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A new alligatoroid from the Eocene of
Vietnam highlights an extinct Asian clade
independent from extantAlligator sinensis
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ABSTRACT
During systematic paleontological surveys in the Na Duong Basin in North Vietnam
between 2009 and 2012, well-preserved fossilized cranial and postcranial remains
belonging to at least 29 individuals of a middle to late Eocene (late Bartonian to
Priabonian age (39–35 Ma)) alligatoroid were collected. Comparative anatomical
study of the material warrants the diagnosis of a new taxon,Orientalosuchus
naduongensisgen. et sp. nov. The combined presence of an enlarged� fth maxillary
tooth, prominent preorbital ridges, a large supraoccipital exposure on the skull table,
a palatine-pterygoid suture anterior to the posterior end of the suborbital fenestra,
and a pterygoid forming a neck surrounding the choana is unique to this species.
Unlike previous phylogenies, our parsimony analysis recovers a monophyletic Late
Cretaceous to Paleogene East to Southeastern Asian alligatoroid group, here named
Orientalosuchina. The group includesOrientalosuchus naduongensis, Krabisuchus
siamogallicus, Eoalligator chunyii, Jiangxisuchus nankangensisandProtoalligator
huiningensis, all of them sharing a medial shifted quadrate foramen aerum. The
recognition of this clade indicates at least two separate dispersal events from North
America to Asia: one during the Late Cretaceous by Orientalosuchina and one by the
ancestor ofAlligator sinensisduring the Paleogene or Neogene, the timing of which is
poorly constrained.

Subjects Evolutionary Studies, Paleontology, Taxonomy, Zoology
Keywords Eocene, Crocodylia, Asia, Na Duong, Phylogeny, Vietnam,Alligator

INTRODUCTION
Alligatoroidea is a monophyletic group of Crocodylia that includes extant North
American/AsianAlligatorspp. and Central to Middle American caimans, as well as
many fossil taxa (Brochu, 1999, 2004; Scheyer et al., 2013) and is de� ned as a stem-based
group including living alligators and caimans and all taxa closer to them than to
Crocodylusor Gavialis(Brochu, 1999). The fossil record points to the Late Cretaceous
of North America as the time and place of origin, with subsequent dispersals to South
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America, Europe, and Asia, but the timing, mode, and the number of dispersals are poorly
constrained (Brochu, 1999, 2004, 2010; Bona & Barrios, 2015). Europe may have been
colonized multiple times by alligatoroids (Brochu, 2004), but the phylogeny is in a state of
� ux and key European taxa are in need of re-description.

Alligatoroids are now extinct in Europe, but they still survive in Asia with the Chinese
alligator,Alligator sinensisFauvel, 1879. Until now, no fossils from the Paleogene were
placed on the stem-lineage ofAlligator sinensis. Previous studies found the Paleogene
East to Southeastern Asian alligatoroidsKrabisuchus siamogallicusMartin & Lauprasert,
2010from Thailand,Protoalligator huiningensisYoung, 1982, Eoalligator chunyii
Young, 1964and the“Maoming alligatoroid” from China phylogenetically outside
Alligatorand mostly unresolved relative to other alligatoroids (Martin & Lauprasert, 2010;
Skutschas et al., 2014; Wang, Sullivan & Liu, 2016; Wu, Li & Wang, 2018). Recently,
Eoalligator chunyiiwas recovered as a basal member of Crocodylia together with
Jiangxisuchus nankangensis(Li, Wu & Rufolo, 2019). The oldest record of theAlligator
sinensislineage has been reported from the Pliocene of Japan (Iijima, Takahashi &
Kobayashi, 2016). The early MioceneAlligator luicusfrom China (Li & Wang, 1987;
Brochu, 1999) was never included in a phylogenetic analysis and its relationships with
extantAlligatorspecies therefore remain uncertain. The ancestor ofAlligator sinensisis
nevertheless expected to be present in the Paleogene of Eastern Asia, since recent
molecular clock analyses estimate its divergence from North AmericanAlligator
mississippiensis(Daudin, 1802) in the Paleocene or Eocene—during times of favorable
climatic conditions for crocodylians crossing the Bering Strait (Wu et al., 2003; Roos,
Aggarwal & Janke, 2007; Oaks, 2011). The arrival ofAlligator sinensisfrom Europe is
not supported by previous phylogenies, although European taxa are in need of revision.
On the other hand, a post-Eocene dispersal via Beringia would have been problematic
because of the low tolerance for cool climate of crocodylians (Markwick, 1998). Alligator
sinensistherefore represents a biogeographic enigma, so the East and Southeastern
Asian Paleogene fossil record is critical for resolving this issue. However, all previously
described fossils from this continent are highly incomplete, which hinders a rigorous test
of phylogenetic relationships.

Most of the Paleogene fossil record of Crocodylia comes from North America and
Europe, whereas the Asian record is still insigni� cant in comparison: only ca. 10% of the
Paleogene sampled taxa of phylogenies are Asian (Martin & Lauprasert, 2010; Brochu,
2012; Skutschas et al., 2014; Jouve, 2016; Wang, Sullivan & Liu, 2016; Shan et al., 2017).
Moreover, with one exception (Shan et al., 2017), these taxa are only known from
fragmentary or deformed fossils.

During systematic surveys in the Na Duong Basin in Northern Vietnam between 2009
and 2012, 29 well preserved individuals of an Eocene alligatoroid were collected and
subsequently prepared by the Geological-Paleontological Institute of the Eberhard Karls
University of Tübingen (GPIT) (Böhme et al., 2012).

In this study, we provide a complete description of this material, which represents the
best preserved alligtatorid from the Paleogene of Asia. We demonstrate that Cretaceous-
Eocene East to Southeastern Asian alligatoroids form a monophyletic group, here named
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Orientalosuchina and that Asia was colonized by alligatoroids at least two times
independently.

GEOLOGICAL SETTINGS
The Na Duong Basin is located in northern Vietnam near the border with China (Fig. 1).
It represents one of the few areas in East and Southeastern Asia with continental sediments
of Eocene to Oligocene age (Böhme et al., 2012). The pull-apart basin is part of the Cao
Bang—Tien Yen fault system and covers an area of around 45 square kilometers.
The middle to upper Eocene (late Bartonian-Priabonian (39–35 Ma)) Na Duong
Formation is 240 m thick; its upper 140 m are part of the Na Duong open cast coal mine.
The alligatoroid remains in this work were found within the transition zone between the
coaly shale of the main seam and the underlying dark-brown clay-stone (layer 80),
together with many other vertebrate fossils (Böhme et al., 2012).

The fossiliferous layer 80 was a tropic to warm-subtropical swamp ecosystem with
aquatic and terrestrial environments. During sedimentation, the area was in a transitional
stage from shallow ponds to an anoxic lake. Further, tomistomine andAsiatosuchus-
like crocodiles, as well as many� sh taxa and two different turtle species occurred
sympatrically with the herein described alligatoroid (Böhme et al., 2012; Garbin, Böhme &
Joyce, 2019).

MATERIALS AND METHODS
We expanded the taxon-character dataset ofBrochu & Storrs (2012)(see Appendix), which
was the most recent global Crocodylia matrix available during the start of this study.
The expanded dataset includes 202 characters; 189 characters are fromBrochu & Storrs
(2012), two characters fromWang, Sullivan & Liu (2016), one character fromCossette &
Brochu (2018), one character fromJouve (2004), and nine new characters from the
present study. We further modi� ed characters (51) and (91) ofBrochu & Storrs (2012),
(190) ofWang, Sullivan & Liu (2016)and (174) ofJouve et al. (2008)(195 in this study). In
total, we included 114 taxa: in addition to the 103 taxa added fromNarváez et al. (2015),
Globidentosuchus brachyrostrisScheyer et al., 2013, Culebrasuchus mesoamericanus
Hastings et al., 2013andCentenariosuchus gilmoreiHastings et al., 2013from Hastings,
Reisser & Scheyer, 2016, the Maoming alligatoroid,K. siamogallicus, Protoalligator
huiningensis, Eoalligator chunyiiandAsiatosuchus nanlingensisYoung, 1964from Wang,
Sullivan & Liu (2016), Bottosaurus harlanifrom Cossette & Brochu (2018), J. nankangensis
from Li, Wu & Rufolo (2019)and the herein describedOrientalosuchus naduongensis.
For Orientalosuchus naduongensis, we could score 118 characters (the complete data set
is found inFile S1). Character scorings were modi� ed for 32 taxa in total (a complete list of
changes together with the specimen list can be found inFile S2). We provided the complete
character list inFile S3.

We conducted a maximum parsimony analysis in TNT 1.5 standard version updated on
November 20, 2018 (Goloboff, Farris & Nixon, 2008). We treated the multistate characters
as unordered and equally weighted; set the maximum of trees to 10,000, and the tree

Massonne et al. (2019), PeerJ, DOI 10.7717/peerj.7562 3/60



replications to 1,000. For swapping algorithm, we used tree bisection reconnection with
10 trees saved per replication.

A � rst run of heuristic search tree-bisection-reconnection, failed to� nd all the most
parsimonious trees (MPT) and, therefore, the heuristic search was repeated until the MPTs
were found 50 times during each replicate (using the command“xmult = hits 50;”). The
trees retained in the memory were exposed to a second round of tree-bisection-
reconnection.

The electronic version of this article in portable document format will represent a
published work according to the International Commission on Zoological Nomenclature
(ICZN), and hence the new names contained in the electronic version are effectively
published under that Code from the electronic edition alone. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration
system for the ICZN. The ZooBank Life Science Identi� ers (LSIDs) can be resolved and the
associated information viewed through any standard web browser by appending the LSID
to the pre� x http://zoobank.org/. The LSID for this publication is: urn:lsid:zoobank.org:
pub:08B6F167-AAC7-4184-97BA-B7467D4F036B. The online version of this work is
archived and available from the following digital repositories: PeerJ, PubMed Central and
CLOCKSS.

Figure 1 Map of northern southeastern Asia, showing the Na Duong Basin in northeastern Vietnam
near the border with China (Böhme et al., 2012). Full-size �DOI: 10.7717/peerj.7562/� g-1
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SYSTEMATIC PALEONTOLOGY

EusuchiaHuxley, 1875sensuBrochu, 2003

CrocodyliaGmelin, 1789sensuBenton & Clark, 1988

Alligatoroidea Gray, 1844sensuBrochu, 2003

Globidonta Brochu, 1999

Alligatoridae Cuvier, 1807sensuBrochu, 2003

Orientalosuchina new clade name

Orientalosuchusgen. nov.

Orientalosuchus naduongensissp. nov.

(Fig. 2)

Orientalosuchus
Etymology: The nameOrientalosuchusrefers to the Latin word“oriens” for “east” and
“suchus” the old Greek word“soukhos” for “crocodile.”

Orientalosuchus naduongensis
Etymology: The species name“naduongensis” refers to the Na Duong coal mine type
locality in northeastern Vietnam.

Diagnosis:Orientalosuchus naduongensisis diagnosed by the combination of the
following characters: notch between the premaxilla and maxilla; dominant maxillary ridge
alongside the nasal; the� fth maxillary tooth is the largest maxillary tooth; anterior tip of
frontal is acute and projects between the nasal bones; small supratemporal fenestra;
large supraoccipital exposure preventing the parietal from reaching the posterior skull
table in adults; quadrate foramen aerum lies on the dorsomedial angle of the quadrate;
large suborbital fenestrae reaching anteriorly the level of the seventh to eighth maxillary
tooth; maxilla-palatine suture forms an obtuse angle and not reaching beyond the anterior
end of the suborbital fenestra; palatine-pterygoid suture lies anterior to the posterior
end of the suborbital fenestra; pterygoid forms a neck surrounding the choana; dentary
tooth row with only 16 teeth; laterally compressed posterior teeth; very small external
mandibular fenestra; foramen aerum at the lingual margin of the retroarticular process;
axis with a hypapophysis that is located near the center of the centrum; coracoid with a
very large glenoid; iliac blade with a rectangular posterior outline and a dorsal indentation;
dorsal osteoderms with no or only modest ridge.

Differential diagnosis:Orientalosuchus naduongensisdiffers fromKrabisuchus
siamogallicusin having dorsal osteoderms with no or only a modest ridge; an inward-pushed
pterygoid around the choana and a neck surrounding the aperture, while the pterygoid
surface is� ush with the choanal margin inK. siamogallicus; and a very large supraoccipital
exposure, preventing the parietal from reaching the posterior edge of the skull.

Orientalosuchus naduongensisdiffers fromEoalligator chunyiiin having dorsal
osteoderms with no or only a modest ridge; very prominent preorbital ridges; squamosals,
that do not extend ventrolaterally to lateral extent of paroccipital process; a very large
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Figure 2 Skull of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation,
upper Eocene, Vietnam.Skull in dorsal (A and B) and ventral (C and D) view. Abbreviations: ai, atlas
intercentrum; an, angular; ar, articular; bo, basioccipital; bs, basisphenoid; ch, choana; d, dentary; d4, dentary
tooth 4; emf, external mandibular fenestra; eo, exoccipital; ect, ectopterygoid; f, frontal; fo, foramen;
fae, foramen aerum; hu, humerus; if, incisive foramen; itf,infratemporal fenestra; j, jugal; l, lacrimal;
mx, maxilla; mx5, maxilla tooth 5; n, nasal; oc, occipital condylus; p, parietal; pf, prefrontal; pal, palatine; pmx,
premaxilla; po, postorbital; pt, pterygoid; q, quadratum;qj, quadratojugal; sa, surangular; so, supraoccipital; sp,
splenial; sq, squamosal; stf, supratemporal fenestra. Scale = 5 cm. Full-size �DOI: 10.7717/peerj.7562/� g-2
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supraoccipital exposure, preventing the parietal from reaching the posterior edge of the
skull; a smooth dorsal surface of the surangular, whereasEoalligator chunyiihas a large
sulcus next to the anterior half of the glenoid fossa; and an intersupratemporal bar
similarly broad as the supratemporal fenestra, while the bar is strongly constricted in
Eoalligator chunyii.

Orientalosuchus naduongensisdiffers fromJiangxisuchus nankangensisin having a
deeply curved dentary; a small incisive foramen; prominent preorbital ridges; a
palatine-pterygoid suture nearly at the posterior angle of suborbital fenestra; a
frontoparietal suture entirely on the skull table (the suture modestly enters the
supratemporal fenestra inJ. nankangensis); a very large supraoccipital exposure preventing
the parietal from reaching the posterior edge of the skull; anterior maxillary teeth with
vertical ridges on their lateral surface; and an intersupratemporal bar that is similarly
broad as the supratemporal fenestra (the bar is constricted inJ. nankangensis).

Orientalosuchus naduongensisdiffers fromProtoalligator huiningensisin having a
deeply curved dentary; laterally compressed posterior teeth; a deep notch lateral to the
naris; an occlusion pit between the seventh and eighth maxillary teeth with all other
dentary teeth occluding lingually, while inProtoalligator huiningensisall dentary teeth are
lingual to maxillary teeth; very prominent preorbital ridges; and maxillary teeth with
vertical ridges on their lateral surface.

Holotype: GPIT/RE/09761; partial skeleton consisting of skull, lower jaws and
incomplete postcranial skeleton (seeTable 1).

Type locality and horizon: The fossils were recovered from layer 80 of the Na Duong
coal mine in northern Vietnam (N 21� 42.2�, E 106� 58.6�); Na Duong Formation, Eocene,
late Bartonian to Priabonian age (39–35 Ma) (Böhme et al., 2012).

Referred material: A total of 29 individuals represented by incomplete skulls, skull
fragments and associated postcranial material, Na Duong Formation, Na Duong coal
mine, Vietnam (see a complete list of preserved specimens and their associated material is
presented inTable 1).

Preservation: The material from Na Duong is mostly well preserved and nearly
complete but all skulls are dorsoventrally� attened and many have deformed and crushed
areas or weathered surfaces. The postcranial material is mostly disarticulated or fused
together with the matrix. The majority of the bones are pyritized.

PHYLOGENETIC NOMENCLATURE
Orientalosuchina
De� nition: Orientalosuchina refers to the most inclusive clade containingOrientalosuchus
naduongensisgen. et sp. nov.,Krabisuchus siamogallicusMartin & Lauprasert, 2010,
Eoalligator chunyiiYoung, 1964, Jiangxisuchus nankangensisLi, Wu & Rufolo, 2019and
Protoalligator huiningensisYoung, 1982, but notBrachychampsa montanaGilmore, 1911,
Stangerochampsa mccabeiWu, Brinkman & Russell, 1996, Leidyosuchus canadensis
Lambe, 1907, Diplocynodon darwini(Ludwig, 1877), Bottosaurus harlaniVon Meyer, 1832,
or any species of recent Crocodylia.
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Table 1 List of specimens ofOrientalosuchus naduongensis, Na Duong Formation, upper Eocene, Vietnam.

Individual Cranial material Postcranial material

GPIT/RE/09761
(holotype)
Fig. 2and
Figs. 11–20

Complete dorsoventrally� attened skull and lower jaw
fused together

Atlas intercentrum; axis; seven cervical vertebrae; 10 dorsal vertebrae;
one sacral vertebra; eight caudal vertebrae; two cervical ribs; four
dorsal ribs; one scapula (right); one coracoid (right); two humeri; one
radiale; four metacarpalia (?); seven manus phalanges (?); two ilia; one
ischium (left); two femora; one tibia (left); one� bula (right); four
claws; >50 osteoderms

GPIT/RE/09730
Fig. 3

Dorsoventrally� attened anterior skull part reaching
slightly behind the orbita and the complete right lower
jaw ramus

–

GPIT/RE/09729
Fig. 4

Well preserved dorsoventrally� attened posterior skull
part reaching to the premaxilla on the right side

–

GPIT/RE/09728
Figs. 5–8

Crushed complete skull and broken but well preserved
anterior lower jaw parts

–

GPIT/RE/09727
Fig. 9

Crushed complete skull and well preserved posterior
lower jaw parts

Three cervical vertebrae; 11 dorsal vertebrae; six caudal vertebrae; two
dorsal ribs; one scapula (left); one humerus (right); one radius (right);
two ilia; two femora; two tibiae; two� bulae; >50 osteoderms

GPIT/RE/09762 Complete skull without the most anterior part, lower jaw
fragments and a few further skull fragments

–

GPIT/RE/09763 Posterior skull part –

GPIT/RE/09764 Posterior skull part –

GPIT/RE/09765 Anterior skull part –

GPIT/RE/09766 Posterior and lateral skull part –

GPIT/RE/09767 Posterior and lateral skull part One cervical vertebra

GPIT/RE/09768 Skull and lower jaw –

GPIT/RE/09769
Fig. 6

Half skull Vertebra + rib + osteoderms

GPIT/RE/09770 Anterolateral skull part bone fragments

GPIT/RE/09771 Posterior and lateral skull parts –

GPIT/RE/09772 Posterior skull part –

GPIT/RE/09773 Posterior skull part with fused lower jaw –

GPIT/RE/09774 Skull with fused lower jaw –

GPIT/RE/09775 Skull and lower jaw with the anteriormost part missing–

GPIT/RE/09776 Skull fragments and lower jaw –

GPIT/RE/09777 Posterior skull part –

GPIT/RE/09778 Premaxilla One dorsal vertebra

GPIT/RE/09779 Skull fragments –

GPIT/RE/09780 Single small skull fragment and lower jaw fragments–

GPIT/RE/09781 Lower jaw –

GPIT/RE/09782 Lower jaw ramus –

GPIT/RE/09783 Lower jaw Bone fragments

GPIT/RE/09784 Lower jaw fragment Seven cervical vertebrae; eight dorsal vertebrae;� ve caudal vertebrae;
one cervical rib; four dorsal ribs; one scapula (right); two ulnae;
two ilia; two ischia; one pubis (left); two femora; two tibiae; two� bulae;
three tarsalia; one astragalus (left); one calcaneus (left);
� ve metatarsalia; 14 pedal phalanges; four claws; >50 osteoderms

GPIT/RE/09785 – Fragments
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DESCRIPTION
Cranial description
Measurements of the cranial material are presented inTable. 2. Unless otherwise stated,
the description is based on the holotype (GPIT/RE/09761) (Fig. 2).

Premaxilla
The premaxilla in ventral view is best observable in GPIT/RE/09730 (Fig. 3). It has� ve
teeth in total. Between the� rst and second tooth there is a large occlusion pit for the
� rst dentary tooth. The teeth increase in size posteriorly. The� rst two teeth are very small
with the third one nearly double their size. The fourth tooth is the largest one. The� fth
tooth is again much smaller, but still larger than the� rst two.

