, 1993).

The quadrates are well-preserved on both sides, although their sutures with the squamosal
are damaged. On the ventral surface, its articulation surface with the mandible extends
mediolaterally, and it is located anterior to the occipital condyle (Fig. 5F). In Champsosaurus,
the craniomandibular joint is anterior to the occipital condyle (Fig. 5D). In Tchoiria namsarai,
the same joint is posterior to the occipital condyle (Fig. SE). In juvenile and subadult
specimens of Ikechosaurus sunailinae, the craniomandibular joint and the occipital condyle are
at the same level (Fig. 5B, C).

The mandibles are preserved in articulation with the skull, with only slight distortion.
As in other neochoristoderes, the slender mandibular ramus has a long tooth row extending
through 67% of its overall length. The mandibular symphysis is formed solely by the dentaries,
excluding the splenial from its sutural surface, resembling the condition in Simoedosaurus
lemoinei (Sigogneau-Russell and Russell, 1978). In Tchoiria (Ksepka et al., 2005),
Ikechosaurus (Brinkman and Dong, 1993) and Simoedosaurus dakotensis (Erickson, 1987), the
anterior tip of the splenial meets with the symphysis. In Champsosaurus, the splenial extends
into the symphysis (Gao and Fox, 1998; Dudgeon et al., 2020a).

A

Fig. 5 Relative position between the occipital condyle and the jaw articulation among neochoristoderes
A. areconstructed skull of neochoristoderes denoting the position of the craniomandibular joint (red circle)
B, C. lkechosaurus sunailinae: B. IVPP V 9611-3, C. IVPP V 9611-1, juvenile;

D. Champsosaurus lindoei (CMN 8920); E. Tchoiria namsarai (PIN 3386/1, modified from Skutschas and
Efimov, 2015); F. Mengshanosaurus minimus (IVPG-T002). The dashed lines indicate the position of the
craniomandibular joint, and the red arrows denote the occipital condyle
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As in other choristoderes, the marginal teeth of Mengshanosaurus minimus are set in
shallow sockets aligned in a longitudinal groove. The teeth are conical and sharp, and enamel
infoldings are present at the bases of the larger teeth. Such basal infoldings are present in
all neochoristoderes (Matsumoto and Evans, 2016). Mengshanosaurus minimus has 42—43
identifiable tooth positions in the upper jaw and 45 in the lower jaw (Table 2). lkechosaurus
and Tchoiria have more than 60 marginal teeth (Brinkman and Dong, 1993; Skutschas and
Efimov, 2015; Table 2) whereas Champsosaurus has fewer than 50 marginal teeth (Table 2).
Fossils of juvenile neochoristoderes are extremely rare. At least between the juvenile and
subadult stages in lkechosaurus sunailinae there is little if any variation in tooth count: a
juvenile 1. sunailinae (IVPP V 9611-1) shows 68 upper marginal teeth while a subadult of the
same species (IVPP V 9611-3) has an estimated lower marginal tooth number of 64 (Table 2).

Palatal teeth are present along the vomer and palatine, but none can be observed on the
preserved part of the pterygoid. The large palatine teeth are arranged in a row, similar to those
in Champsosaurus (Dudgeon et al., 2020a), but unlike the tooth patches covering the palatine
of Ikechosaurus and Tchoiria (Brinkman and Dong, 1993; Ksepka et al., 2005).

Table 2 Tooth count from several specimens of neochoristoderes

Upper tooth . . Lower tooth  Mandibular Posterior to the
Premaxilla Maxilla . . .
row row symphysis  mandibular symphysis
Ikechosaurus sunailinae
(IVPP V 9611-1) 68 4 64 ~70 ~22 ~48
lkechosaurus sunailinae « « s
(IVPPV 9611-3) >43 NA >43 >64 NA 42
lkechosaurus pijiagouensis B
(IVPPV 13283) NA NA NA 60 NA NA
Tchoiria namsarai « «
(PIN 3386/1) >60 NA >60 75 17 60
Tchoiria klauseni % %
(IGM 1/8) >34 NA >34 NA 12 NA
Simoedosaurus lemoinei
(MNHN R1935) ~45 4 ~41 NA NA NA
Simoedosaurus dakotensis
(SMMP.76.10.1) ~49 4 ~45 NA NA NA
Champsosaurus lindoei
(CMN 8920) 47 6 41 NA NA NA
Mengshanosaurus minimus 40-43 4-5 38-39 45 12 33