The dorsal surface is best preserved in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09730
(Fig. 3). It is ornamented with multiple small pits. The premaxilla surrounds the naris with
a prominent anterolateral bulge, but it does not possess a crest. Lateral to this bulge,
the premaxilla has a deep depression. The anterior margin of the naris has a short (roughly
one third of the naris length) posteriorly reaching process formed by the premaxilla.
The naris opening itself has a roughly square-shaped to round outline. The naris is dorsally
oriented. The relatively small oval incisive foramen (Fig. 3) does not abut the tooth row.

Table 2 Cranial measurements ofOrientalosuchus naduongensis, Na Duong Formation, upper Eocene, Vietnam.

GPIT/RE/09731
(Holotype)

GPIT/RE/09728 GPIT/RE/09729 GPIT/RE/09730

Skull length (premaxilla-supraoccipital) 190.5 185.1* ? ?

Skull width (quadratojugal-quadratojugal) 127.1 135.8 82.6* ?

Preorbital length 104.5 101.8* ? 64.4

Skull table length 43.6 49.3 34.6 ?

Skull table width 65.2* 65.9 46.2 49.8

External naris length 21.1 10.8* 12.8 10.1*

External naris width 22.5 24.2 10.2* 17.8*

Orbita length 41.1 42.6* 33.3 28.6

Orbita width 26.8* 27.5 17.3* 19.7

Supratemporal fenestra length 12.3* 19.4 13.6 ?

Supratemporal fenestra width 13.7 15.4 8.7 ?

Infratemporal fenestra length 11.4 19.2* 9.1 ?

Infratemporal fenestra height ? ? 11.5* 9.0*

Suborbital fenestra length 63.7* ? 49.9 43.6

Suborbital fenestra width ? ? 17.6* ?

Width between orbits 15.8 15.9 10.3 10.3

Width between supratemporal fenestrae 12.1 11.8 11.9 ?

Width between suborbital fenestrae 22.7 ? 13.6* 17.4

Occipital condyle height 9.5 9.7* ? ?

Occipital condyle width 14.4 12.8* 9.3 ?
Note:

All measurements in mm (*measurements on deformed sections).
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Laterally, the premaxilla-maxilla suture originates in a notch for the enlarged fourth
dentary tooth and terminates in a long premaxillary process, which extends between the
nasal and the maxilla up to the level of the fourth maxillary tooth. The lateral origin of

Figure 3 Skull of Orientalosuchus naduongensis(GPIT/RE/09730), Na Duong Formation, upper
Eocene, Vietnam.Skull in dorsal (A and B) and ventral (C and D) view. Abbreviations: ect, ectopter-
ygoid; f, frontal; if, incisive foramen; j, jugal; l, lacrimal; mx, maxilla; mx5, maxilla tooth 5; n, nasal; pal,
palatine; pf, prefrontal; pmx, premaxilla; pmx5, premaxilla tooth 5; po, postorbital; pob, postorbital bar;
pt, pterygoid. Scale = 5 cm. Full-size �DOI: 10.7717/peerj.7562/� g-3
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the suture lies shortly behind the level of the posterior part of the naris. The deep notch for
receiving the fourth dentary tooth is present in all the large and presumably adult
individuals; in the preserved juveniles, this region is damaged, making it impossible to
document the condition early in ontogeny.

In ventral view, the premaxilla-maxilla suture is somewhatobscure, but seems to extend
relatively straight lateromedially along the level of the notch (Fig. 3).

The premaxilla-nasal suture originates at the posterior end of the naris and� ares
lateromedially toward the posterior process of the dorsal plate of the premaxilla.

Maxilla
The maxillary tooth row comprises 13 teeth. The� rst maxillary tooth is about the same
size as the� fth premaxillary tooth. They increase in size until reaching the� fth maxillary
tooth, which is the largest one (Fig. 3). Between the seventh and eighth maxillary tooth
there is a complete inter� ngering of a dentary tooth (most likely the 11th). The fourth
dentary tooth� ts in the notch between the premaxilla and maxilla. The posterior part of
the dentary tooth row lies completely lingually to the maxillary tooth row, except for the
presumably 11th dentary tooth, indicated by marks of the posterior dentary teeth lingual to
the maxillary teeth, best visible in GPIT/RE/09730 (Fig. 3).

The lateral outline of the maxilla is considerably curved. In dorsal view, the bone
� ares laterally until reaching the level of the� fth maxillary tooth, which marks the most convex
point of the snout. From there it tapers medially up to the level of the constriction between the
seventh and eighth teeth and� ares further posterior towards the suture with the jugal.

The dorsal surface of the maxilla is densely ornamented and has a strictly
anteroposteriorly oriented prominent ridge alongside the nasal bone (best observable in
GPIT/RE/09730Fig. 3, GPIT/RE/09729Fig. 4and GPIT/RE/09728Fig. 5). The dorsal
surface of the ridge is rounded and becomes� atter anteriorly and terminates at the
posteriormost part of the premaxillary process. Posteriorly, the ridge continues across
the lacrimal and prefrontal until reaching the anteromedial part of the orbit. Laterally to
the ridge, there is an elongated groove. The maxilla-premaxilla suture extends
posteromedially until reaching the nasal. Slightly posteriorly to the suture, a shallow
groove is present. The maxilla-nasal suture extends straight anteroposteriorly and is
relatively short due to the long premaxilla process and the far anteriorly reaching lacrimal.
The suture between the maxilla and lacrimal projects posterolaterally and then projects
laterally in front of the orbit. The suture with the jugal is somewhat obscure, but seems to
extend laterally until it becomes straight when it extends posteriorly (best observable in
GPIT/RE/09729Fig. 4).

In ventral view, the suture between the maxilla and palatine forms an obtuse angle
with the anteriormost tip of the palatine situated at the level of the anterior end of the
suborbital fenestra. The suture extends posterolaterally until reaching the anteromedial
border of the fenestra. The small maxillary foramen for the palatine ramus of the cranial
nerve V is visible in a single individual (GPIT/RE/09770) medial to the� fth tooth of the
maxilla.
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Figure 4 Skull of Orientalosuchus naduongensis(GPIT/RE/09729), Na Duong Formation, upper
Eocene, Vietnam.Skull in dorsal (A and B) and ventral (C and D) view. Abbreviations: bo, basiocci-
pital; ch, choana; ect, ectopterygoid; f, frontal; fae, foramen aerum; fo, foramen; itf, infratemporal
fenestra; j, jugal; l, lacrimal; lcf, lateral carotid foramen; ls, laterosphenoid; mx, maxilla; mx5, maxilla
tooth 5; oc, occipital condylus; p, parietal; pf, prefrontal; po, postorbital; pob, postorbital bar; pt,
pterygoid; q, quadrate; qj, quadratojugal; so, supraoccipital; sq, squamosum; stf, supratemporal fenestra;
vf, vagus foramen. Scale = 5 cm. Full-size �DOI: 10.7717/peerj.7562/� g-4
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The maxilla-ectopterygoid suture is shifted posterolaterally from the tooth row,
preventing the ectopterygoid from contacting the alveoli (best seen in GPIT/RE/09730
Fig. 3).

Figure 5 Skull of Orientalosuchus naduongensis(GPIT/RE/09728), Na Duong Formation, upper
Eocene, Vietnam.Skull in dorsal (A and B) and occipital (C and D) view. Abbreviations: bo, basioc-
cipital; eo, exoccipital; j, jugal; l, lacrimal; mx, maxilla; n, nasal; oc, occipital condylus; p, parietal; pf,
prefrontal; pmx, premaxilla; ptf, posterior temporal fenestra; so, supraoccipital; sq, squamosum. Scale =
5 cm (A and B). Scale = 1 cm (C and D). Full-size �DOI: 10.7717/peerj.7562/� g-5
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Nasal
The elongated nasal is around four-times longer anteroposteriorly than lateromedially
wide and similarly ornamented as the premaxilla and maxilla. The bone seems recessed
compared to the paired maxillary ridges in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09730
(Fig. 3), however, this is an artifact due to the postmortem deformation of the skull.
GPIT/RE/09728 (Fig. 5) reveals, that the nasal was at the same height as the maxilla ridges,
giving them a rim-like outline.

Anteriorly, the nasal projects into the naris with a short process for around one-third of
the naris length, but it is unclear how complete this septum in the intact skull was.
Therefore it remains unclear whether the naris was bisected. A complete or near-complete
bisection would be consistent with the midline posterior process of the premaxilla but
only better preserved specimens will help resolving this. The nasal-lacrimal suture is
posteriorly oriented. The suture between the nasal and prefrontal slopes slightly
posteromedially until reaching the frontal. Posteriorly, the nasal sends a long process
between the frontal and prefrontal.

Lacrimal
The general outline of the lacrimal is roughly triangular with a concavity around the
lacrimal-maxilla suture, leading to a relatively slender appearance of the bone, best visible
in GPIT/RE/09730 (Fig. 3) and GPIT/RE/09729 (Fig. 4). The ornamentation is overall
weak but it is pronounced near the lacrimal-nasal suture. The medial part of the lacrimal is
strongly elevated as the maxilla ridge proceeds toward the orbit, which is best observable in
GPIT/RE/09728 (Fig. 5).

The lacrimal-prefrontal suture originates at the anteromedial part of the orbit and
extends anteromedially until reaching the nasal. Posteriorly, the lacrimal covers the
anterior part of the orbit. The naso-lacrimal duct is visible on the posteromedial end of the
bone near the suture with the prefrontal. The contact between the lacrimal and jugal
projects nearly straight posteriorly from the anterior end of the orbit.

Prefrontal
The prefrontal is roughly wedge-shaped. Its central region is highly elevated due to the
posteriorly projecting ridge, which extends roughly to the posterior part of the bone.
Medially to the ridge, the prefrontal has an anteroposterior-oriented row of deep pits,
especially visible in GPIT/RE/09729 (Fig. 4) and GPIT/RE/09728 (Fig. 5). The suture
between the prefrontal and frontal extends anteroposteriorly and is relatively short due to
the far posteriorly reaching nasal.

Frontal
The frontal is roughly wedge-shaped with an elongated anterior process projecting
between the two nasal bones. It forms the dorsomedial border of the orbit. The border itself
is nearly� ush with the orbital margin (GPIT/RE/09729Fig. 4) or only very slightly
upturned (GPIT/RE/09730Fig. 3). The orbit is nearly oval and slightly constricted
anteromedially.
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The anterior region of the frontal has nearly no ornamentation, whereas large pits are
present between the orbits posteriorly. Between the orbits, the pits are roughly aligned in a
pair of rows and dissolve in a� eld of large pits posteriorly (best observable in GPIT/
RE/09729Fig. 4).

The suture with the parietal is oriented entirely on the skull table and has a small
posteriorly reaching medial process, best visible in GPIT/RE/09761 (Fig. 2) and GPIT/RE/
09729 (Fig. 4). The suture with the postorbital originates near the posteromedial border of
the orbit and slopes afterwards very slightly posteromedially until reaching the parietal.

Postorbital
The bone is best observable in GPIT/RE/09729 (Fig. 4). It is nearly boomerang-shaped
and forms the anterolateral part of the skull table. The ornamentation is roughly arranged
in a single line in the center of the bone and is composed of relatively large pits. The
anterior part of the postorbital forms the posterior margin of the orbit, whereas its
posterior region forms the anterolateral margin of the supratemporal fenestra. The slender
postorbital bar is inset from the skull table and shapes the anterior part of the nearly
triangular infratemporal fenestra.

The postorbital-parietal suture originates at the anteriormost point of the
supratemporal fenestra and extends anteriorly only for a very short section until projecting
straight medially and reaching the frontal. The suture between the postorbital and
squamosal begins roughly at the level of the last third to the mid point of the
supratemporal fenestra and projects laterally, until reaching the skull table and then it
becomes obscure. The suture between the postorbital and jugal on the postorbital bar
cannot be clearly followed.

Parietal
The parietal is best observable in GPIT/RE/09729 (Fig. 4). It is roughly rectangular and densely
ornamented with deep pits. It forms the anteromedial and medial walls of the supratemporal
fenestra. The supratemporal fenestrae are oval and open. They are relatively small and
located far away from the posterior border of the skull table, leading to a very long
parietal-squamosal suture, which originates at the posteromedial margin of the supratemporal
fenestra and projects straight toward the posterior edge ofthe skull. Posteriorly, the parietal
does not reach the skull table in adults because of the large trapezoid supraoccipital.

Squamosal
The squamosal forms the posterolateral margin of the skull table and the posterolateral
margin of the supratemporal fenestra and is best observable in GPIT/RE/09729 (Fig. 4). Its
surface is richly ornamented with deep pits. The dorsal and ventral rims of the squamosal
groove for the external ear valve musculature are parallel. Due to the dorsoventral crushing
of all individuals, the otic aperture is not preserved.

Posterolaterally, the squamosal has an elongated process projecting dorsally towards the
paroccipital process. The most posterolateral part is not well preserved, but the squamosal
does extend ventrolaterally to the lateral extent of the paroccipital process. The suture
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between the squamosal and exoccipital origins ventrolaterally from the posttemporal
fenestra and extends ventrolaterally. Due to the crushing, the suture between the
squamosal and quadrate is obscure.

Jugal
The jugal is best observable in GPIT/RE/09761 (Fig. 2). It covers the lateral part of the skull
contacting the maxilla and lacrimal anteriorly, the quadratojugal posteriorly and the
postorbital on the postorbital bar dorsomedially. Its posterodorsal surface is highly
ornamented with larger pits (GPIT/RE/09730Fig. 3).

Medially, the jugal forms the ventrolateral border of the orbit and infratemporal fenestra.
The border with the orbit is nearly straight, only curving slightly laterally, whereas at the
border with the infratemporal fenestra, the jugal seems slightly more concave in outline. The
postorbital bar is not� ush with the rest of the jugal, but inserted from it medially. At the
height of the postorbital bar, the posteroventral part of the jugal is strongly concave.

The jugal forms a straight suture with the quadratojugal bone, which slopes
posterolaterally. The suture seems to originate from the posterolateral corner of the
infratemporal fenestra (Figs. 2and4), but the preservation is insuf� cient to state this with
con� dence.

Quadratojugal
The quadratojugal surface is mainly smooth, but ornamented with a few large pits near the
suture with the jugal.

The bone forms the posterolateral part of the skull and the posterior border of the
infratemporal fenestra. The border is smooth and does not possess a spine. The
quadratojugal seems to cover the whole border preventing the quadrate from reaching the
postorbital, as seen in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09729 (Fig. 4).
Posteromedially, the bone is very broad and rounded. Posterolaterally, it nearly reaches the
most posterior part of the skull, only slightly anterior to the quadrate.

Quadrate
The condyles lay on a horizontal axis, which is slightly inclined ventromedially with the
lateral condyle larger than the medial one. The medial condyle bears a notch for the
foramen aerum on its dorsomedial border. The relatively small foramen aerum is visible in
GPIT/RE/09761 (Fig. 2) GPIT/RE/09729 (Fig. 4) and GPIT/RE/09728 and lies on the
dorsomedial surface of the medial condyle. The opening of the cranioquadrate canal and
the otic area are crushed. On the ventral surface of the bone, a prominent crest of the
posterior mandibular abductor muscle is visible.

Palatine
The palatine shapes the most part of the interfenestral bridge between the suborbital
fenestrae. Its surface is smooth, but bears many small foramina, especially in the
anterolateral region (GPIT/RE/09761Fig. 2). Anteriorly, the palatine is fan-shaped, but
does not produce a shelf into the suborbital fenestra.
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Anteriorly, the palatine does not reach at all, or protrudes only slightly beyond, the
suborbital fenestra and contacts the maxilla with an obtuse V-shaped suture (GPIT/RE/
09761Fig. 2, GPIT/RE/09730Fig. 3and GPIT/RE/09769Fig. 6). The suture with the
pterygoid lies in front of the posterior end of the suborbital fenestra and is nearly straight
lateromedially, except for a small midline process from the pterygoid projecting into the
palatine (GPIT/RE/09761Fig. 2).

The suborbital fenestrae are anteroposteriorly very large, reaching anteriorly the level of
the inline occlusion between the seventh and eighth maxillary teeth (GPIT/RE/09730
Fig. 3). Their medial border is anteroposteriorly nearly straight, whereas the lateral border
is slightly constricted due to the ectopterygoid reaching into the fenestra. The posterior
border of the fenestra is smooth without a notch.

Pterygoid
The pterygoid is preserved in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09729 (Fig. 4).
It forms the posterior and posteromedial borders of the suborbital fenestra and contacts
the palatine anterior to the posterior end of the fenestra. Dorsally, the pterygoid extends
further anteriorly along the suborbital bridge and reaches the level of the prefrontal
pillar (Fig. 4). Posteriorly, it is lateromedially straight, except for a very prominent pair
of the posterior pterygoid processes. Laterally, it contacts the ectopterygoid with a
posterolateral projecting suture. Although the anterior part of the suture is not optimally
preserved, a� exure seems to be absent.

The pterygoid surface is uneven. In the medial region, posterior to the suborbital fenestra
there is a prominent bulge, which transforms into a posterolaterally and a posteromedially
projecting ridge. The posterolateral ridge� attens shortly after, whereas the posteromedial
ridge projects caudally until reaching the choana opening. The choana itself is not entirely
preserved, but its rough outline is still visible. Its orientation cannot be determined due to
dorsoventral crushing, although it seems to be anteroventrally oriented in a juvenile
individual (GPIT/RE/09772). A septum seems present at least anteriorly as indicated in a
CT-scan of GPIT/RE/09761, but it is unclear if it projects out of the choana or remains
recessed within. In adult individuals, the posterolateral margin of the choana is smooth.In
the juvenile GPIT/RE/09772, the posterolateral margin seems more concave (notched), but
this could be a crushing artifact.

Anterolateral to the choana, the pterygoid surface is pushed inward and forms a thin
neck surrounding the choana opening in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09728
(Fig. 6). Between the posterior border of the choana and the suture with the basisphenoid,
the pterygoid has a shallow medial ridge (GPIT/RE/09728Fig. 7).

Ectopterygoid
The ectopterygoid forms the posterolateral border of the suborbital fenestra.
Anteromedially, the bone tapers into an acute tip and expands posteriorly, forming a small
medial shelf projecting into the suborbital fenestra. Posteromedially to the suborbital
fenestra, the ectopterygoid contacts the pterygoid and forms a posterolaterally
projecting process that does not reach as far posteriorly as the pterygoid. The ectopterygoid
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Figure 6 Partial palate (GPIT/RE/09769) and pterygoid (GPIT/RE/09728) ofOrientalosuchus naduongensiNa Duong Formation, upper
Eocene, Vietnam.Skull (A and B) and pterygoid (C and D) in ventral view. Abbreviations: ch, choana; mx, maxilla; mx5, maxilla tooth 5;
mx10, maxilla tooth 10; mx13, maxilla tooth 13; pal, palatine; pt, pterygoid. Scale = 5 cm (A and B). Scale = 1 cm (C and D).

Full-size �DOI: 10.7717/peerj.7562/� g-6
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Figure 7 Skull of Orientalosuchus naduongensis(GPIT/RE/09729), Na Duong Formation, upper
Eocene, Vietnam.Skull in occipital (A and B) view. Abbreviations: bo, basioccipital; bs, basisphenoid;
ch, choana; eo, exoccipital; f, frontal; fm, foramen magnum; fo, foramen; j, jugal; lcf, lateral carotid
foramen; leu, lateral eustachian opening; ls, laterosphenoid; meu, medial eustachian opening; oc, occipital
condylus; po, postorbital; pt, pterygoid; q, quadrate; qj, quadratojugal; so, supraoccipital; sq, squamosum;
vf, vagus foramen. Scale = 5 cm. Full-size �DOI: 10.7717/peerj.7562/� g-7
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does not abut the maxillary tooth row as seen in GPIT/RE/09730 (Fig. 3) and dorsally it
terminates ventrally to the postorbital bar.

The surface of the anterior process bears many small foramina, whereas the posterior
region is decorated with very� ne anteroposteriorly oriented lines, visible in GPIT/RE/
09761 (Fig. 2) and GPIT/RE/09729 (Fig. 4).

Supraoccipital
The supraoccipital is the most dorsal bone of the occipital region and has an ornamented
dorsal surface. It forms a large trapezoid process on the skull table, which prevents the
parietal from reaching the posterior edge of the skull table in adults. In a juvenile (GPIT/
RE/09772), the supraoccipital is still large, but the parietal has a minor lateral contact with
the skull table.

GPIT/RE/09728 (Fig. 5) offers the best occipital view for the supraoccipital. The bone
has a dominant, strictly dorsoventrally oriented ridge, which is most prominent dorsally
and becomes shallow ventrally. Laterally, there is a pair of even more dominant
ridges, which extends parallel to the medial one. Between these ridges, the bone is deeply
pushed inwards. The posttemporal fenestra has oval outline and slopes ventrolaterally.

The suture with the exoccipital originates ventrally to the posttemporal fenestra and
projects ventromedially resulting in a roughly triangular outline of the bone.

Exoccipital
The exoccipital is best observable in GPIT/RE/09728 (Fig. 7). It shapes most of the
occipital region and the paroccipital process. Further, it surrounds the foramen magnum
nearly completely. Although the foramen magnum is crushed, its posterolateral margin
can still be seen as well as the lateral pillars of the exoccipital, which were attached to the
occipital condyle.

Alongside the ventrolaterally extending suture with the basioccipital, the exoccipital
possesses a relatively short ventrally oriented process. Laterally from the occipital condyle,
the caudal aperture of the carotid foramen is visible, and dorsolaterally from the occipital
condyle lies the opening for the foramen vagus. The suture with the basisphenoid is not
preserved.

Basioccipital
The basioccipital forms the ventral part of the occipital region and the occipital condyle.
Directly ventrally to the condyle, a small foramen is visible in GPIT/RE/09729 (Fig. 4),
which is not present in GPIT/RE/09728 (Fig. 7). Further ventrally, the basioccipital forms a
prominent dorsoventrally projecting medial ridge leading into the median eustachian
opening. On the lateral side of the ridge, a small foramen is visible in GPIT/RE/097298
(Fig. 7). At the lateral contact with the basisphenoid, the basioccipital has a bulge, whereas
the ventral suture around the median eustachian opening is relatively smooth.

Basisphenoid
The basisphenoid is anteroventrally located from the basioccipital and projects relatively
far ventrally. Its extension on the lateral braincase wall cannot exactly be determined in

Massonne et al. (2019), PeerJ, DOI 10.7717/peerj.7562 20/60



GPIT/RE/09728 (Fig. 7), but it looks relatively narrow in GPIT/RE/09761 (Fig. 2). The
lateral eustachian opening is not preserved, but a canal potentially leading into it can be
seen in GPIT/RE/09728 (Fig. 7). This reconstructs the opening at the same height as the
dorsal end of the medial ridge of the basioccipital. The suture between the basisphenoid
and pterygoid is strongly curved with the basisphenoid sending a rounded process
ventrally into the pterygoid.

Dentary
The dentary is best observable in GPIT/RE/09728 (Fig. 8) and GPIT/RE/09727 (Fig. 9).
It lies nearly completely lingually to the maxilla as observable in GPIT/RE/09761 (Fig. 2).
The only exception is the region around the fourth and around the 11th dentary alveoli
where an inline occlusion with the maxillary tooth row occurs (indicated by occlusion
pits in GPIT/RE/09730Fig. 3and GPIT/RE/09769Fig. 6). The general outline of the tooth
row of the dentary is strongly sigmoidal. There is a shallow curvation between the� rst
and fourth alveoli and a much deeper one between the fourth and 11th alveoli. The level
of the 11th alveolus is slightly higher than the level of the fourth one. Below the
posteriormost teeth, the outline is nearly even.

In total the tooth row consists of 16 teeth (Fig. 8). The� rst three alveoli are nearly equal in
size, whereas the fourth one is much larger,� tting in the notch between the premaxilla and
maxilla. The� fth and sixth alveoli are very small, with the� fth being the smallest of the
dentary. The seventh to the 10th alveoli, are as large as the third. Between the seventh and
eighth alveoli, there is a small diastema for receiving the fourth maxillary tooth. A larger
diastema is present between the eighth and ninth alveoli for the massive� fth maxillary tooth,
which left a very prominent mark on the dentary. The 11th alveolus is slightly larger than the
previous ones and the second largest alveolus in the dentary. The 11th dentary tooth is
most likely the one inter� ngering between the seventh and eighth maxillary teeth. The 12th
and 13th alveoli are again smaller. The posterior alveoli of the 14th to 16th alveoli are
lateromedially� attened and anteroposteriorly elongated.

The dentary surface is ornamented with small pits anteriorly and grooves posteriorly.
Anteriorly to the external mandibular fenestra, nearly no ornamentation is visible. The
symphysis extends to the height of the� fth dentary tooth. The Meckelian groove is
preserved as a very narrow canal, nearly closed by the surrounding dentary.

The dentary-splenial suture abuts the tooth row at the levelof the 13th dentary tooth.
The dentary contacts the angular posteroventrally and the surangular posterodorsally.
The suture with the angular projects ventrally from the height of the most posterior
dentary tooth to the ventral part of the external mandibular fenestra in a bowed line.
The suture with the surangular intersects the external mandibular fenestra at its
posterodorsal corner. The external mandibular fenestra itself is very small. It has nearly the
same size as the foramen intermandibularis caudalis (best seen in GPIT/RE/09727Fig. 9).
Despite its size, it forms posteroventrally a clear concavity with the angular. Its anterior
margin, on the other hand, is straight.
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Splenial
The splenial lies lingually to the dentary and does not participate in the symphysis. Its
surface is smooth. The splenial abuts the tooth row from the 13th tooth posteriorly and
extends anteriorly to the level of the seventh dentary tooth. The anterior process passes
ventrally to the Meckelian groove. This is visible in a single individual (GPIT/RE/09781)
and in form of marks in GPIT/RE/09728 (Fig. 8). An anterior perforation for the
mandibular ramus of the cranial nerve V is not present.

Figure 8 Lower jaw ofOrientalosuchus naduongensis(GPIT/RE/09728), Na Duong Formation, upper Eocene, Vietnam.Lower jaw in lateral
(A), medial (B) and dorsal (C) view. Abbreviations: an, angular; co, coronoid; d, dentary; d1–16, dentary tooth 1–16; emf, external mandibular
fenestra;� c, foramen intermandibularis caudalis; mg, meckelian groove; mx4-5, maxilla tooth 4-5; sa, surangular; sp, splenial. Scale = 5 cm.

Full-size �DOI: 10.7717/peerj.7562/� g-8
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Figure 9 Lower jaw of Orientalosuchus naduongensis(GPIT/RE/09727), Na Duong Formation,
upper Eocene, Vietnam.Lower jaw in lateral (A and B) and medial (C and D) view. Abbreviations:
an, angular; ar, articular; co, coronoid; d, dentary; d11, dentary tooth 11; emf, external mandibular
fenestra; fo, foramen;� c, foramen intermandibularis caudalis;� m, foramen intermandibularis medius;
mx5, maxilla tooth 5; sa, surangular; sp, splenial. Scale = 5 cm.

Full-size �DOI: 10.7717/peerj.7562/� g-9
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Posteriorly, the splenial meets the surangular, coronoid and angular, as well as it forms the
anterior border of the foramen intermandibularis caudalis. The suture with the surangular
projects anteriorly until reaching the tooth row. The concave suture with the coronoid is only
visible in the right ramus of GPIT/RE/09727 (Fig. 9). The anteroventral part of the coronoid
is damaged, but it seems the foramen intermandibularis medius was located completely on
the splenial or at least the coronoid only borders the most posterior border of the foramen.
The suture between the splenial and angular, ventrally to the foramen intermandibularis
caudalis is ambiguous, but it seems to extend slightly posteriorly, before turning ventrally.
Dorsally to the foramen, the suture is visible and projects nearly straight dorsoventrally
without the splenial producing a posterior process betweenthe angular and coronoid.

Surangular
The surangular is best observable in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09727 (Fig. 9)
and shapes the posterodorsal portion of the lower jaw. The dorsolateral part of the bone is
elevated laterally in form of a shallow bulge and densely ornamented with deep pits,
whereas the anterior and the posterior parts around the retroarticular process does not
possess ornamentation.

Anteriorly, the surangular has two processes. The ventral process is slightly shorter than
the dorsal one, but they do not differ much in length. Posteriorly, the surangular extends to
the posterior end of the retroarticular process. Dorsally, the surangular is slightly elevated,
but does not seem to reach to the dorsal tip of the lateral wall of the glenoid fossa (best
observable in GPIT/RE/09783). Laterally, the suture with the angular contacts the external
mandibular fenestra slightly ventrally to its posterodorsal corner. Lingually, the suture
between the surangular and articular cannot be clearly followed within the glenoid fossa,
due to deformation. The suture ventrally to the fossa is simple, without any visible lamina.
A lingual foramen is not preserved. The surangular-angularsuture meets lingually the
articular dorsally to the ventral tip of the articular. Posterodorsally to the
surangular-coronoid suture, a small foramen is visible in GPIT/RE/09727 (Fig. 9).

Angular
The angular is best observable in GPIT/RE/09761 (Fig. 2) and GPIT/RE/09727 (Fig. 9).
Its lateral surface is densely ornamented with deep posteriorly elongated pits. The
retroarticular process has no ornamentation. Laterally, the angular forms the concave
posterior border of the external mandibular fenestra.

The bone borders most of the foramen intermandibularis caudalis dorsally and ventrally
as well as its complete posterior border. The angular-coronoid suture is nearly straight and
anteroposteriorly oriented. Ventrally, anteriorly to the height of the glenoid fossa, a
relatively large foramen is visible. Another posterior foramen, is only preserved in GPIT/
RE/09761 (Fig. 2).

Coronoid
The coronoid is only well preserved in GPIT/RE/09727 (Fig. 9). Its outline is roughly
boomerang-shaped with an incomplete posterodorsal part. The ventral process is relatively
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large and projects posteriorly. The bone has a smooth surface and does not bear any
foramina.

Articular
The articular possesses the glenoid fossa and the posterodorsally oriented retroarticular
process in its medial part. Anteromedially, the process produces a broad shelf. The glenoid
fossa is separated from the process by a mediolaterally oriented sigmoidal-shaped ridge
with its lateral part being slightly more anteriorly oriented than the medial one. The
foramen aerum is visible in GPIT/RE/09727 (Fig. 9) on the medial corner of the ridge.

Teeth
Most of the teeth attached to the skulls and lower jaws are poorly weathered. Only
disarticulated teeth of GPIT/RE/09728 (posterior ones) and GPIT/RE/09761 (a single
anterior one) (Fig. 10) are well preserved, but their original positions are not clear. Based
on the size of the alveoli, the fourth and 11th dentary teeth were the largest teeth in the
lower jaw, whereas in the upper jaw, the� fth maxillary tooth was by far the largest one and
left deep marks on the lateral dentary wall (GPIT/RE/09728Fig. 8).

The anterior and middle teeth are pointed. In a single well-preserved tooth several
relatively dominant vertical ridges are present laterally and weaker ones lingually. This
condition is not visible in poorly-preserved teeth, making it unclear if this condition is true
for all pointed teeth. Laterally, the teeth are slightly convex, whereas they are concave
lingually.

Posteriorly, at the 10th maxilla tooth (GPIT/RE/09769Fig. 6) the teeth become conical
and blunt.

The most posterior three teeth are relatively large, have a very blunt crown and are
anteroposteriorly elongated and laterally compressed. They are smaller than in typically
bulbous tooth taxa likeHassiacosuchus hauptiWeitzel, 1935.

Both types of posterior teeth bear� ne dorsoventrally oriented lines, but no clear vertical
ridges are present like in the well-preserved anterior one (Fig. 10).

Postcranial Description
Most of the postcranial material is preserved in GPIT/RE/09761, GPIT/RE/09727 and
GPIT/RE/09784. If not otherwise stated the description is based on the holotype GPIT/RE/
09761. Measurements are deposited in theFile S4.

Atlas
From the atlas, only the rectangular intercentrum is preserved dislocated into the left orbit
of GPIT/RE/09761 (Fig. 2). The bone is plate-shaped in lateral view and has prominent
parapophyseal processes. The slightly convex ventral part has a shallow anteroposteriorly
projecting central groove.

Axis
The axis (Fig. 11) is better preserved posteriorly. The neural spine looks completely
horizontal, but its surface is weathered. The base of the postzygapophysis is visible on the
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left side, but also poorly preserved. The neural arch and neural canal are laterally
compressed due to fossilization. The hypapophysis is posteriorly shifted.

Cervical vertebrae
A total of 18 cervical vertebrae are preserved (seven in GPIT/RE/09761 and GPIT/RE/09784,
three in GPIT/RE/09727 and one in GPIT/RE/09767 (1). All of these are crushed and/or
covered by a pyritized matrix except for the single vertebra of GPIT/RE/09761 (Fig. 11).

Figure 10 Tooth morphology of Orientalosuchus naduongensis, Na Duong Formation, upper
Eocene, Vietnam.Anterior tooth of GPIT/RE/09761 (holotype) in lateral (A), anterior (B) and dorso/
ventral (C) view. Medial tooth of GPIT/RE/09728 in lateral (D), anterior (E) and dorso/ventral (F)view.
Posterior tooth of GPIT/RE/09728 in lateral (G), anterior (H) and dorso/ventral (I) view. Scale = 0.5cm.

Full-size �DOI: 10.7717/peerj.7562/� g-10
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Figure 11 Cervical vertebrae ofOrientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation, upper Eocene, Vietnam.
Cervical vertebrae in lateral left (A and F), anterior (B and G), posterior (C and H) dorsal (D andI), and ventral (E and J) view. Cervical vertebra
in lateral left (K and P), anterior (L and Q), posterior (M and R) dorsal (N and S), and ventral (O and T)view. Abbreviations: dp, diapophysis; hp,
hypapophysis; na, neural arch; nc, neural canal; ns, neural spine; pcd, posterior condylus; pp, parapophysis; prz, prezygapophysis; pz, postzygapophysis;
vb, vertebra body. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-11
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The neural spine is slightly sloping anteriorly, but the most dorsal tip is not preserved.
The spine has a dorsoventrally extending anterior ridge and a posterior groove, with
the latter deepest between the postzygapophyses. The hypapophysis is located at the
anterior part of the centrum and reaches posteriorly roughly its midpoint. The pre- and
postzygapophyses are similarly formed and have oval articular surfaces. The
diapophysis initiates above the base of the neural arch, whereas the parapophysis
originates ventrally on the centrum. The centrum is concavemedially, smooth and
without any pits. A lateral foramen is preserved on the rightside, slightly posteriorly
between the diapophysis and parapophysis. A few smaller foramina are visible posterior
to the hypapophysis.

Dorsal vertebrae
A total of 30 dorsal vertebrae are preserved (10 in GPIT/RE/09761, 11 in GPIT/RE/09727,
one in GPIT/RE/09778 and eight in GPIT/RE/09784). They are best preserved in
GPIT/RE/09761 (Fig. 12). The posterior dorsal vertebrae are anteroposteriorly elongated
and lack a hypophyseal keel. The transverse processes are only preserved as small
fragments. The neural spine has an anterior, dorsoventrally oriented keel and a posterior
groove. In a single vertebra of GPIT/RE/09761, there is an anterior pit ventrally to the keel.
The anterodorsal end of the neural spine possesses a large crest with a rounded outline,
which forms a small horizontal plateau. The articular surfaces of the prezygapophyses
are oval and slightly medially shifted. The articulation surfaces of the postzygapophyses are
also oval, but facing straight ventrally. The vertebral centra are procoelous and differ in
length. They are slightly concave and smooth without any visible foramina at the middle
part of the lateral surface.

Sacral vertebra
Only the� rst sacral vertebra (Fig. 12) is preserved, but it is twisted and deformed. The
neural spine slopes slightly anteriorly. Its dorsal tip is missing. The prezygapophyses are
relatively large, whereas the only preserved left postzygapophysis in comparison is very
small. The articulation facets of the prezygapophyses are oriented medially, whereas the
postzygapophysis is ventrolaterally oriented. The centrum has a smooth surface with a
small foramina ventrally.

Caudal vertebrae
A total of 19 caudal vertebrae are preserved (eight in GPIT/RE/09761, six in GPIT/RE/
09727 and� ve in GPIT/RE/09784). The� rst caudal vertebra in GPIT/RE/09761 (Fig. 12) is
by far the best preserved and can be distinguished from the others by its convex anterior
and posterior condyles. The neural spine of the� rst caudal vertebra originates relatively
anteriorly and slopes posteriorly. Its anterior part is nearly vertical and has a large
dorsoventrally extending groove. The prezygapophyses are relatively large and oval. Their
articulation surfaces point dorsomedially. The transverse processes are laterally oriented at
their bases, but bent posterolaterally. The centrum is slightly concave medially. The
condyle is slightly larger than the cotyle. The lateral surface of the centrum is smooth with
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Figure 12 Vertebrae of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong
Formation, upper Eocene, Vietnam.Dorsal vertebra in lateral left (A), anterior (B), posterior (C), dor-
sal (D), and ventral (E) view. First sacral vertebra in lateral right (F), anterior (G), posterior (H), dorsal (I),
and ventral (J) view. First caudal vertebra in lateral left (K), anterior (L), posterior (M), dorsal (N),and
ventral (O) view. Abbreviations: acd, anterior condylus; fo, foramen; nc, neural canal; ns, neural spine; os,
osteoderm; pcd, posterior condylus; prz, prezygapophysis; pz, postzygapophysis; sr, sacral rib; tp,transverse
process; vb, vertebra body. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-12
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a lateroventrally located foramen on each side. In contrast, the antero- and posteroventral
regions of the centrum have a rough surface with many small pores. A further rough
surface is located posterodorsally on a small bulge of around 5 mm in length and continues
from the base of the transverse process posteroventrally toward the condyle.

The rest of the caudal vertebrae are poorly preserved and their neural spines are
narrower and originate more on the posterior part of the centrum. Their pre- and
postzygapophyses are of similar size and relatively small. The prezygapophyses are very
close to each other. Their articulation surfaces point medially. The transverse processes are
fragmentarily preserved in the anterior caudal vertebrae and absent in the more posterior
ones. The centra gradually elongate and� atten laterally as well as reduce in size posteriorly
in the vertebral column. The centrum further has a broad, anteroposteriorly extending
groove, which makes the centra even narrower and the articulation facets more oval
posteriorly. The ventral side of the centra bears a deep anteroposteriorly projecting sulcus
in all caudal vertebrae except for the� rst one.

Ribs
Three cervical and 10 dorsal ribs are preserved. The cervical ribs (Fig. 13) have a
horizontally oriented shaft. The capitulum and tuberculum project at nearly 90� from this
shaft near its anterior end. The capitulum is larger than the tuberculum and the articular
surface of the former is nearly twice as large as the articulation surface of the latter.

The shaft of the dorsal ribs (Fig. 13) is slightly convex anteriorly and concave
posteriorly. Its ventral end is broad anteroposteriorly, but � attened lateromedially.

Scapula
Two highly weathered right scapulae (GPIT/RE/09761,Fig. 14and GPIT/RE/09784) and a
well preserved, but broken left scapula (GPIT/RE/09727) were recovered. The scapular
blade� ares dorsally. The deltoid crest is damaged and located at the antero-ventral part of
the constricted area between the base of the scapula and its blade. The crest seems to be
narrow, but due to the weathering, this cannot be stated with con� dence.

Coracoid
The right coracoid of GPIT/RE/09761 (Fig. 14) is well preserved. Only the posteromedial
part of the scapula-coracoid suture is weathered and pushedtoward the glenoid, resulting
in a deep postmortem notch along the suture. The glenoid is very broad, oval and
anteriorly elongated. The coracoid foramen is located anteriorly to the glenoid near the
scapula-coracoid suture. The coracoid blade is relatively broad and� ares
anteroposteriorly. It slopes slightly anteriorly at the connection surface with the
interclavicula and ends with an anterior tip in form of a small tuber.

Humerus
The humeri of GPIT/RE/09761 (Fig. 15) are partially preserved. The right humerus of
GPIT/RE/09727 is complete in length (83.2 mm), but highly weathered. Its anterior part
including the deltopectoral crest is missing.
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The humeral head is only slightly elevated from the anterior tuberosity. The head and
the anterior tuberosity form a nearly horizontal plateau, which bends slightly towards the
latter. The posterior tuberosity lies on a small process distally from the humerus head.