(IVPG-T002)

* Preserved number of teeth in incomplete specimen; ** IVPP V 9611-3 does not preserve the mandibular symphysis,
and the total tooth number 64 is estimated from the preserved 42 teeth posterior to the symphysis plus 22 teeth in the
symphysial region in another specimen of the same species (IVPP V 9611-1); NA. the specimen is incomplete.

5  Phylogenetic position of Mengshanosaurus minimus

We coded the new specimen into a morphological data matrix (Appendix 1), and the
taxon sampling includes Mengshanosaurus minimus and 9 species of neochoristoderes
representing all major clades of the group. Cteniogenys antiquus (Evans, 1990; 1991) was
used as the outgroup, as it is generally considered to be the earliest branching taxon in the
Choristodera or the sister taxon to all other choristoderes exclusive of Lazarussuchus (Ksepka
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et al., 2005; Gao and Fox, 2005; Matsumoto et al., 2019; Dong et al., 2020). Three other short-
snouted choristoderes were sampled: Coeruleodraco jurassicus, recently described as the sister
taxon to a clade uniting the Neochoristodera and Allochoristodera (Dong et al., 2020), the long-
necked Hyphalosaurus baitaigouensis, and the lizard-like Philydrosaurus proseilus. We used 5
new morphological characters, in addition to 60 characters compiled from previous literatures
(Evans, 1990; Hecht, 1992; Gao and Fox, 1998, 2005; Ksepka et al., 2005; Matsumoto et al.,
2013; Dong et al., 2020). The data set and the character descriptions are provided in Appendix.
Character 3, 11 29, 34 and 64 were ordered in phylogenetic analysis.

Parsimony analysis using implicit enumeration (branch and bound) in TNT 1.5
(Goloboff and Catalano, 2016) found two most parsimonious trees (MPTs) with 100 steps.
In the strict consensus tree (CI=0.812, RI=0.844; Fig. 6), M. minimus is recovered as the
first branching lineage in the Neochoristodera. Mengshanosaurus is supported as a member
of Neochoristodera by following synapomorphies: C6(1) fused nasals; C9(2) postfrontal
and postorbital fused (reversed in Champsosaurus and lkechosaurus pijiagouensis); C11(2)
supratemporal fenestra posteriorly flared and substantially larger than orbit; C30(1) basally
infolded enamel in marginal teeth; C60(1) expanded tip of snout.

163.5 145 100.5 66 (Ma)
Middle

T Late Jurassic Early Cretaceous Late Cretaceous Paleocene

N I O L I [ 1]

Cteniogenys antiquus

@ Coeruleodraco jurassicus
1 B ryphalosaurus baitaigouensis

B Philydrosaurus proseilus
@ Mengshanosaurus minimus

8 Tchoiria klauseni
98 & Tchoiria namsarai

lkechosaurus pijiagouensis
1 Ikechosaurus sunailinae . ,
1 91 I Simoedosaurus dakotensis

3 — i Simoedosaurus lemoinei

S

99,——- Champsosaurus gigas

10| 62 Champsosaurus lindoei
1 Champsosaurus natator

Fig. 6 Strict consensus tree from the phylogenetic analysis, resulting in Mengshanosaurus minimus being
recovered as the sister taxon to other neochoristoderes (CI=0.812, RI=0.844)
Blue branches represent longirostrine neochoristoderes and red branches represent brevirostrine choristoderes
Numbers above tree branches are bootstrap values over 50,
and those below the branches are Bremer support values