Figure 13 Ribs ofOrientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation, upper Eocene, Vietnam.Cervical ribs in
lateral (A and G), medial (B and H), dorsal (C and I), ventral (D and J), anterior (E and K) and posterior (F and L) views; dorsal rib in lateral (M) and
medial (N) view. Abbreviations: asdp, articulation surface with diapophysis; ca, capitulum; tu, tuberculum. Scale = 1 cm.

Full-size �DOI: 10.7717/peerj.7562/� g-13
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The deltopectoral crest is damaged, but the ridge between the crest and the anterior
tuberosity is partially preserved.

The lateral condyle from the distal end is larger and nearly round, whereas the medial
condyle is more oval. The shaft is slightly bowed posteriorly.

Figure 14 Pectoral girdle ofOrientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation, upper Eocene, Vietnam.Right
scapula in lateral (A and G), medial (B and H), anterior (C and I), posterior (D and J), ventral (E and K) and dorsal (F and L) view. Right coracoid in
lateral (M), medial (N), anterior (O), posterior (P), dorsal (Q), and ventral (R) view. Abbreviations: cf, coracoid foramen; dc, deltoid crest; gl, glenoid;
sc-co suture, scapula-coracoid suture. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-14
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Ulna/Radius
Only the right radius (63.1 mm) is preserved in GPIT/RE/09727. It has a very broad
proximal and a broad distal end. The shaft is slightly S-shaped, which could be an artifact
of crushing. The right and left ulnae of GPIT/RE/09784 are poorly preserved.

Radiale
The left radiale (Fig. 16) is relatively well preserved, but slightly twisted and the medial
part of the proximal end is eroded. The proximal end consists of the articular surface for
the ulna and radius. Posteriorly the contact zone with the ulna is nearly vertical. The
contact zone is very broad, giving the bone a P-shaped outline. In contrast, the contact
area with the radius is kidney-shaped, nearly horizontal and slopes only slightly
anterolaterally with a small lateral process. The shaft of the radiale is constricted, very thin
and slightly sloping anteriorly. The distal end is oval and enlarged.

Metapodials
In GPIT/RE/09761, elongated autopodial elements (Fig. 16), either metacarpals or metatarsals
are preserved, but cannot be assigned with con� dence. The autopodials of GPIT/RE/09784
represent metatarsals based on their position on the excavation side and are much longer
than the elements in GPIT/RE/09761 suggesting that those are metacarpals. The distal
portion of the shaft of the metapodials are dorsoventrally� attened. Their proximal end is
oval, whereas their distal end with two condyles is smaller and narrower.

Phalanges
There are seven disarticulated phalanges of GPIT/RE/09761 (Fig. 16), but we cannot
determine whether they belong to the pes or manus. They are mostly highly weathered,

Figure 15 Humeri of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong
Formation, upper Eocene, Vietnam.Proximal portion of right humerus in dorsal (A), ventral (B), lateral
(C), medial (D) and proximal (E) view. Distal portion of lefthumerus in dorsal (F) and ventro-distal (G) view.
Abbreviations: atb, anterior tuberosity; lcd, lateral condylus; mcd, medial condylus; ptb, posterior tuberosity.
Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-15
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Figure 16 Left Radiale, Metapodial and Phalange ofOrientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation, upper
Eocene, Vietnam.Left radiale in lateral (A), medial (B), anterior (C), posterior (D), proximal (E), and distal (F) view. Metapodial in lateral left or
right (G and H), dorsal (I), ventral (J), proximal (K) and distal (L) view. Phalange in dorsal (M), ventral (N), lateral left or right (O and P), proximal
(Q) and distal (R) view. Abbreviations: asra, articulation surface with radius; asul, articulation surface with ulna; clf, collateral ligament fossa; fo,
foramen. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-16
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only a single one is well preserved. The 14 phalanges of GPIT/RE/09784 belong to the pes
based on their recovered position.

Its proximal end is nearly triangular with three knob-like structures, which are separated
by a ridge. Its distal end has two condyles. Their articulation surfaces slope dorsally and
ventrally. The condyles are separated from each other by an intercondylar groove. In lateral
view, relatively deep collateral ligament fossae are visible on the distal condyles. Theshaft has
a smooth surface, but bears a foramen on the slightly laterally bent side.

Ungual phalanges
The preserved claws of GPIT/RE/09761 differ considerably in length, but cannot be
assigned to either manus or pes. They are long, only slightly curved, ventrally� attened,
dorsally curved and pointed. The claws of GPIT/RE/09784 belong to the pes based on their
position recorded in the� eld and are partly articulated with the distal phalanges. The
better preserved ones are much smaller and stronger curved than the claws of GPIT/RE/
09761, but it is unclear to which digit they belong.

Ilium
Both ilia are preserved in GPIT/RE/09761 (Fig. 17) and GPIT/RE/09784. The posterior part of
the iliac blade is rectangular and has a modest indentation dorsally. Anteriorly, the blade
slopes at approximately 30� toward a small anterior process. The sutural surface for the� rst
sacral rib is slightly visible on the anteromedial part in the left ilium. In ventral view, the
posterior sutural surface for the ischium is triangular with a larger posterior part and a
narrower anterior one. The anterior sutural surface is moreoval and smaller. Dorsolaterally,
an articulation surface with the femur is visible. The acetabulas foramen lies between two
articular surfaces. The acetabulum itself seems relatively narrow. Dorsally from the
acetabulum, the supraacetabular crest is visible. It separates the acetabulum from the iliac
blade. Medially, at the articular surface with the second sacral rib, a prominent ridge is
present, although the surface itself is not clearly visibledue to weathering.

Ischium
The best preserved ischium is the left one of GPIT/RE/09761 (Fig. 18). Its proximal region
has two articulation surfaces, separated from each other by the ventral part of the acetabulas
foramen. The iliac process is approximately four times larger than the pubic process. The
articulation surface with the ilium is oval, broad and has a shallow posterolaterally projecting
ridge. The proximal part of the pubic process is oval and lateromedially oriented. The
anterior edge of the shaft is bowed and the blade projects posteriorly.

Pubis
A single left pubis is preserved in GPIT/RE/09784. Its articulation surface with the ischium
is oval and anteroposteriorly elongated. The shaft is very thin and the blade� ares strongly
anteroposteriorly.

Femur
The femur of GPIT/RE/09761 (Fig. 19) is 112.8 mm in length, while the femora of GPIT/
RE/09784 and GPIT/RE/09727 are 110.8 and 109.2 mm, respectively. The femur is slightly
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sigmoidal with the proximal head lateromedially� attened and anteriorly broader than
posteriorly. On the convex medial region, the head forms an articular surface with the
acetabulum of the ilium. The smooth shaft has a prominent fourth trochanter on its medial

Figure 17 Ilia of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong Formation,
upper Eocene, Vietnam.Right ilium (left) and left ilium (right) in lateral (A and F), medial (B and G),
anterior (C and H), posterior (D and I) and ventral (E and J) view. Abbreviations: as, articulation surface;
act, acetabulum; actf, acetabulum foramen; sactc, supraacetabularcrest; srss, sutural surface for sacral rib.
Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-17
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side. Anteriorly to the fourth trochanter, a large groove is present. The distal end of the
femur consists of the larger lateral and the smaller medial condyles with an intercondylar
groove between them.

Tibia/Fibula
The tibia and� bula are best preserved in GPIT/RE/09761 (Fig. 19) and GPIT/RE/09784.
The tibia of GPIT/RE/09784 is 83.3 mm in length and has a slightly bowed shaft. Its
proximal articulation surface is broad, whereas the distal one is narrow. Medially on the
proximal epiphysis, a deep sulcus is present. The� bula of this individual is with the length
of 78.1 mm, slightly smaller than the tibia and very thin.

Astragalus/Calcaneum
The left astragalus and calcaneum are preserved in GPIT/RE/09784 and show no
noticeable difference from other alligatoroids.

Figure 18 Ischium of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong
Formation, upper Eocene, Vietnam.Left ischium in lateral (A), medial (B), anterior (C), posterior
(D), ventral (E) and dorsal (F) view. Abbreviations: as, articulation surface; actf, acetabulum foramen;
ppr, pubic process. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-18
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Figure 19 Femur and � bula of Orientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na
Duong Formation, upper Eocene, Vietnam.Right femur in lateral (A), medial (B), dorsal (C), ven-
tral (D), proximal (E), and distal (F) view. Right� bula in lateral (G), medial (I), dorsal (J), ventral (K),
proximal (L) and distal (M) view. Right tibia in medial (H) view. Abbreviations: 4th tr, fourth trochanter;
acd, anterior condylus; as, articulation surface; cd, condylus; lcd, lateral condylus; mcd, medial condylus;
pcd, posterior condylus. Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-19
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Osteoderms
More than 150 osteoderms (Fig. 20) and osteoderm fragments are preserved, but most are
in poor condition. All of them are ornamented with small rounded pits. Most of the
osteoderms are disarticulated, but some are still in contact with the vertebra column and as
such can be associated withOrientalosuchus naduongensis.

Most of the preserved osteoderms of GPIT/RE/09761 are dorsals. They are nearly
square-shaped and possess no, or only a very shallow keel. This is also true for the
posterodorsal midline osteoderms of GPIT/RE/09784.

Another osteoderm type, probably more posterolaterally located and very well
preserved (GPIT/RE/09727) is relatively small and oval. These osteoderms show still weak,
but slightly more pronounced keel than the dorsal osteoderms.

A single osteoderm of GPIT/RE/09761 is roughly triangular and could belong to the
anterolateral region. No keel is visible, but the surface is weathered.

RESULTS OF PHYLOGENETIC ANALYSIS
A total of 20,160 equally optimal trees with a length of 927 steps were recovered, with a
consistency index (CI) of 0.292 and a retention index (RI) of 0.759 (Figs. 21and22).
Two taxa (the Maoming alligatoroid andAsiatosuchus nanlingensisYoung, 1964) were
pruned from the strict consensus tree, because of their unstable position on the tree.
Due to the expansion and modi� cation of previous matrices, the retrieved trees differ from
that of previous analyses (Brochu, 2007a, 2007b; Brochu & Storrs, 2012). A list of
synapomorphies can be found in theFile S2.

Outside Brevirostres, the monophyleticArenysuchus gascabadiolorumPuértolas,
Canudo & Cruzado-Caballero, 2011+ Allodaposuchus subjuniperusPuértolas-Pascual,
Canudo & Moreno-Azanza, 2013+ Allodaposuchus precedensNopcsa, 1928+
Lohuecosuchus mechinorumNarváez et al., 2015+ Lohuecosuchus megadontos
Narváez et al., 2015group is no longer found as the sister group to Hylaeochampsidae,
but as sister group to all other Crocodylia except Gavialoidea. Omitting one of the new
characters(199)from the analysis results in the previous sister group relationship outside
Crocodylia.

Figure 20 Osteoderms ofOrientalosuchus naduongensis(GPIT/RE/09761) (holotype), Na Duong
Formation, upper Eocene, Vietnam.Probable dorsal osteoderm (A and B) and a probable ante-
rolateral osteoderm (C). Scale = 1 cm. Full-size �DOI: 10.7717/peerj.7562/� g-20
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The polytomy betweenPachycheilosuchus trinqueiRogers, 2003, Pietraroiasuchus
ormezzanoiBuscalioni et al., 2011andShamosuchus djadochtaensisMook, 1924a(Narváez
et al., 2015), was solved in the current tree.Pietraroiasuchus ormezzanoiandShamosuchus
djadochtaensisnow form a monophyletic group withAcynodon iberoccitanus

Figure 21 Reduced strict consensus tree of 20,160 equally optimal trees, obtained from the
maximum parsimony analysis with 202 characters included; length: 927; CI: 0.292 and RI: 0.759.
“a” indicates the alternative position of the pruned“Maoming alligatoroid”.

Full-size �DOI: 10.7717/peerj.7562/� g-21
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Buscalioni, Ortega & Vasse, 1997, Acynodon adriaticusDel� no, Martin & Buffetaut, 2008,
Hylaeochampsa vectianaOwen, 1874and Iharkutosuchus makadii� si, Clark &
Weishampel, 2007. The character(196) supports this monophyletic group as all of these
taxa, exceptHylaeochampsa vectiana, in which the state is unknown, lack a notch between
the premaxilla and maxilla as an adult (196-1).Pachycheilosuchus trinqueiis the sister
taxon to the clade formed by these taxa and all Crocodylia.

The cladeCrocodylus depressifronsBlainville, 1855+ Crocodylus af� nis Marsh, 1871,
representing basal members of Crocodyloidea in previous studies (Del� no & Smith, 2009;
Brochu & Storrs, 2012; Conrad et al., 2013), were retrieved in a weakly supported more
derived position, as a basal member of Crocodylinae. One of the characters responsible
for the more derived position ofCrocodylus depressifrons+ Crocodylus af� nis is their

Figure 22 Alligatoroid phylogeny as inferred from the reduced strict consensus tree of 20,160
equally optimal trees, obtained from the maximum parsimony analysis with 202 characters
included; length: 927; CI: 0.292 and RI: 0.759.“a” indicates the alternative position of the pruned
“Maoming alligatoroid”. “b” indicates the alternative position of the prunedAsiatosuchus nanlingensis.
The box highlights the monophyletic Orientalosuchina.Full-size �DOI: 10.7717/peerj.7562/� g-22
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short dentary symphysis (49-0), similar to most Crocodylidae, whereas the symphysis is
long (49-1) inAsiatosuchus germanicusBerg, 1966. The character (142; posterior angle
of the infratemporal fenestra), on the contrary, points towards a close relationship
with Asiatosuchus germanicusand a more basal position (142-0). By adding a new
character(197), Crocodylus depressifronsandCrocodylus af� nis are now drawn closer to
Crocodylidae, but it is worth to mention that the character can be only scored for
Crocodylus depressifrons(short sutural contact of the exoccipitals dorsal to the foramen
magnum; 197-1).

In former analyses (Brochu, 2007b; Brochu & Storrs, 2012), the cladeCrocodylus acer
Cope, 1882+ Brachyuranochampsa eversoleiZangerl, 1944was found in a sister group
relationship with Crocodylidae. In the current phylogeny,Crocodylus acerwas moved to a
more derived position inside Crocodylinae. The reason for this is, that the scorings for the
new characters are identical inCrocodylus acerandMecistops cataphractus(Cuvier, 1825)
and similar to other Crocodylinae, whileBrachyuranochampsa eversoleicould not be
scored for these new characters.

Paratomistoma courtiBrochu & Gingerich, 2000was found as the sister taxon to the
monophyletic group consisting ofTomistoma lusitanicaAntunes, 1961, Tomistoma
schlegelii(Müller, 1838), Toyotamaphimeia machikanensis(Kobatake et al., 1965) and
Gavialosuchus eggenburgensisToula & Kail, 1885in the current analysis. In previous
analyses (Brochu & Storrs, 2012; Conrad et al., 2013; Wang, Sullivan & Liu, 2016),
Paratomistoma courtiwas found in a monophyletic group withMaomingosuchus petrolica
(Yeh, 1958) andPenghusuchus paniShan et al., 2009. Penghusuchus paniwas not included
in the current analysis, which most likely led to the new position ofParatomistoma
courti on the tree.

Leidyosuchus canadensishas been considered the most basal alligatoroid (Brochu,
1999, 2004; Martin & Lauprasert, 2010; Wang, Sullivan & Liu, 2016). In the current
analysis, however,Leidyosuchus canadensisis positioned more crown-ward and
Diplocynodontinae is found as sister group to all other Alligatoroidea. This result is
due to one of the new characters: the anterior jugal process placed at the same level
(195-1)or posterior(195-2)to the anterior frontal process in Diplocynodontinae (only
preserved inD. tormisBuscalioni, Sanz & Casanovas, 1992and D. muelleri(Kälin &
Peyer, 1936)), as opposed toLeidyosuchus canadensis, in which the jugal processes is
anterior to the frontal(195-0).

Navajosuchus mooki(Simpson, 1930) and Ceratosuchus burdoshiSchmidt, 1938are
outside of Alligatoridae, while in previous analyses they were unresolved at the base of
Alligatorinae (Brochu, 1999, 2004; Cossette & Brochu, 2018). In the current analysis, they
form a polytomy with a monophyletic group consisting ofStangerochampsa mccabei,
Brachychampsa sealeyiWilliamson, 1996, Brachychampsa montanaand Orientalosuchina.

Orientalosuchina is supported by one synapomorphy (see“Discussion”). Inside
Orientalosuchina,Orientalosuchus naduongensisandKrabisuchus siamogallicusform a
monophyletic group, which in turn forms a polytomy withEoalligator chunyii,
Jiangxisuchus nankangensisandProtoalligator huiningensis.
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In the present analysis, a broad scapulacoracoid facet immediately anterior to the
glenoid fossa (26-1) and nearly squared dorsal midline osteoderms (39-1) de� nes
Alligatoridae and three characters de� ne Alligatorinae: eight contiguous dorsal osteoderms
per row at maturity (40-2), a premaxilla with a deep notch lateral to the naris (86-1) and a
longer prefrontal than the lacrimal (130-1).

The Bremer support for Orientalosuchina is 1 and the absolute frequency Bootstrap
value is 5%. The Bremer support forOrientalosuchus naduongensis+ K. siamogallicusis 1
and the absolute frequency bootstrap value is 35%. If the poorly preservedProtoalligator
huiningensisis removed from the analysis, the absolute frequency bootstrap value of
Orientalosuchina goes up to 45% and further removing the also poorly preserved
Eoalligator chunyiiresults in a bootstrap value of 54% for Orientalosuchina and 51% for
Orientalosuchus naduongensis+ K. siamogallicus.

DISCUSSION
Phylogeny of Globidonta
Globidonta is better resolved in the current analysis compared to previous studies with
East and Southeastern Asian alligatoroids included (Skutschas et al., 2014; Wang, Sullivan
& Liu, 2016; Wu, Li & Wang, 2018). Statistical support (Bremer and Bootstrap), however,
remains low. The group has three synapomorphies: a lingual foramen for articular
artery and alveolar nerve perforates surangular entirely (69-0), a concavo-convex
frontoparietal suture (151-0) and an anterior jugal process extending anterior to the
anterior process of frontal (195-0), but none is unique for this group.

Omitting the new characters194, 195, 197and199, results in a similar phylogeny in
most non-globidontan taxa as in former analyses (Brochu, 1999, 2007b; Brochu & Storrs,
2012; Cossette & Brochu, 2018), but the resolution is reduced inside Tomistominae and
Alligatorinae.

Orientalosuchina
Orientalosuchina, includesOrientalosuchus naduongensisfrom the middle to late Eocene
of Vietnam,Krabisuchus siamogallicusfrom the late or latest Eocene of Thailand
(Benammi et al., 2001; Martin & Lauprasert, 2010), Protoalligator huiningensisfrom the
middle Paleocene of Southeast China, andEoalligator chunyiiandJ. nankangensisfrom the
Late Cretaceous-early Paleocene of Southeast China.

In all trees, the single synapomorphy of Orientalosuchina is a short dentary symphysis
extending to the height of the fourth to� fth alveolus (49-0) as opposed to the long
symphysis (49-1) of for example,Brachychampsaspp. andStangerochampsa mccabei.
A short symphysis is otherwise common for alligatoroids (mostAlligatorspp. and most
Caimaninae).

Inside Orientalosuchina,J. nankangensis, Eoalligator chunyii, Protoalligator
huiningensisandOrientalosuchus naduongensis+ K. siamogallicusform a polytomy.
In those trees in whichProtoalligator huiningensisis ancestral, the presence of a notch
between the premaxilla and maxilla (196-0) is a further synapomorphy for the group.
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If Eoalligator chunyiiis recovered as the most basal taxon, the monophyly of
Orientalosuchina is further supported by seven synapomorphies:

(1) a truncated surangular around the lateral wall of the glenoid fossa (67-1);
(2) the medial position of the foramen aerum on the retroarticular process (70-0) and
(3) the quadrate (177-0); (4) a very short anterior palatine process, not reaching the
anterior end of the suborbital fenestra (115-1); (5) the quadratosquamosal suture extends
dorsally along the caudal margin of the external auditory meatus (148-1); (6) the
squamosal extends ventrolaterally to lateral extent of paraoccipital process (159-1); and (7)
the 11th dentary tooth is the largest one after the fourth one (200-0).

Further synapomorphies may diagnose Orientalosuchina including: (1) the posterior
lateral edges of the palatines are parallel (120-0); (2) the lacrimal makes broad contact
with the nasal without any sign of a maxillary process (128-0); (3) the anterior tip of
the frontal is acute (131-0); (4) the postorbital does not contact the quadrate and
quadratojugal at the mediodorsal angle of the infratemporal fenestra (143-0); and (5) the
angular-surangular suture lingually originates near the dorsal border of the external
mandibular fenestra and is straight (201-1). However, given that the corresponding
anatomical regions are unknown in the basally branching and poorly preserved taxa these
now de� ne a more inclusive clade.

Consistent with their basal divergence and age, orientalosuchians retain several
crocodylian plesiomorphies, which may explain their recovery inside Crocodyloidea in
previous analyses (Wang, Sullivan & Liu, 2016; Wu, Li & Wang, 2018; Li, Wu & Rufolo,
2019). These characters include: (1) and (2) the medially located foramen aerum
(70-0) (177-0); (3) the� fth maxillary tooth is the largest one (93-1); (4) the anterior
palatine process does not extend anterior to the suborbitalfenestra (115-1); (5) the
lateral edges of palatines are posteriorly parallel (120-0); (6) an acute anterior frontal tip
(131-0); (7) a postorbital neither contacting the quadratenor the quadratojugal
medially at the dorsal angle of the infratemporal fenestra (143-0); (8) the
quadratosquamosal suture extends dorsally along the caudal margin of the external
auditory meatus (148-1); (9) the squamosals extend ventrolaterally to the lateral extent
of the paraoccipital process (159-1); and (10) the presenceof a notch between the
premaxilla and maxilla (196-0).

Relationships inside Orientalosuchina
Orientalosuchus naduongensisandJiangxisuchus nankangensisshare a very similar
pterygoid around the choana opening (123-2), which strongly resembles the morphology
of Osteolaemus tetraspisCope, 1861andVoay robustus. The choanal region inKrabisuchus
siamogallicus(though not intact) looks like the pterygoid surface is� ush with the choanal
margin (123-0). InEoalligator chunyiiandProtoalligator huiningensisthe pterygoid is
not preserved. The pterygoid forming a neck around the choana is a condition unknown
for any other alligatoroid and could be a further synapomorphy for Orientalosuchina with
a potential reversal inK. siamogallicus.

A further potential synapomorphy for the group is the axial hypapophysis located
towards the centrum of the axis body (15-1) inOrientalosuchus naduongensisand
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Eoalligator chunyii. The axis is, unfortunately, not preserved in any other members of
Orientalosuchina. A shifted axial hypapophysis among Crocodylia is otherwise only
present in Diplocynodontinae andCrocodylus depressifrons.

The clade ofOrientalosuchus naduongensis+ K. siamogallicushas no synapomorphies
in all trees, but has� ve in some trees including (1) the intersupratemporal bar being
similarly broad as the supratemporal fenestra (199-1); (2) the dentary curves deeply
between the fourth and 10th dentary alveoli (50-1); (3) a palatine-pterygoid-suture situated
far from the posterior angle of the suborbital fenestra (118-1); (4) the frontoparietal
suture lies entirely on the skull table (150-2); and (5) the anterior and medial teeth have
dominant vertical ridges on their labial surface (198-1) and to a lesser extent on their
mesial side. Such strong ridges are only present in few crocodylians (Allodaposuchus
precedens, Allodaposuchus subjuniperusandMaomingosuchus petrolica), but not in other
member of Alligatoroidea.

Martin & Lauprasert (2010)describedK. siamogallicusas having unusually long
lacrimals, reaching the premaxilla and as a result preventing the maxilla from contacting
the nasal. These sutures are more likely the preorbital ridges (97-1) also present in
Orientalosuchus naduongensis. These ridges may be a further autapomorphy for
Orientalosuchus naduongensisor a synapomorphy forOrientalosuchus naduongensis+
K. siamogallicus. Prominent preorbital ridges are otherwise only present inMourasuchus
atopusLangston, 1966among alligatoroids and in some members of Crocodyloidea, like
in Osteolaemus tetraspisandCrocodylus porosus, but these structures are more
prominently developed inOrientalosuchus naduongensis.

Orientalosuchus naduongensisis characterized by a very large supraoccipital exposure
on the skull table (160-3), whereas the exposure is large (160-2) inEoalligator chunyiiand
K. siamogallicus, but small (160-0) inJ. nankangensis. The state of this character for
Protoalligator huiningensisis unknown. A very large supraoccipital exposure is otherwise
found in some Caimaninae, but in most of those taxa, except forGlobidentosuchus
brachyrostris, the supraoccipital is not trapezoid-shaped but block-shaped.

Omitting Protoalligator huiningensisfrom the phylogenetic analysis results in a
sister taxon relationship betweenJ. nankangensisandEoalligator chunyii, forming a sister
group toOrientalosuchus naduongensis+ K. siamogallicus. A close relationship between
the two Late Cretaceous/early Paleocene speciesJ. nankangensisandEoalligator chunyii
was also recently found in the analysis ofLi, Wu & Rufolo (2019), although the clade was
nested inside of Crocodyloidea.

Brachychampsa spp., Stangerochampsa mccabei and
Orientalosuchina
In some trees, the monophyly ofStangerochampsa mccabei+ Brachychampsaspp. +
Orientalosuchina is supported by: (1) a dorsally pojecting naris (81-1), (2) a large incisive
foramen, intersecting the premaxillary-maxillary suture(88-2), (3) a maxilla with posterior
process between lacrimal and prefrontal (128-2) and (4) a frontoparietal suture making
modest entry into the supratemporal fenestra (150-1).
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The monophyly ofBrachychampsaspp. + Orientalosuchina is supported by: (1) the� fth
maxillary alveolus as the largest (93-1) and (2) a large supraoccipital exposure on the
skull table (160-2).

In basal members of Alligatoroidea (Diplocynodonspp. andLeidyosuchus canadensis),
the fourth and� fth maxillary teeth have the same size (93-3), whereas it is the fourth tooth
(93-2) in members of Alligatoridae. The only exception is the Late Cretaceous/early
PaleoceneBottosaurus harlani, although position of this taxon inside Caimaninae is
questionable (Cossette & Brochu, 2018).

The monophyly ofBrachychampsa montana+ Orientalosuchina is supported by
the anterior tip of the splenial passing ventrally to the Meckelian groove (54-1).

A closer relationship betweenBrachychampsa montanaand Orientalosuchina than
betweenBrachychampsa montanaandBrachychampsa sealeyiseems unlikely and could be
an artifact due to the poor preservation of the latter.

Navajosuchus mooki and Ceratosuchus burdoshi
The shift to a more basal position ofN. mookiandCeratosuchus burdoshicompared to
Alligatoridae in this study can be explained by: (1) a straight dentary (50-0), (2) the
presence of a large incisive foramen (88-1), and (3) a relatively� at skull in lateral view
(193-0) unlike in the monophyletic group consisting ofArambourgia gaudryi(De Stefano,
1905) + Hassiacosuchus haupti+ Wannaganosuchus brachymanusErickson, 1982+
Allognathosuchusspp..

Allognathosuchus spp.
The monophyly ofAllognathosuchusspp. is supported by: (1) a surangular-dentary suture
intersecting the external mandibular fenestra at the posterodorsal corner (64-1) and (2) an
anterior jugal process extending anterior to the frontal (195-0). InWannaganosuchus
brachymanus, Arambourgia gaudryiandHassiacosuchus haupti, the anterior jugal process
lies at the same height as the anterior frontal process (195-1).

Alligator spp.
In the present phylogeny,Alligatoris polyphyletic withAlligator prenasalis(Loomis, 1904) +
Alligator mcgrewiSchmidt, 1941outside the otherAlligatorspecies due to a long dentary
symphysis (49-1). They further differ in: (1) an anterodorsally projecting naris (81-0), (2) a
lingual foramen for the articular artery and alveolar nerveperforating the surangular/angular
suture (69-1) and (3) a maxilla bearing a broad shelf extending into the suborbital fenestra
(112-1). The last two characters, however, can also be foundin otherAlligatorspecies
(Alligator mississippiensis, Alligator mefferdiMook, 1946andAlligator sinensis).

Caimaninae
Eocaiman caverensisSimpson, 1933is found as the sister taxon to most of other caimans
with the exception of the MioceneGlobidentosuchus brachyrostrisandCulebrasuchus
mesoamericanus, which are found in an ancestral position in the current analysis, with
Globidentosuchus brachyrostrisas the most basal caiman.

Massonne et al. (2019), PeerJ, DOI 10.7717/peerj.7562 46/60



This basal position ofGlobidentosuchus brachyrostrisresults mainly from (1) the
splenial participating in the mandibular symphysis (54-0), (2) a concavoconvex
frontoparietal suture (151-0) and (3) a trapezoid-shaped supraoccipital exposure on the
skull table (202-0).Globidentosuchus brachyrostrisandCulebrasuchus mesoamericanus
both differ from most of other Caimaninae in: (1) having an angular-surangular suture
contacting the external mandibular fenestra at the posterior angle (60-0) and (2) an
exoccipital terminating dorsally to the basioccipital tubers (176-0) inCulebrasuchus
mesoamericanus, whereas this is unknown forGlobidentosuchus brachyrostris.
Considering the Miocene age of both taxa, either they have a ghost lineage reaching back to
the Cretaceous, or their basal position is an artifact due to incompleteness of those taxa.

As in Cossette & Brochu (2018), the Late Cretaceous/early PaleoceneBottosaurus
harlani was found in a polytomy withPaleosuchusspp.. In the present analysis, however,
Tsoabichi greenriverensisBrochu, 2010was also found inside this polytomy. The reason
for this is the new character(202). In Tsoabichi greenriverensisandPaleosuchusspp., the
large supraoccipital exposure is triangular (202-1), while it is block-shaped (202-2) or
unknown for the remaining caimans, including all recent species.

Taxonomic status of the Maoming alligatoroid
Two taxa were pruned from the consensus tree because of their unstable positions: the
fragmentaryAsiatosuchus nanlingensisand the Maoming alligatoroid. The Maoming
taxon (Skutschas et al., 2014) is either the sister taxon toOrientalosuchus naduongensisor
placed inside Crocodylinae. This is due to the poor character support, resulting in the same
character combination for the Maoming alligatoroid as that of the crocodylineBrochuchus
pigotti (Tchernov & van Couvering, 1978).

Orientalosuchus naduongensisand the Maoming alligatoroid closely resemble each
other in the prominent ridges along the nasals, the triangular-shaped lacrimals and
anteriorly shifted supratemporal fenestrae are marked similarities. The Maoming
alligatoroid was interpreted as lacking a premaxilla-maxilla notch (Skutschas et al., 2014),
but this is likely an artifact of deformation as indicated by a� attened specimen of
Orientalosuchus naduongensis(Fig. 5) in which the notch appears absent even though
better preserved specimens clearly reveal the presence of the notch in this species. The
complex sutural contact between the nasal and frontal, proposed for the Maoming
alligatoroid bySkutschas et al. (2014), differs fromOrientalosuchus naduongensisbut the
area in the Maoming specimen is damaged and an anterior process of the frontal, similar to
the one inOrientalosuchus naduongensis, could be assumed, making the taxa identical
in this regard. These two taxa further share a close geographic and temporal proximity and
we predict that they either represent the same taxon or are closely related to each other.

Biogeographic implications
The Chinese alligator,Alligator sinensis, is the only recent alligatoroid in Asia and the
timing and climatic context of its dispersal from North America to Asia is still unresolved
(Brochu, 1999; Snyder, 2007; Oaks, 2011; Shan, Cheng & Wu, 2013; Wang, Sullivan & Liu,
2016). Martin & Lauprasert (2010)were the� rst to include an Asian alligatoroid
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(Krabisuchus siamogallicus), other thanAlligator sinensisinto a phylogeny, followed by
Skutschas et al. (2014)(Maoming alligatoroid),Wang, Sullivan & Liu (2016)(Eoalligator
chunyiiandProtoalligator huiningensis) and Li, Wu & Rufolo (2019)(Jiangxisuchus
nankangensis).

Our phylogenetic analysis robustly places Orientalosuchina including all the above taxa
distantly fromAlligator sinensisand their morphology as well as their Cretaceous
origin (Eoalligator chunyiiandJ. nankangensis) strongly suggest that they represent a more
basal monophyletic clade of alligatoroids. East and Southeastern Asia was, therefore,
colonized by alligatoroids twice: once by Orientalosuchina during the Late Cretaceous and
once by thesinensislineage during the Cenozoic (Brochu, 1999). For both lineages,
dispersal via Beringia is the most consistent with paleogeography, climate, phylogeny,
inferred stenohalinity, the fossil record, and divergence dates (Taplin & Grigg, 1989;
Brochu, 1999; Fiorillo, 2008; Oaks, 2011; Li, Wu & Rufolo, 2019). Inferred late
Maastrichtian lower eustatic sea level (Kominz et al., 2008) would have favored the
dispersal of Orientalosuchina, which is consistent with the probable age ofEoalligator
chunyiiandJ. nankangensis. Evidence for Late Cretaceous vertebrate dispersal from
North America to Asia is otherwise scarce and include some tyrannosauroid, hadrosaurid,
and ceratopsian dinosaurs (Loewen et al., 2013; Farke et al., 2014; Prieto-Márquez et al.,
2019). Dispersal from Asia to North America, on the other hand, has been more
commonly inferred for the Late Cretaceous (Russell, 1993; Hutchison, 2000; Sereno,
2000; Godefroit, Bolotsky & Alifanov, 2003). The relationships of the Late Cretaceous
Asiatosuchus nanlingensisfrom Asia andProdiplocynodon langifrom North America are
yet to be resolved and, therefore, alligatoroids are so far the only crocodylians showing
migration from North America to Asia during this time.

Timing of the dispersal of thesinensislineage remains dif� cult to constrain because:
(1) molecular divergence date estimates and fossil dates of crown-Alligatorare in con� ict,
(2) pan-sinensisin Asia cannot be traced back further than the Pliocene (Iijima, Takahashi
& Kobayashi, 2016), and (3) the dispersal may have occurred long after a possible
North American divergence betweenAlligator sinensisandmississippiensis. The most
recent molecular divergence date estimate placed the split betweenAlligator sinensisand
mississippiensisat � 58–31 Ma (Oaks, 2011) as opposed to 14 Ma suggested by the earliest
known fossil record of crown-Alligator (Alligator thomsoniMook & Thomson, 1923,
Brochu, 1997, this study). The early MioceneAlligator olseniWhite, 1942is also close to
crown-Alligator (Brochu, 1999; Snyder, 2007, this study) and, thus, ca. 20 Ma can be
considered the maximum divergence date of the lineage based on fossils. Even though the
molecular data sampling ofOaks (2011)is using a multilocus sequence dataset of both
mtDNA and nDNA, similar analyses have been subjected to overestimate shallow nodes
(<10 MY), particularly when they are dated with old external priors (Van Tuinen & Torres,
2015). Given that both calibration points ofOaks (2011)are deep (Alligatorinae-
Caimaninae split, 71–64 Ma; Crocodylia, 90 Ma), a potential overestimation ofAlligator
divergence should be taken into account. Climate obviously constrainedAlligatordispersal
via Beringia (Markwick, 1998) but a revised molecular clock analysis using shallower
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calibration points and the inclusion of the Chinese MioceneAlligator luicusis critical for
evaluating the more precise role it played.

CONCLUSIONS
Parsimony analysis� nds the new late Eocene taxon from Vietnam,Orientalosuchus
naduongensis, as the sister taxon toKrabisuchus siamogallicusfrom the Eocene of
Thailand. Together they form a monophyletic extinct basal East to Southeastern Asian
alligatoroid clade of Late Cretaceous origin that also includedJiangxisuchus nankangensis,
Eoalligator chunyiiandProtoalligator huiningensis. The current phylogeny supports at
least two different dispersals from North America to Eastern Asia: one during the Late
Cretaceous (Orientalosuchina) and a second during the Cenozoic (Alligator sinensis
lineage). Improved fossil calibrations and taxon sampling will be vital for further
constraining the timing and resolving the climatic/paleogeographical context of these
dispersals.

APPENDIX
Modifications and new characters added to the characterlist of
Brochu & Storrs (2012)
SeeSupplementary� le 2for further modi� cations andSupplementary� le 3for a complete
character list.

(51) Largest dentary alveolus immediately caudal to fourth is (0) 13 or 14, (1) between
11 and 14 and a series behind it, (2) 11 or 12, (3) no differentiation, (4) behind 14, (5) 10.
(modi� ed fromBrochu & Storrs (2012)).

Comments: According toBrochu (2004:867), “this character expresses the enlarged rear
dentition of some fossil alligatorids.” and“The exact position of the largest alveolus varies
within species, but it is never in front of the thirteenth in most taxa, and is never behind the
twelfth in crown-group caimans. Behind these, alveoli grow progressively smaller. But in
some blunt-snouted forms, there is a third region of maximum diameter behind the
thirteenth or fourteenth alveolus. This is where globular teeth erupt in those taxa bearing
them-teeth erupting from the large 13th or 14th alveoli are still conical.”

We rephrased character state (1) ofBrochu & Storrs (2012)from “largest dentary
alveolus immediately caudal to fourth is 13 or 14 and a series behind it” to “between 11 and
14 and a series behind it” in order to score all taxa with enlarged posterior teeth, regardless
the shape of the crown, with the same state. Previously, some taxa with a lower tooth count
(e.g.,Hassiacosuchus haupti) were scored with (1) despite the fact that their largest tooth
was not the 13 or 14 because they also possess enlarged posterior teeth. In addition, taxa
with enlarged posterior teeth that are compressed instead of globular were furthermore
excluded previously from this state. For instance, inOrientalosuchus naduongensis,
Bottosaurus harlani, Procaimanoidea utahensis(Gilmore, 1946) andProcaimanoidea kayi
(Mook, 1941) the rear dentition consists of enlarged but laterally compressed teeth.
Previously both species ofProcaimanoidea, as well asB. harlaniwere scored with (2) as in
recentAlligatorspp. orCaimanspp., but here we score them as (1).
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(193) Skull in lateral view relatively� at (0) or wedge-shaped (1) (new character).

Comments: A triangular- or wedge-shaped skull in lateral view occurs in some short
snouted taxa. The character is not fully correlated with the presence of an anterodorsally
positioned external narial opening because some fossil taxa with an anterodorsally
positioned naris have a relatively long and� at snout (e.g.Navajosuchus mooki). The
character is somewhat problematic to score due to the often ocuring dorsoventrally
deformation in most crocodilian fossils. In most taxa, the skull shows a sudden increase in
height between the orbits giving the it a slide-like outline in lateral view. In wedge-shaped
taxa, however, the snout region is nearly straight triangular from the narial opening to the
skull table, clearly visible in some basal alligatorines likeHassiacosuchus haupti.

All speicmens ofOrientalosuchus naduongensisare dorsoventrally compressed due to
deformation, making a reliable scoring for this character impossible. The snout, however,
looks more elongated than that of the typical wedge-shaped short snouted alligatorines.
Martin & Lauprasert (2010)describedKrabisuchus siamogallicusas having a similar
morphology asH. hauptiand the head of Kr-C-007 indeed looks wedge-shaped, although
the preservation is suboptimal and it could be an artifact due to the apparent postmortem
deformation.

(194)Nasal bone does (0) or does not (1) reach to the level of the orbita (new character).

Comments: In Alligator, the nasal usually reaches the level of the orbits, but not inAlligator
sinensisin which the nasal terminates anterior to the orbits in the herein analyzed
individuals (SMNS 4915, IRSNB 13904-3487).Hassiacosuchus hauptiandArambourgia
gaudryihave a far posteriorly reaching nasal bone, while it is shorter in all other basal
alligatorines andNavajosuchus mooki. In crown-group Caimaninae, onlyMelanosuchus
niger(Spix, 1825), Orthogenysuchus olseniMook, 1924band bothPaleosuchusspecies have
a nasal bone, reaching to the level of the orbits. In Orientalosuchina, this character can be
scored forOrientalosuchus naduongensisandKrabisuchus siamogallicus, which have far
posterior reaching nasal processes reaching the orbita.

(195) Anterior process of jugal extends anterior (0), lies at the same level as (1), or well
posterior to the anterior process of frontal (2). (Modi� ed fromJouve (2016)(174),Jouve
et al. (2008)(174),Jouve (2004)(177)).