6  Discussion

Mengshanosaurus minimus represents a new species of Early Cretaceous choristodere
with an elongate snout resembling extant crocodilians. It can be distinguished from other
choristoderes by the number of marginal teeth (45-50) and lacrimal foramen as a large opening
between the prefrontal and lacrimal. The type specimen is likely a juvenile, as the incompletely
preserved braincase and the fontanelle-shaped damage at the frontal-parietal suture imply
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poor ossification of the skull. Fossils of juvenile neochoristoderes are extremely rare; to our
knowledge, lkechosaurus sunailinae is the only species for which juvenile specimens are
known (Brinkman and Dong, 1993). Juvenile /. sunailinae specimens (IVPP V 9611-1) have
a similar number of marginal teeth as adults (Table 2). The position of the craniomandibular
articulation relative to the occipital condyle also remains stable across ontogeny /. sunailinae
(Fig. 5B, C). In contrast, orbital size varies through ontogeny, as juveniles of /. sunailinae have
proportionally larger orbits than adults.

Crocodilians provide the closest extant ecological analogues to neochoristoderes.
Modern crocodilian hatchlings feed primarily on small prey like insects and mollusks, shifting
towards fish and crustaceans as they grow and ultimately attaining the ability to capture large
vertebrate prey as they approach adult body size (Gignac et al., 2019). These ontogenetic
shifts in diet reflect not only increasing size but also shifts in skull morphology. In most
crocodilians, juveniles have a slenderer snout that broadens as they mature (Iijima, 2017).
Alligators show a reverse pattern, in which hatchlings have shorter snouts that become more
slenderer towards adulthood (Dodson, 1975). Dentition in crocodilians also changes over
ontogeny, with a general trend from needle or blade-like tooth shape to more bulbous tooth
shape occurring over the hatchling to adult growth process (Gignac and Erickson, 2015). At
least in alligators, hatchlings spend more time in terrestrial settings whereas adults become
more dependent on water as they reach larger sizes (Dodson, 1975). Although inferences about
ontogeny are obviously limited by the absence of adult specimens (Table 3), the juvenile skull
of Mengshanosaurus minimus very closely resembles that of adult lkechosaurus from slightly
younger deposits aside from the larger orbits, suggesting that neochoristoderes maintained a
slender snouted skull shape throughout ontogeny. The sharp conical marginal teeth likewise
suggest a similar focus on relatively soft-bodied prey across ontogeny, though of course larger
prey items may have become available with increasing body size.

Other lines of evidence also suggest choristoderes may have exhibited less pronounced
ontogenetic shifts in diet. One long under-appreciated aspect of neochoristodere anatomy is the
lack of a well-developed otic notch and hence the inferred absence of a tympanum (Dudgeon
et al., 2020b). This unusual morphology suggests neochoristoderes have relied on the sacculus
for underwater sound detection in water (perhaps transmitted via substrate vibrations), and they
probably had poor sensitivity to airborne sounds (Dudgeon et al., 2020b). This highly specialized

Table 3 Skull and total length of three species of choristoderes in various developmental stages (mm)

Species Developmental stage Skull length Total length
Hyphalosaurus Adult LPMC R00066" 66 1100
baitaigouensis Juvenile BMNHC V050" 27.0 ~450

“small free-living individual™ 14.62 NA
Embryo” 7.745 NA

Mengshanosaurus minimums .
(IVPG-T002) Juvenile 35 NA
Tkechosaurus pijiagouensis Adult” 275 1700

(IVPP V 13283)

Notes: NA. the specimen is incomplete; 1) Gao and Ksepka, 2008; 2) Ji et al., 2010; 3) Ji et al., 2006; 4) Liu, 2004.
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auditory system suggests neonate neochoristoderes may have been less suited for a partially
terrestrial existence and thus had a more fully aquatic ecology from the start of their lives.

In conclusion, the holotype specimen of Mengshanosaurus minimus provides important
information on neochoristodere evolution as the earliest diverging member of the clade and
the smallest and ontogenetically youngest known individual. Given the age and phylogenetic
position, future discoveries of adult specimens would provide an important test of whether
all phylogenetically informative characters observed within the holotype are stable across
ontogeny and provide an opportunity to better understand how traits like snout proportions

change over growth.
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