Comments: In Crocodyila, the jugal shows different anterior extensions, which can be
compared to the anterior extension of the frontal. In non-Brevirostres taxa, the anterior
process of the jugal commonly lies posteriorly to the anterior frontal process, which is
present in some species likeProcaimanoidea utahensis, Alligator mcgrewiSchmidt, 1941
or Paleosuchus palpebrosus(Cuvier, 1807), but in most Brevirostres, the anterior jugal
process either extends anterior or lies at the same level as the anterior process of the
frontal. The prior version of this character fromJouve (2016)did not differentiate between
(0) and (1), which led to the present modi� cation of this character.

Among Globidonta, the jugal extends anteriorly to the frontal (0) inAllognathosuchus
polyodon(Cope, 1873), Allognathosuchus wartheniCase, 1925, Alligator sinensis, Alligator
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mississippiensisandAlligator prenasalis, as well as inBrachychampsa montanaand
Stangerochampsa mccabeiwhile it is on the same level (1) inHassiacosuchus haupti,
Arambourgia gaudryi, Navajosuchus mooki, Wannaganosuchus brachymanusand
Procaimanoidea kayi. In crown-group Caimaninae, the process always reaches anterior to
the frontal, except forPaleosuchus palpebrosusandMelanosuchus niger, in which the
process lies on the same height as the frontal. For Orientalosuchina, onlyOrientalosuchus
naduongensiscould be reliably be scored as state (1).

(196) Notch between the premaxilla and maxilla present (0) or not present (1) in adult
individuals (new character).

Comments: A few characters in the matrix are referring to an early ontogenetic state of a
taxon (10, 25, 60, 87, 91, 126 and 152). The reason for this is potential changes during
ontogeny like the development of a notch between the premaxilla and maxilla late in
ontogeny inCaiman crocodilus(Linnaeus, 1758) (Brochu, 1999).

However, several fossil taxa are scored for such“ontogenetic characters” even if no
juvenile specimens are known.

We added a new character that pertains to the presence of the premaxillary-maxillary
notch in adult individuals in order to allow consistent scoring of fossil taxa with unknwon
juvenile stage. To avoid double weighting, character (91) was reviewed based on published
work and if the scoring was solely based on adult individuals, they were rescored as (?) and
the previous scoring was added to the new character (196).

(197)Sutural contact of the exoccipitals dorsal to the foramen magnum (0) long, at least
half the height of the foramen magnum, (1) short, shorter than half the height of the
foramen magnum, or (2) no sutural contact between the exoccipitals (new character).

Comments: In recentCrocodylusandAlligatorspecies, the supraoccipital does not project
far ventrally, resulting in a relatively long suture between the two exoccipitals. In for
example,Osteolaemus tetraspisand some globidonts (Brachychampsa montana,
Stangerochampsa mccabei, Hassiacosuchus haupti, Arambourgia gaudryiandEoalligator
chunyii) the supraoccipital projects further ventrally and the sutural contact between the
exoccipitals becomes smaller, until it is only roughly half as long as the maximal height
of the foramen magnum. Unfortunately, in many fossil taxa, the occipital region is too
poorly preserved or not� gured to reliably score this character, but it could be valuable to
understand wheter some basalAlligatorspecies show a short suture and if there are
differences between basal Alligatorinae taxa. Among recent Caimaninae, inPaleosuchus
palpebrosusandMelanosuchus nigerthe suture is long and it is short inCaiman crocodilus
andCaiman latirostris(Daudin, 1802). In Orientalosuchina, onlyEoalligator chunyiicould
be scored (with a short suture).

In two non-Brevirostres taxa (Allodaposuchus precedensandBorealosuchus sternbergii
(Gilmore, 1911)) the supraoccipital reaches the foramen magnum preventing the
exoccipitals from contacting one another.
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(198) Anterior maxillary teeth without (0) or with (1) ridges on their lateral surface
(new character).

Comments: In many crocodilians, the maxillary teeth bear� ne striae, but inOrientalosuchus
naduongensisandKrabisuchus siamogallicusthere are marked dorsoventrally running ridges
present on the labial surface of the anterior teeth, (unknown forEoalligator chunyii).
Dominant ridges are also present in the tomistomineMaomingosuchus petrolicaand in
Allodaposuchus precedensandAllodaposuchus subjuniperus.

(199) Intersupratemporal bar (0) as or near as broad as the supratemporal fenestra, (1) at
least twice as broad as the supratemporal fenestra, (2) around half the broadness of the
supratemporal fenestra or (3) constricted, less than half the broadness of the
supratemporal fenestra (new character).

Comments: The intersupratemporal region differs among crocodilians, but most
commonly, the region is either similarly broad as the supratemporal fenestra or
constricted, especially in longirostrine taxa. The level of constriction was divided in
two states (2 and 3). A markedly broad state is only present in few taxa, especially in
crown-group Caimaninae in which the supratemporal fenestrae are overgrown, but it is
not completely correlated with (152) as a broad intersupratemporal bar is also present in
Procaimanoidea kayi, which has open fenestrae.

Other globidonts mostly have an intersupratemporal bar as broad as the fenestra or a
slender, but not constricted one. Exceptions areBrachychampsa montana, Ceratosuchus
burdoshiandEoalligator chunyii, which have a constricted bar.

(200)If largest dentary alveolus is between 11th and 14th and a series behind it, is it the (0)
11th, (1) 12th, or (2) 13th to 14th (new character).

Comments: This character is only applicable for taxa with (51-1).

(201) Surangular-angular suture lingually originates (0) near the ventral border of the
external mandibular fenestra, (1) near the dorsal border of the external mandibular
fenestra and straight, (2) near the dorsal border of the external mandibular fenestra and
bowed (new character).

Comments: In most crocodylians, the surangular-angular suture lingually originates near
the ventral border of the external mandibular fenestra (201-0). In Orientalosuchina,
however, the suture originates near the dorsal border of the external mandibular
fenestra and is notably straight (201-1). The state is, however, unknown forEoalligator
chunyii. The only other taxon showing this morphology isMaomingosuchus petrolica.
In Stangerochampsa mccabeiandVoay robustus(Grandidier & Vaillant, 1872), the suture
also originates near the dorsal border of the fenestra, but the suture is notably bowed
(201-2).

(202) Large to very large supraoccipital exposure on skull table is (0) trapezoid, (1)
triangular, or (2) block-shaped (new character).
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Comments: In most crocodylians, the supraoccipital exposure on the skull table is
either small (160-0) or absent (160-1). In some species, however, the exposure is
either large (160-2) or very large, excluding the parietal from the posterior edge of
skull table (160-3). Among species with a large to very large exposure, the shape can
differ markedly. In Orientalosuchina, except forJiangxisuchus nankangensis, which only
has a small exposure, the supraoccipital is trapezoid. This also true forStangerochampsa
mccabei, Brachychampsaspp.,Bottosaurus harlaniandGlobidentosuchus brachyrostris.
In most Caimaninae, on the other hand, the shape is either triangular, for example,
in Paleosuchusspp. or block-shaped like inCaimanspp.. This character is only
applicable for taxa with large to very large supraoccipital exposure on the skull roof.
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A new species ofMaomingosuchusfrom the Eocene of the Na Duong Basin
(northern Vietnam) sheds new light on the phylogenetic relationship of

tomistomine crocodylians and their dispersal from Europe to Asia
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Maomingosuchus acutirostrissp. nov. is a new tomistomine crocodile from the middle–upper Eocene deposits (late
Bartonian–Priabonian age, 39–35 Ma) of the Na Duong Basin in northern Vietnam.M. acutirostriscan be differentiated from
the type speciesMaomingosuchus petrolicusby having an acute anterior tip of the premaxilla. Both species differ from another
Maomingosuchusfrom Krabi (Thailand) by differences in the surangular–dentary suture and maxillary alveoli. According to
our phylogenetic results,M. acutirostrisseems to be the sister species to the groupM. petrolicusþ Krabi-Maomingosuchus.
The close relationship between those three tomistomines is supported in the present phylogenetic analysis by three
synapomorphies. In our phylogenetic analysis,Maomingosuchuswas retrieved in a basal position forming the sister group to
Paratomistomaþ Gavialosuchusþ Melitosaurusþ Tomistoma, including the extantTomistoma schlegelii. This phylogeny
indicates three different dispersal events of Tomistominae from Europe towards eastern Asia: 1) for the stem lineage of
Maomingosuchus, no later than the late Eocene; 2) for the stem lineage ofPenghusuchus paniþ Toyotamaphimeia
machikanensis, no later than the early–middle Miocene; and (3) for the stem lineage ofT. schlegelii, during the Neogene.

http://zoobank.org/urn:lsid:zoobank.org:pub:19B27C1E-0A3F-4425-AA8C-F904277DF327

Keywords: Eocene; Crocodylia; Asia; phylogeny; biogeography

Introduction

The subfamily Tomistominae is commonly regarded as
a monophyletic clade of crocodiles (e.g. Brochu2007;
Jouve2016; Shanet al. 2017; Nicholl et al. 2020; but
see Lee & Yates2018; Iijima & Kobayashi 2019; Rio
& Mannion 2021; Darlim et al. 2022) with only one liv-
ing representative, the false gharialTomistoma schlegelii
(M€uller, 1838) from the Malaysian Peninsula, Borneo,
Sumatra and Java (Bezuijenet al. 2010). Their fossil
record is much more diverse, with representatives found
in Europe, Africa, America, Asia and Australia (Jouve
et al. 2015; Jouve 2016; Kuzmin & Zvonok 2021;
Ristevski et al. 2021). Previous studies suggested that
Tomistominae originated in the upper Paleocene to
lower Eocene in the region around western Tethys (e.g.
Brochu2007; Piraset al. 2007; Jouveet al. 2015; Jouve
2016; Shanet al. 2017; Martin et al. 2019), but the pos-
ition of basal species differs between studies.
Maroccosuchus zennaroiJonet & Wouters,1977 was
retrieved as the most basal taxon by several recent stud-
ies (Jouveet al. 2015; Jouve 2016; Shan et al. 2017;

Nicholl et al. 2020), whereas a polytomy between
Maroccosuchus, Kentisuchus and, if included,
Xaymacachampsa kugleri(Berg, 1969) was recovered
by others (Jouveet al. 2015; Iijima et al. 2018; Iijima
& Kobayashi 2019; Martin et al. 2019; Nicholl
et al. 2020).

During the early and middle Eocene, the tomistomine
crocodiles lived in central and southern Europe
(Dollosuchoides densmorei Brochu, 2007 and
Megadontosuchus arduini[de Zigno, 1880]), northern
Africa (‘Tomistoma cairense’ M€uller, 1927 and
Paratomistoma courtiBrochu & Gingerich,2000) and
even Central America (Xaymacachampsa sensuJouve
et al. 2015 and Jouve2016). Slightly younger, during
the middle–upper Eocene, the first undisputed tomisto-
mines are known from Asia (Shanet al. 2017; Iijima
et al. 2018; Martin et al. 2019; Nicholl et al. 2020). All
other tomistomines from eastern Asia are Miocene and
Pleistocene in age (Toyotamaphimeia machikanensis
[Kobatake, ChiJi, Ikebe, Ishida, Kamei, Nakaseko &
Matsumoto,1965]) and Penghusuchus paniShan, Wu,
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Cheng & Sato,2009) (Kobayashi et al. 2006; Shan
et al. 2009; Iijima et al. 2018).

Maomingosuchus petrolicus (Yeh, 1958) was
described based on a fragmentary skull. Later, a par-
tially preserved individual was described by Li (1975),
based on new material from the Youganwo Formation
of the Maoming Basin; Shanet al. (2017) later pro-
vided a re-description of this material. Recently,
another Maomingosuchus from Wai-Lek, Krabi
Province, Thailand was described by Martinet al.
(2019). Unfortunately, this specimen is poorly pre-
served and was provisionally referred to as Krabi-
Maomingosuchussp., but it might represent a dis-
tinct species.

In this study, we describe a new almost complete spe-
cies of Maomingosuchus, which was excavated in the
Na Duong Basin in northern Vietnam in 2011 (B€ohme
et al. 2013) and prepared at the laboratory of the

Geological-Palaeontological Institute of the Eberhard
Karls University of T€ubingen (GPIT). The new species
allows novel insights into the anatomy of
Maomingosuchus. We incorporated these new data in an
expanded phylogenetic analysis of Tomistominae,
retrieving a more basal position forMaomingosuchus
than previously suggested (Shanet al. 2017; Iijima
et al. 2018; Martin et al. 2019; Nicholl et al. 2020).

Geological setting

The Na Duong Basin is located in northern Vietnam
near the Chinese border (Fig. 1). It represents one of the
few areas in eastern and south-eastern Asia with a com-
plete sequence of continental sediments from the middle
Eocene–lower Oligocene (B€ohmeet al. 2013). The basin
is part of the Cao Bang-Tien Yen fault system and

Figure 1. Map of the northern part of south-eastern Asia, showing the Na Duong Basin in north-eastern Vietnam close to the border
with China (B€ohmeet al. 2013).

1552 T. Massonneet al.



covers an area of 45 km2. The middle–upper Eocene
(late Bartonian–Priabonian, 39–35 Ma) Na Duong
Formation is 240 m thick with the upper 140 m of the
section being exposed in the Na Duong open cast
coal mine.

The tomistomine remains described in this study were
found within the transition zone between the coaly shale
of the main seam and the underlying dark-brown clay-
stone (layer 80).

The sediments of layer 80 are lacustrine lignitic
shales and were deposited during a time of tropical to
warm sub-tropical climate. During this time, this region
was in a transitional stage from an environment charac-
terized by shallow ponds to a large anoxic lake environ-
ment (B€ohme et al. 2013; Garbin et al. 2019). The
ecosystem yielded both aquatic and terrestrial faunal ele-
ments. The new tomistomineMaomingosuchus acutir-
ostris occurred sympatrically with Orientalosuchus
naduongensisMassonne, Vasilyan, Rabi & B€ohme,
2019, members of Cetartiodactyla and Perissodactyla,
many fish and two turtle species (B€ohme et al. 2013;
Garbinet al. 2019). While the majority of aquatic speci-
mens were found articulated, the terrestrial mammals
were preserved disarticulated (Garbinet al. 2019).

Materials and methods

All of the herein described material belongs to one indi-
vidual GPIT-PV-31657, which was found at the base of
layer 80 (sensuB€ohme et al. 2011) in the Na Duong
coal mine. The bones were disarticulated and dispersed
over a small area of around 4 m2. Since all of the bones
were found in close proximity, and are of the same gen-
eral size with no duplication of elements, it is clear that
GPIT-PV-31657 represents a single individual. The
material consists of a skull with articulated mandibles as
well as the almost complete disarticulated postcranial
material. The skull is dorsolaterally compressed, so the
ventral and occipital regions are poorly preserved. The
disarticulated vertebral column consists of the proatlas,
seven cervical, 12 dorsal, two sacral and 15 caudal ver-
tebrae, as well as multiple chevrons. Of the ribs, a sin-
gle atlantal rib, seven cervical ribs and nine dorsal ribs
are preserved. Both scapulae and coracoids are also pre-
served as well as both humeri and a single ulna, while
the radius, the metacarpals and the manual phalanges
are missing. Also preserved are both ilia, ischia and
pubes, both femora, a single tibia and fibula, as well as
four metatarsals, whereas all pedal phalanges are miss-
ing. Osteoderms from the dorsal and lateral body sec-
tions were found in large numbers.

For our phylogenetic analysis we used the dataset of
Nicholl et al. (2020) (see Supplemental material S1),
which was the most recent dataset focusing mainly on
the relationships of tomistomines. Their dataset is
mainly based on Jouve (2016), which is derived from
multiple previous datasets including Brochu (1999) and
Jouveet al. (2015). The focus of our updated phylogeny
is to clarify the relationships ofMaomingosuchuswithin
the family Tomistominae. The speciesMaomingosuchus
acutirostris sp. nov. as well as the Krabi-
Maomingosuchus(Martin et al. 2019) were added to the
dataset that now consists of 72 taxa and 244 characters.
Bernissartia fagesiiDollo, 1883 was used as the out-
group taxon. For the analysis, we followed Nichollet al.
(2020) and retained the 31 ordered characters from that
analysis (characters 7, 30, 37, 62, 64, 75, 78, 81, 87, 91,
95, 103, 124, 131, 145, 151, 152, 153, 156, 161, 169,
171, 173, 174, 176, 177, 179, 194, 195, 206, 238). For
M. acutirostris we scored 111 characters (see dataset in
Supplemental material S1). Character scorings were
modified for Maomingosuchus petrolicusand the Krabi-
Maomingosuchus(a complete list of changes and the list
of specimens are inSupplemental material S2, while the
list of characters is inSupplemental material S3).

We conducted a maximum parsimony analysis as a
‘ traditional’ search in TNT v. 1.5 standard version
updated on 31 March 2021 (Goloboff & Catalano
2016). We treated the multistate characters as ordered
(see above) and equally weighted; set the maximum of
trees to 99,999 and the tree replications to 1000. For the
branch swapping algorithm, we used tree bisection
reconnection with 10 trees saved per replication. A first
run of heuristic search tree-bisection-reconnection failed
to find all the most parsimonious trees (MPT) and,
therefore, the heuristic search was repeated until the
MPTs were found 50 times during each replicate (using
the command‘xmult¼hits 50;’ ), as in Massonneet al.
(2019). The trees retained in the memory were exposed
to a second round of tree-bisection-reconnection.

We also conducted a‘New Technology’ search due
to the large dataset (Goloboffet al. 2008). The random
addition sequence was set to 1000. For the search algo-
rithm, sectorial search, ratchet and tree fusing were
used. For sectorial search in the RSS settings, the max-
imal sector size was set to 36, representing half of the
taxa in the dataset, in the CSS settings the rounds were
set to 100 and the minimal sector size to five, and for
the XSS settings the number of rounds was set to 10. In
the ratchet settings the total number of iterations was set
to 100, for tree fusing the rounds were set to 100. All
other options were left as default. After the first round,
we conducted a second round of new technology search
with the trees saved from ram. Sectoral search was
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disabled, and we changed the number of iterations in
the ratchet settings to 1000 and the tree fusing to 1000
rounds. The result was filtered for sub-optimal trees and
the analysis was run again until the number of found
trees did not change further.

Institutional abbreviations

DM, Darwin Fossil Museum, Keelung, Taiwan;GPIT
Geologisch-Pal€aontologisches Institut T€ubingen,
T€ubingen, Germany; NMNS National Museum of
Natural Science, Taichung, Taiwan.

Systematic palaeontology

Eusuchia Huxley, 1875sensuBrochu2003
Crocodylia Gmelin, 1789sensuBenton & Clark1988

Crocodyloidea Fitzinger,1826sensuBrochu2003
Tomistominae K€alin, 1955sensuBrochu2003

MaomingosuchusShanet al., 2017

Emended genus diagnosis.Maomingosuchusis diag-
nosed by the unique combination of the following char-
acters: 1) distinct dorsoventrally extending ridges on the
lateral and mesial surfaces of the anterior teeth (shared
with an indeterminate tomistomine from the Ikovo local-
ity and some non-tomistomine taxa); 2) presence of a
frontal fossa between the orbits, close to the posterior
end of the prefrontals (shared with‘Crocodylus’ affinis
Marsh, 1871 and Prodiplocynodon langiMook, 1941);
3) a flat frontal margin between the orbits (shared with
Dollosuchoides). Only preserved inMaomingosuchus
acutirostris and Maomingosuchus petrolicusare: 4) per-
forations for the first dentary tooth anterior to the exter-
nal naris (shared withKentisuchus spenceri[Buckland,
1836]); 5) 15 maxillary teeth in total (shared with
Dollosuchoides); and (6) exoccipital with ventrally pro-
jecting lamina hiding the entrance to the cranio-quadrate
passage (shared with gharials and basal eusuchians).

Maomingosuchus acutirostrissp. nov.
(Figs 2–14)

Diagnosis. M. acutirostris is a medium-sized tomisto-
mine with a skull length (premaxilla–supraoccipital) of
546 mm and an estimated total length of around 3.5 m
based on the skull to body length ratio of extant
Tomistoma schlegelii(1:6.4 according to Whitaker &
Whitaker 2008), which presumably has similar body
proportions. It can be diagnosed by the combination of

the following characters: 1) relatively robust teeth, espe-
cially the 5th maxillary tooth and the 11th or 12th dentary
teeth (similar toMaroccosuchus); 2) anterior part of the
prefrontal on the same level as anterior part of the frontal
(shared with the Krabi-Maomingosuchus, some individuals
of Maomingosuchus petrolicusand Gavialosuchus eggen-
burgensis[Toula & Kail, 1885]); 3) supraoccipital visible
on dorsal skull table (shared with‘Tomistoma’ cairense,
‘Tomistoma’ coppense, ParatomistomaandM. petrolicus);
4) atlantal rib with process on dorsal margin (shared with
Toyotamaphimeiaand some non-tomistomines); and 5)
ilium with a prominent anterior process (shared with
PenghusuchusandToyotamaphimeia).

Beside the characters mentioned above,M. acutirost-
ris can be further differentiated fromM. petrolicusby:
having an elongated premaxilla, anterior to the external
naris; a ratio of the mediolateral width of the supratem-
poral fenestral bar to the width of the skull table at the
same level of 0.100–0.175, and a ratio of the anteropos-
terior length of supratemporal fenestra to the anteropos-
terior length of the orbit> 0.75.

Both M. acutirostrisandM. petrolicuscan be differenti-
ated from the Krabi-Maomingosuchusby: having the first
five maxillary teeth getting continuously larger posteriorly;
the 7th and 8th maxillary teeth more widely spaced than
other teeth; a ratio of the anteroposterior length of the supra-
temporal fenestra to the anteroposterior length of the orbit
> 0.75 and a surangular–dentary suture intersecting the
external mandibular fenestra anterior to its posterior corner.

Etymology. The species name derives from the Latin
word acutus for ‘acute’ and rostrum for ‘snout’ and
refers to the elongated acute premaxilla anterior to the
external naris, which stands in a marked contrast to the
short and rounded premaxilla ofM. petrolicus.

Holotype. GPIT-PV-31657, partial skeleton consisting
of the complete skull, lower jaw and incomplete post-
cranial material (seeSupplemental material S4for a
complete list of the material).

Type locality and horizon. The fossil was recovered
from layer 80 of the Na Duong coal mine (B€ohmeet al.
2013) in northern Vietnam (21� 42.20N, 106� 58.60E); Na
Duong Formation, Eocene, late Bartonian–Priabonian
age (39–35 Ma).

Remarks. Martin et al. (2019) described a
Maomingosuchus sp. from the upper Eocene–lower
Oligocene Wai-Lek Formation from Krabi Province,
Thailand based on a partly preserved skull and lower jaw.
The authors refrained from erecting a new species for the
Krabi-Maomingosuchusdue to its fragmentary preservation
and the overall similarity withMaomingosuchus petrolicus.
In our analysis, the Krabi-Maomingosuchuswas found to be
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closely related toM. petrolicus, but with three autapomor-
phies distinguishing it from the other maomingosuchids: 1)a
surangular–dentary suture that intersects the external man-
dibular fenestra at its posterior corner (character [ch.] 65-1);
2) from the 1st to the 10th maxillary alveolus only one tooth
larger, the others being of nearly same size (ch. 203-1); and
3) maxillary teeth widely spaced and the 7th and 8th teeth not
more widely spaced than other teeth (ch. 235-1). We there-
fore treat the Krabi-Maomingosuchusas a provisionally valid

but unnamed species of Maomingosuchus (see
Discussion, below).

Description

Overall, the material is well preserved and represents
nearly a complete individual. The skull is articulated

Figure 2. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Skull
in A, B, dorsolateral view andC, a sketch with the visible bones and characteristics.Abbreviations: an, angular;ar, articular; d,
dentary;d1, dentary tooth 1;d4, dentary tooth 4;ect, ectopterygoid;emf, external mandibular fenestra;eo, exoccipital;f, frontal; ff ,
frontal fossa;j , jugal; l, lacrimal; ma, matrix; mx, maxilla; mx5, maxillary tooth 5;n, nasal;nos, nuchal osteoderm;p, parietal;pf,
prefrontal; pmx, premaxilla; po, postorbital; pob, postorbital bar;q, quadrate;qj , quadratojugal;r , rib; sa, surangular;so,
supraoccipital;sq, squamosal. Scale bar¼ 10 cm.
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with the lower jaw and dorsolaterally flattened. The pos-
terior part of the skull is still covered in matrix. The
postcranial material is disarticulated and preserved three
dimensionally with only minor compression artefacts.
Most of the bones are pyritized.

For measurements of the cranial and postcranial
material seeSupplemental material S4.

Cranial bones

General shape and taphonomic remarks.The skull is
relatively robust, with the snout (measured from the
snout tip to the anterior margin of orbit) making up
around 72% of total skull length. The snout is overall

Figure 3. Maomingosuchus acutirostris, holotype GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Skull inA,
B, ventrolateral view andC, a sketch with the visible bones and characteristics.Abbreviations: an, angular;ar, articular;co, coronoid;d,
dentary;d4, dentary tooth 4;ect, ectopterygoid;fr , fragment;j , jugal; ls, laterosphenoid;ma, matrix;mx, maxilla;mx5, maxillary tooth
5; mx15, maxillary tooth 15;nos, nuchal osteoderm;os, osteoderm;pmx, premaxilla,pt, pterygoid;q, quadrate;qj , quadratojugal;r , rib;
sa, surangular;sc, scapula;sof, suborbital fenestra;sp, splenial;stf, supratemporal fenestra;v, vertebra. Scale bar¼ 10 cm.
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narrow but widens at the level of the 5th maxillary
tooth. The skull table is solid with relatively small
supratemporal fenestrae and a wide frontal region
between the orbits. The postorbital bar is very robust.
The skull is highly pyritized and cracked in multiple
regions; for example, posterior to the external naris, the
region of the skull table and the otic region. The skull is
articulated with the lower jaw and dorsolaterally com-
pressed, so that most of its ventral surface is obscured.
The occiput is partly embedded in matrix together with
some postcranial elements. Most cranial features
described below can be seen inFigures 2and3.

Cranial openings. The external naris (Fig. 2) is a large
singular opening in the anterior region of the snout and
formed exclusively by the premaxillae. Due to mediolat-
eral compression of the skull the exact shape of the
external naris is difficult to assess, but it seems to be
trapezoidal and broader anteriorly than posteriorly. Both
orbits (Fig. 2) are preserved, but only the right one is
well exposed and is oriented dorsolateral and almost
oval, but slightly lateromedially compressed. Its margins
are formed by the lacrimal, prefrontal, frontal, post-
orbital and jugal. Both supratemporal fenestrae (Fig. 2)
are visible, lie on the skull table, and are small for a
tomistomine. The outlines of the fenestrae are difficult
to determine due to some broken areas and compression
but they seem to be rounded and slightly longer than
broad. Their medial walls are smooth without any vis-
ible foramina, and their margins are formed by the post-
orbitals, squamosals and parietals. Only the right
infratemporal fenestra (Fig. 2) is visible posterior to the
orbits. It is triangular in shape and enclosed by the post-
orbital, jugal and quadratojugal. Only the left suborbital
fenestra (Fig. 3) is exposed in ventral view, bordered by
the ectopterygoid and pterygoid so far as visible. Both
external mandibular fenestrae (Figs 2, 3) are preserved
and lie in the posterolateral region of the lower jaw.
They are oval and anteroposteriorly elongated. Their
margins are formed by the dentaries, angulars and sur-
angulars. The incisive foramen, posttemporal foramen,
foramen magnum, eustachian opening, choana and the
foramen intermandibularis caudalis are not exposed.

Premaxilla. The right premaxilla is better preserved
than the left. The premaxillae form the anterior part of
the snout and entirely surround the external naris. Their
surface is weakly ornamented. Close to the tooth row,
small, rounded foramina for the receptor canals are
exposed. The premaxilla projects anterior to the external
naris for around half of narial length and forms the
acute tip of the snout. In front of the external naris a
perforation for the first dentary tooth is visible. The pre-
maxilla extends posterior to the level of the 3rd

maxillary tooth, presumably reaching the level of the
posterior border of the 4th maxillary tooth parasagitally.
Both premaxillae meet each other anterior to as well as
posterior to the external naris. The premaxillary–maxil-
lary suture extends as a sinusoidal line from the notch
for the 4th dentary tooth posteromedially. The premax-
illa contacts the nasal behind the external naris. Only
one large tooth is visible, which can be identified as the
4th premaxillary tooth, based on comparisons with other
tomistomines. Taking the length of the premaxilla into
account a total of five premaxillary teeth is estimated.

Maxilla. The maxilla forms the posterolateral part of the
snout, most of the tooth row and terminates about 15 mm
posterior to the last tooth. It is weakly ornamented with a
higher density of pits and grooves on the level between
the 3rd and 5th maxillary tooth. Along the tooth row,
openings for the receptor canals can be observed. These
foramina are rounded anteriorly and get more elongated
posteriorly. In dorsal view, the maxilla broadens slightly
from the notch for the 4th dentary tooth towards the level
of the 5th maxillary tooth, narrowing again at level of the
7th to 8th maxillary tooth, before bending posterolaterally.
The maxilla sutures with the nasal medially, the lacrimal
posteromedially, the jugal posteriorly and the ectoptery-
goid posteroventrally. The maxilla has a total of 15
alveoli. The 1st maxillary alveolus is the smallest. The
teeth then increase in diameter until the 5th maxillary
tooth, which is the largest in the series. The teeth become
slightly smaller posteriorly, but stay relatively large, except
for the last four which are significantly smaller than the
previous ones. The alveoli are widely spaced (Fig. 2),
especially among the smaller anterior teeth, whereas the
larger posterior teeth are closer together. Between the 7th
and 8th maxillary teeth there is a wider gap.

Nasal. The nasals are thin, elongate bones forming the
medial part of the snout. Their anterior-most part is not
clearly visible but it is definitely excluded from the
external naris. The nasal surface is only weakly orna-
mented anteriorly, but more strongly so posteriorly with
rounded and elongated pits. The nasal contacts the pre-
maxilla anteriorly, the maxilla laterally and the lacrimal
posterolaterally. Posteriorly, the nasal sutures with the
prefrontal for a short distance (only 20 mm), whereas
posteromedially they are separated by a 15 mm long
anterior process of the frontal.

Lacrimal. Only the right lacrimal is well preserved.
The bone is elongated anteroposteriorly, slightly bowed
medially and forms the anterolateral margin of the orbit.
The bone is almost double the size of the prefrontal and
projects far anteriorly between the nasal and maxilla. Its
surface is heavily ornamented with large rounded pits.
The opening for the ductus nasolacrimalis is not
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exposed. The lacrimal contacts the maxilla anterolater-
ally, the jugal laterally, the prefrontal medially and the
nasal anteromedially.

Prefrontal. The prefrontal forms the anteromedial mar-
gin of the orbit. The bone is almost rectangular and
does not project further anteriorly than the anterior end
of the frontal and is approximately as broad as the lacri-
mal. The orbital margin has a small bulge extending
medially onto the frontal fossa. The surface of the pre-
frontal is weakly ornamented with a few deeper pits
posteriorly. Due to crushing of the skull, neither pre-
frontal pillars is preserved. The prefrontal contacts the
nasal anteriorly, the lacrimal laterally and the
frontal medially.

Frontal. The frontals are fused and form the anterior
part of the skull table. The bone is almost square-shaped
with an elongate anterior wedge-shaped process, which
projects with its anterior-most extension between the
nasals. The whole process has nearly the same length as
the broad part between the orbits and the skull table.
The frontal does not reach the supratemporal fenestra
posteriorly. The region between the orbits is flat, not
upturned, very broad and around three times wider than
the supratemporal bridge. The region between the
broader part of the frontal and the narrow region of the
anterior process is marked by a lateromedially oriented
frontal fossa forming a ledge between the skull table
and the snout. This fossa extends anterolaterally onto
the prefrontal. The frontal is weakly ornamented anteri-
orly, but heavily ornamented with deep rounded pits
posterior to the ledge. Anteromedially, the frontal con-
tacts the nasal and anterolaterally, the prefrontal. On the
skull table, the frontal contacts the postorbital laterally
and the parietal posteriorly. The suture with the latter
seems to project relatively straight lateromedially, but a
slight posteromedial convexity is visible.

Postorbital. The right postorbital is the better preserved
and forms the anterolateral part of the skull table, the
posterolateral margin of the orbit, the anterolateral mar-
gin of the supratemporal fenestra and the anterior mar-
gin of the infratemporal fenestra. The skull table is
damaged and therefore the postorbital is somewhat dis-
torted with its surface partially broken off. The pre-
served part is ornamented with large rounded pits,
especially posteriorly. In dorsal view, the postorbital
contacts the frontal anteromedially, the parietal postero-
medially and the squamosal posteriorly. In lateral view,
the postorbital is indented by an anterior process of the
squamosal. The postorbital bar is slightly inset from the
margin of the skull table, very robust and is at least
50% the size of the infratemporal fenestra. The sutural
contact with the jugal is not visible.

Parietal. The flat, dumbbell-shaped parietals are fused
at midline and form most of the posteromedial part of
the skull table as well as the medial margin of the
supratemporal fenestra. The region posterior to the
supratemporal fenestra is very broad. The supratemporal
bar is narrow, but quite broad for a tomistomine. The
parietal surface is ornamented with deep rounded pits.
The parietal contacts the frontal anteriorly, the post-
orbital anterolaterally and the squamosal posterolater-
ally. The parietal encompasses the supraoccipital in the
posterior part of the skull table, so that the parietal does
not form the entire skull table. Inside the supratemporal
fenestra, the parietal contacts the quadrate along its pos-
terior wall, but the suture is difficult to see.

Squamosal. The squamosal is better preserved on the
right side, and forms the posterolateral part of the skull
table and the posterolateral margin of the supratemporal
fenestra. The squamosal prongs extend posterolaterally,
away from the skull table. The dorsal and ventral rims
of the squamosal groove for the external ear valve mus-
culature are parallel. The squamosal surface is orna-
mented with rounded pits only in the skull table region.
Due to compression, the squamosal completely covers
the auditory meatus. On the skull table, the squamosal
contacts the postorbital anteriorly, the parietal postero-
laterally and the quadrate on the lateral wall of the
supratemporal fenestra. In lateral view, the squamosal
projects anteriorly into the postorbital and contacts the
quadrate posterolaterally on the squamosal prongs. The
suture with the exoccipital is poorly preserved, but it is
clear that the squamosal does not cover the paroccipi-
tal process.

Jugal. The right jugal is better preserved than the left
and forms the lateral part of the skull as well as the
ventrolateral margins of the orbit and the infratemporal
fenestra. Anteriorly, a process extends far anteriorly to
the level of the anterior extension of the frontal. The
jugal is narrowest at level of the postorbital bar. The
postorbital bar is set inwards from the lateral part of the
skull and separated from it by a deep groove. The entire
surface of the jugal is heavily ornamented. The jugal
contacts the maxilla anteriorly, the lacrimal medially
and the ectopterygoid ventrally. The jugal–quadratojugal
suture is somewhat damaged posteriorly and its inter-
action with the posterior margin of the infratemporal
fenestra is unclear. The jugal–postorbital suture on the
postorbital bar is not visible.

Quadratojugal. The right quadratojugal is the best pre-
served. The bone is small, situated at the posterolateral
part of the skull and forms the posterior margin of the
infratemporal fenestra. The quadratojugal extends to the
posterior end of the skull, surpassed only by the
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quadrate condyles. No surface ornamentation is observ-
able. The quadratojugal contacts the jugal anteriorly and
the quadrate posteromedially. A potential contact with
the postorbital and squamosal at the superior margin of
the infratemporal fenestra is not exposed.

Quadrate. The right quadrate is visible in dorsal and
posterior views, while the left quadrate is exposed in
ventral view only. It forms the posterior-most part of
the skull, the inner posterior part of the supratemporal
fenestra as well as the articulation with the articular of
the lower jaw and most of the margin of the auditory
meatus, which is not exposed. The articular surface of
the quadrate is formed by two condyles, of which the
lateral one is more expanded lateromedially than the
medial one. The surface of the bone is unornamented.
The quadrate foramen aerum is located in the dorsome-
dial corner of the bone. The quadrate is broad at the
level of the condyles and narrows anteriorly close to the
quadratojugal. The ventral surface of the quadrate is
generally smooth with a moderate ridge for the insertion
of the posterior mandibular adductor muscle. In dorso-
lateral view, the quadrate contacts the quadratojugal
anteriorly, the squamosal medially and the exoccipital
posteromedially. Inside the supratemporal fenestra, the
quadrate contacts the parietal posteromedially and the
squamosal posterolaterally, but this region is poorly pre-
served. In occipital view, the quadrate contacts the exoc-
cipital dorsally.

Pterygoid. The pterygoid is only visible in ventral view
where it forms the posterior part of the palate and the
posterior margin of the suborbital fenestra. Due to
dorsolateral compression, it is poorly preserved and only
the left wing of the pterygoid is exposed (Fig. 3). The
region around the choana is damaged. The pterygoid
contacts the ectopterygoid anterolaterally. Unfortunately,
no other sutural contacts are visible.

Ectopterygoid. Only the left ectopterygoid is exposed
in ventral view. It forms the posterolateral part of the
palate and forms the posterolateral margin of the sub-
orbital fenestra. The ectopterygoid is poorly preserved
and distorted, but its posterior extension contacts the
pterygoid and ends anterior to the posterior tip of the
latter. It further contacts the maxilla anteriorly and the
jugal dorsally.

Supraoccipital. The supraoccipital is an unpaired bone
and forms a small part of the skull roof and the central
dorsal part of the occiput. On the skull table, it is a
small triangular element that is pinched between the
parietals. Its surface is somewhat weathered but no sur-
face ornamentation is visible. The occipital part of the
bone is damaged due to dorsolateral compression.

Exoccipital. The right exoccipital is exposed in occipital
view but only its posterolateral-most parts are preserved.
It forms most of the posterolateral region of the skull
and the paroccipital process is visible in lateral view.
The opening for the cranioquadrate passage is not dir-
ectly visible, but the exoccipital shows a ventrally pro-
jecting convexity at the level of the foramen. The
exoccipital contacts the squamosal dorsal and the quad-
rate ventrally. No other sutural contacts are visible.

Laterosphenoid. Only the left laterosphenoid is partly
exposed and situated on the anteroventral part of the
skull table, posteromedial to the orbit. It forms the
anterolateral braincase wall and the inner anteromedial
wall of the supratemporal fenestra. Sutural contacts with
other bones are not discernible.

Dentary. Both dentaries are well-preserved in lateral
view. The bone covers the anterolateral part of the lower
jaw and reaches the anterodorsal and anteroventral part
of the external mandibular fenestra. The dentary sym-
physis is relatively short for a tomistomine and seems to
extend back to the level of the 6th to 8th dentary alveo-
lus, although its exact length is difficult to determine
due to poor preservation. The surface of the dentary is
slightly ornamented with rounded pits anteriorly and
elongated grooves ventrally, while its posterodorsal part
is almost smooth. The tooth row is almost straight and,
close to it, openings for receptor canals are visible. The
slight curvature of the dentary, observable on the right
side in lateral view (Fig. 2) is most likely a compres-
sional artefact, as it is not present on the left side (Fig.
3). The dentary contacts the surangular posterodorsally,
the angular posteroventrally and the splenial posterome-
dially. The total tooth number is unclear. The 1st den-
tary tooth perforates the premaxilla immediately anterior
to the external naris. The 4th dentary tooth is the largest
tooth in the anterior half of the lower jaw and its alveo-
lus is slightly elevated. Posteriorly, the teeth are smaller
but the 11th or 12th tooth (estimated based on the dis-
tance between the anterior teeth) is very broad and
slightly larger than the 4th. Posteriorly, the tooth row is
not exposed.

Splenial. The left splenial is the best preserved but is
somewhat distorted. It forms the posteromedial part of
the mandibular symphysis with a length that is less than
the distance between five alveoli. An anterior foramen
for cranial nerve V is not visible, but this could be a
preservational artefact. There is no surface ornamenta-
tion. The splenial contacts the dentary laterally, the cor-
onoid posterodorsally and the angular posteroventrally.

Coronoid. The left coronoid is exposed medially but is
poorly preserved, and only its crescent-shaped anterior
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part is visible. Its surface is smooth, with no visible for-
amina, but this could be an artefact. The coronoid con-
tacts the splenial anteriorly and the angular ventrally.
The contact with the surangular is not exposed.

Surangular. Both surangulars are preserved in lateral
view only. The surangular forms the posterodorsal part
of the lower jaw, the posterodorsal margin of the exter-
nal mandibular fenestra, contributes laterally to the pos-
terior-most end of the retroarticular process, and reaches
the dorsal tip of the lateral wall of the glenoid fossa.
Anteriorly, the bone has two processes, a longer dorsal
one, presumably reaching the tooth row, and a shorter
ventral one, extending anteriorly to the external man-
dibular fenestra for around half of the fenestral length.
The surangular is strongly ornamented with deep elon-
gated pits posterior to the external mandibular fenestra.
It contacts the dentary anteriorly, the angular ventrally
and the articular dorsomedially.

Angular. Both angulars are preserved in lateral view
and the right one is partially visible in medial view. The
angular forms the posteroventral part of the mandible
and the posteroventral margin of the external mandibular
fenestra. Anteroventrally, the bone forms a process pro-
jecting between the dentary and splenial while extending
posteriorly alongside the surangular on the lateral wall
of the retroarticular process until its posterior-most end.
The angular is strongly ornamented on its lateral part
with deep and elongated pits, as well as with a few
rounded pits posteroventral to the external mandibular
fenestra. On its posteroventral part, a small nutritional
foramen is visible in ventral view. In lateral view, the
angular contacts the dentary anteriorly and the surangu-
lar dorsally. In medial view, the angular contacts the
splenial anteriorly, the coracoid anterodorsally and the
articular posterodorsally. A contact with the surangular
in medial view is not exposed.

Articular. Both articulars are preserved in dorsolateral
view and the right one is partially visible in medial
view. The articular forms the posteromedial part of the
mandible, the articulation surface with the quadrate,
most of the retroarticular process and is slightly visible
in lateral view. The retroarticular process projects post-
erodorsally. The glenoid fossa and the foramen aerum
are not exposed. In lateral view, the articular contacts
the surangular ventrolaterally and, in medial view, the
angular ventrally.

Hyoid. Both hyoids (Fig. 4) are preserved and have a
recumbent‘L’ -shaped outline with a longer ventral than
dorsal branch of the cornu. The dorsal branch is flat-
tened and the ventral one is broadened anteriorly. The
lateral part of the ventral branch of the cornu is slightly

bowed medially, whereas its medial part is nearly
straight and dorsoventrally oriented. The anterior-most
extension is rounded and has a rough surface. Posterior
to this surface there are multiple shallow pits of differ-
ent sizes. The dorsal surface of the ventral cornual
branch has a shallow anteroposteriorly oriented groove.
The dorsal branch of the cornu is lateromedially flat-
tened with parallel sides. Its dorsal-most part is slightly
posteriorly shifted and has a rugose surface.

Dentition. The teeth ofM. acutirostris are circular in
cross-section and differ in size. The premaxillary, anter-
ior maxillary (to the 5th tooth position) and anterior
dentary teeth (to the 4th tooth position) have multiple
dorsoventrally oriented ridges on their lateral and medial
surfaces, and sharp but unserrated edges. In the premax-
illa, the 4th tooth is the largest one. In the maxilla, the
1st tooth is small and the following teeth are gradually
larger until the 5th maxillary tooth, the largest tooth in
the tooth row. Posteriorly, the teeth become gradually
smaller, but are still much larger overall than the first
four maxillary teeth. The posterior-most four teeth are
reduced in size and the smallest in the series. In the
mandible, the 4th dentary tooth is the largest one in the
anterior half of the lower jaw and projects into a notch
between the premaxilla and maxilla. The other anterior
dentary teeth are small until reaching the presumably
11th or 12th tooth, which is very broad and even
slightly larger than the 4th one. Further posteriorly, the
teeth seem to get smaller, but due to the occlusion of
the jaws this region is not exposed. The dentary teeth
are in line with the maxillary tooth row and the teeth
are more widely spaced anteriorly, but closer together
posteriorly due to their larger size. An enlarged gap can
be found between the 7th and 8th maxillary teeth for
the enlarged 11th or 12th tooth.

Postcranial bones
Axial skeleton. The vertebral column (Figs 5–8) is
nearly complete and in total, the proatlas, seven cer-
vical, 12 dorsal, two sacral and 15 caudal vertebrae
are preserved.

Proatlas. The proatlas (Fig. 5A–D) is boomerang-
shaped with a posterolateral process on each side. The
anterior part is slightly offset from the main body with-
out forming a distinct process. The ventral tubercle is
not clearly discernible, but based on the general morph-
ology it is relatively large and at least half the width of
the dorsal crest. Sagittally, a well-developed median
keel is present that has a slightly rounded dorsal surface
and slopes strongly posteriorly.
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Cervical vertebrae. The best-preserved cervical verte-
bra (Fig. 5E–J) is from the anterior region, but its exact
position is unknown. Because the cervical vertebrae are
rather uniform in morphology, we only describe the
best-preserved in detail. The centrum is longer than
wide but its height and width are similar. The centrum
is constricted between the parapophysis and diapophysis
and is ventrally convex in lateral view. The surface is
smooth but bears small nutritional foramina below the
diapophysis. The anterior articular surface is rounded
and slightly more expanded dorsoventrally than the cen-
trum. The posterior condylus is rounded. The hypapoph-
ysis is short and does not reach the middle of the
centrum. Posteroventrally, a short shallow ridge is dis-
cernible. The articular surface of the parapophysis is
oval and projects mostly laterally. The slightly damaged
diapophysis is lateroventrally oriented and its articular
surface is oval and smaller than the articular surface of
the parapophysis. The prezygapophysis is oval-shaped
and larger than the postzygapophysis. It projects dor-
sally, whereas the oval-shaped postzygapophysis turns
ventrally, both at a 45� angle. The neural spine is nearly

as high as the ventral part of the vertebra, is anteropos-
teriorly broad and slightly rounded dorsally.

Dorsal vertebrae. The best-preserved dorsal vertebra
(Fig. 6) is from the anterior region, but its exact position
is unknown. Because the dorsal vertebrae, like the cer-
vical vertebrae (see above), are rather uniform in
morphology, we only describe the best-preserved dorsal
vertebra in detail. The centrum is nearly as long as wide
but damaged by deep cracks. The anterior articular sur-
face is round and wider than the centrum, while the pos-
terior condylus seems to be nearly equal in size to the
centrum. Ventrally, the centrum is slightly convex in lat-
eral view. Its surface is smooth without visible fora-
mina. The hypapophysis is narrow and anteriorly
oriented, and does not reach the central part of the cen-
trum. The transverse process is relatively slender and
projects horizontally at an angle of 90� from the cen-
trum. The parapophysis is located anteroventrally at
mid-length and the diapophysis is positioned on the dis-
tal end of the transverse process. The prezygapophysis
projects dorsally and seems to be larger than the

Figure 4. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Right
hyoid in A, B, lateral andC, D, medial views. Scale bar¼ 1 cm.
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postzygapophysis. The latter faces ventrally with an
oval articular surface. A deep groove is present between
the postzygapophyses. The neural spine is long and rela-
tively low. Its dorsal tip is generally wide but broader
anteriorly than posteriorly.

Sacral vertebra. Both sacral vertebrae (Fig. 7) are pre-
served. In the first sacral vertebra, the lateral extensions
of the sacral ribs are covered by osteoderm fragments,
the neural spine is broken into two pieces and the neural
canal is damaged due to dorsoventral compression. The
second sacral vertebra is also covered by osteoderms
and its neural spine is broken but the neural canal
is intact.

The centrum of the first sacral vertebra (Fig. 7A–F) is
nearly as broad as long, and anteriorly and posteriorly
slightly ventrally curved and posteriorly sloped. The sur-
face of the centrum is smooth without discernible fora-
mina. On the ventral part of the centrum there is a
sulcus reaching from near its posterior end to the middle
of the centrum. The anterior articular surface is concave,
lateromedially expanded and deep, whereas the posterior
articular surface is also expanded but nearly flat with
only a very slight concavity. The sacral rib is dorsoven-
trally compressed. The anterior extension of the articular
surface for the ilium reaches further laterally than the
posterior one. The prezygapophysis is one-quarter larger
than the postzygapophysis and its articular surface is
rectangular. The prezygapophysis projects dorsally,
whereas the postzygapophysis turns ventrally. The
neural spine is long and reaches two-thirds of the dorso-
ventral length of the centrum. Its dorsal-most extension
is damaged but seems to be slightly broader anteriorly
than posteriorly.

The second sacral vertebra (Fig. 7G–L) has a similar
morphology to the first, but the sacral ribs are antero-
posteriorly compressed. The centrum has small nutri-
tional foramina anterolaterally and the sulcus on the
ventral surface is less pronounced than in the first
sacral. The centrum is nearly straight in lateral view
with only a slight ventral projection at its anterior and
posterior ends. The anterior articular surface with the
first sacral vertebra is wide and flat with a slight con-
cavity. The posterior articular surface is also wide but
with a deep concavity for the anterior condylus of the
first caudal vertebra. The lateral articular surface of the
sacral rib with the ilium is boomerang-shaped with a
posterodorsal extension contacting the posterior part of

the iliac blade. The prezygapophysis is larger than the
postzygapophysis and projects dorsally, whereas the
postzygapophysis turns ventrally, and both have a later-
omedially shifted angle of 45� . The neural spine is bro-
ken but its height is around two-thirds of the
dorsoventral length of the centrum.

Caudal vertebrae. The first caudal vertebra (Fig.
8A–F) differs significantly from the more posterior cau-
dal vertebrae and is described separately. The first cau-
dal vertebra is biconvex and its centrum is similar to the
centrum of the sacral vertebra in being as wide as it is
long. The surface of the centrum is mostly smooth and
no sulcus is present, but the ventral part slightly poster-
ior to the anterior condylus has a rugose surface. In lat-
eral view, the centrum is concave with a strong ventral
shift posteriorly. Both condyles are similarly sized with
the anterior condylus being slightly broader, whereas the
posterior condylus is more rounded. The transverse pro-
cess is incomplete but its lateral-most part shifts slightly
posteriorly. The prezygapophysis is larger than the post-
zygapophysis and its articular surface is oval. The
neural spine is elongated but narrower than the neural
spines of the sacral vertebrae.

More posteriorly positioned caudal vertebrae (Fig.
8G–L) have a slenderer morphology than the first caudal
vertebra and the centrum is elongated, mediolaterally
narrow and slightly convex in lateral view. The centrum
tapers towards its middle part and a deep sulcus extends
over the whole length of the centrum on its ventral sur-
face. The anterior articular surface is rounded and con-
cave, whereas the posterior articular surface has a round
condylus. The transverse process is incomplete and proj-
ects straight from the centrum at almost 90� . The articu-
lar surface of the prezygapophysis is oval and projects
dorsally, whereas the articular surface of the postzyga-
pophysis turns ventrally. The neural spine is posteriorly
shifted. In the anterior caudal vertebrae, the spine is
elongated and flares towards the postzygapophyses. In
the posterior caudal vertebrae, the spine tapers into a
rod-like morphology and is shifted even more poster-
iorly and transverse processes are lost.

Chevron. The articular surface of the chevron (Fig.
8M–P) for the caudal vertebra is dumbbell-shaped and
the haemal canal is rectangular and slightly ventrally
tapered. The haemal arch is narrow in anteroposterior
view but expanded in lateral view. The haemal spine

3

Figure 5. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam.
Proatlas inA, B, dorsal andC, D, lateral left views. Cervical vertebra inE, H, anterior,F, I, lateral left andG, J, posterior views.
Abbreviations: ce, centrum;dp, diapophysis;hp, hypapophysis;na, neural arch;nc, neural canal;ns, neural spine;pcd, posterior
condylus;pp, parapophysis;prz, prezygapophysis;pz, postzygapophysis. Scale bar¼ 1 cm.
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comprises around two-thirds of the total chevron length
and is slightly thickened at its ventral-most part.

Atlantal rib. The atlantal rib (Fig. 9A–D) is elongated
and flat. The articular surface with the atlas is kidney-

shaped and the anterior part of the rib has parallel sides.
Neither a large articular facet for the other atlantal rib
nor a thin medial lamina are present. The medial part is
slightly concave, whereas the lateral part is slightly con-
vex. From the middle part onwards, the rib expands and

Figure 6. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Dorsal
vertebra inA, B, anterior,C, D, dorsal,E, F, lateral andG, H, posterior views.Abbreviations: ce, centrum;dp, diapophysis;gr,
groove;hp, hypapophysis;nc, neural canal;ns, neural spine;pcd, posterior condylus;pp, parapophysis;prz, prezygapophysis;pz,
postzygapophysis;tp, transverse process. Scale bar¼ 1 cm.
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Figure 7. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. First
sacral vertebra inA, B, anterior,C, D, dorsal andE, F, posterior views. Second sacral vertebra inG, H, anterior,I, J, lateral left
and K, L, posterior views.Abbreviations: ce, centrum;nc, neural canal;ns, neural spine;os, osteoderm;prz, prezygapophysis;pz,
postzygapophysis;sr, sacral rib. Scale bar¼ 1 cm.
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Figure 8. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. First
caudal vertebra inA, D, anterior,B, E, lateral andC, F, posterior views. Middle caudal vertebra inG, J, anterior,H, K, lateral left
and I, L, posterior views. Chevron inM, O, anterior andN, P, posterior views.Abbreviations: acd, anterior condylus;ce, centrum;
hc: haemal canal;hs, haemal spine;nc, neural canal;ns, neural spine;os, osteoderm;pcd, posterior condylus;prz, prezygapophysis;
pz, postzygapophysis;tp, transverse process. Scale bar¼ 1 cm.
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forms a dorsal process, which tapers rapidly posteriorly.
The ventral part expands only slightly before projecting
straight posteriorly.

Cervical ribs. The best-preserved cervical rib is from
the anterior region (Fig. 9E–J), but its exact position is
unclear. The dorsal part consists of two columnar proc-
esses, the medial capitulum and the lateral tuberculum.
The capitulum contacts the parapophysis of the cervical
vertebra, whereas the tuberculum contacts the diapophy-
sis. The capitulum is shorter than the tuberculum, but its
articular surface is broader and rounded, while that of
the tuberculum is more elongate. The anterior region of
the ventral part of the bone is shorter than the posterior
extension and steep, whereas the posterior part is flat
with a deep medial concavity.

A posterior left cervical rib (Fig. 9K–N) is preserved
and likely contacted the 6th cervical vertebra. The capit-
ulum is elongated and much longer than the tuberculum.
The articular surface of the capitulum is small and
rounded, while that of the tuberculum is nearly double
the size and broad. A lateral projecting lamina was
folded due to compression, but would normally project
perpendicular to the shaft. The posteroventrally projec-
ting shaft tapers slightly distally and has a lateral ridge
contacting the lamina and reaches the posterior third of
the bone. The medial part of the shaft is flat.

Dorsal rib. The dorsal ribs are incomplete, but their
general morphology does not seem to differ from other
tomistomines.

Scapula.Both scapulae (Fig. 10A, B, E, F) are present,
but only the right one is well preserved. The scapular
blade expands dorsally, with a relatively straight anterior
edge. The deltoid crest is partially covered by a dorsal
rib, but the bulge of the crest is relatively narrow. The
articular surface for the coracoid is elongate, but latero-
medially flattened due to compression. Anterior to the
deltoid crest and anterodorsal to the articulation surface,
the scapula is elongated and rectangular. The glenoid
fossa is ventrolaterally oriented and oval.

Coracoid. The left coracoid (Fig. 10C, D, G, H) is
better-preserved, but lateromedially compressed. The
shaft is slightly bowed and the coracoid blade expands
ventrally, but is narrow compared to the scapular blade.
Anteroventrally, the blade has a small process projecting
anteriorly. The articular surface for the scapula is elong-
ate, but lateromedially flattened due to compression.
Anterior to the articular surface with the scapula, the
coracoid is elongated and rectangular. The glenoid fossa
has an oval outline and the coracoid foramen is small
and situated well anterior to the glenoid fossa.

Humerus. The right humerus (Fig. 11A–H) is better
preserved than the left. The bone is relatively slender
and its surface is mostly smooth with rugose areas ven-
tral to the proximal and dorsal to the distal articulation
surfaces. The humeral head is divided in an anterior and
a posterior tubercle. The anterior tubercle forms the
proximal-most point of the humerus, whereas the poster-
ior tubercle is posterodistally shifted. The deltopectoral
crest has a concave surface and projects nearly perpen-
dicular to the shaft. Close to its distal end, the humerus
has a visible central concavity on its dorsal and ventral
part. Distally, the medial and lateral condyles form the
articular surfaces for the radius and ulna. Both condyles
are rounded with the lateral condylus being slightly
larger. Scars for the musculature are not visible.

Ulna. Only the left ulna (Fig. 11I–L) is preserved. It is
sigmoidal and proximally expanded. The articular surfa-
ces are compressed. The small olecranon process forms
its proximal-most point and the proximal articular sur-
face slopes anteriorly. The distal articular surface is kid-
ney-shaped.

Ilium. The right ilium (Fig. 12A–D) is better preserved,
but deformed with its posterodorsal end shifted, whereas
the left ilium is less deformed but fused to the left
ischium. The dorsal part of the bone has a rugose sur-
face, is slightly sigmoidal with a shallow indentation
posteriorly and a small anterior process. The iliac blade
in general is narrow but posteroventrally slightly broad-
ened. In medial view, the bone has two prominent scars
for articulation with the first and second sacral ribs. The
anterior scar is oval, whereas the posterior scar is elon-
gated and reaches the ventral part of the iliac blade. In
lateral view, the supraacetabular crest is narrow with a
rounded outline and the acetabulum forms a broadly
rounded depression. The ventral part of the ilium forms
the articular surfaces for the ischium. The posterior
articular surface is boomerang-shaped, whereas the
anterior one is elongate and kidney-shaped. The acet-
abulum foramen is visible between the two surfaces.

Ischium. The right ischium (Fig. 12E–H) is better pre-
served, but has a deformed posteroventral part, whereas
the left ischium is less deformed but fused to the left
ilium. The ventral part is formed by the ventromedially
bowed ischium blade and the anteroventral part of the
blade is nearly rectangular, whereas the posterior part
extends far posteriorly. The dorsal part of the bone can
be divided into two processes. The posterior process
forms the articular surface with the posterior part of the
ilium. This surface is triangular with a small elongate
anterior process. The anterior process is slenderer and
has two separated articular surfaces. The dorsal one con-
tacts the anterior articular surface of the ilium, whereas
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Figure 9. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Left
atlantal rib inA, B, lateral andC, D, medial views. Right anterior cervical rib inE, H, dorsal,F, I, medial andG, J, lateral views. Left
posterior cervical rib inK, L, lateral andM, N, medial views.Abbreviations: ca, capitulum;tu, tuberculum. Scale bar¼ 1 cm.
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the anteroventrally projecting one contacts the pubis.
The articular surface with the ilium is lateromedially
elongate and the articular surface with the pubis is oval.
Between the anterior and posterior process, the acetabu-
lum foramen is present.

Pubis. The left pubis (Fig. 12I–L) is well-preserved. Its
ventral blade flares nearly symmetrically with a rounded
ventral edge. The posteroventral part of this edge is ver-
tical for a short distance. The blade is lateromedially
flattened and the shaft is oval in cross-section. The dor-
sal articular surface is oval and slightly shifted poster-
iorly. It contacts the anteroventral articular surface of
the anterior process of the ischium.

Femur. The left femur (Fig. 13A–H) is better preserved,
relatively slender, larger than the humerus and has a sig-
moidal outline with a slight torsion. The femoral head is
compressed and therefore appears to be oval. Directly
ventral to the femoral head, the bone surface is rugose,

with small openings, most likely representing nutritional
foramina. Proximocaudally, the insertion scar for the M.
puboischiofemoralis externus is visible. The 4th trochan-
ter is prominent and positioned on the proximal one-
third of the bone. The distal end of the femur is divided
into two condyles: a lateral condylus and a slightly
smaller medial condylus. In dorsal view, a small groove
between the two condyles is present, whereas a deeper
depression can be seen in ventral view.

Tibia. The left tibia (Fig. 13I–L) is poorly preserved
and its shaft is damaged. The proximal part is divided
into a medial and lateral condylus. The medial condylus
is oval and separated from the larger lateral one by a
groove. The distal articular surface is crescent-shaped
with an anterior and a posterior condylus, which are
separated from each other by a shallow groove.

Fibula. The left fibula (Fig. 13M–P) is poorly pre-
served, with a proximal articular surface that has been

Figure 10. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Right
scapula inA, E, lateral andB, F, medial views. Right coracoid inC, G, lateral andD, H, medial views.Abbreviations: bl, blade;
cf, coracoid foramen;dc, deltoid crest;gl, glenoid,r , rib. Scale bar¼ 1 cm.
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nearly completely lost. The shaft is oval in cross-sec-
tion. The distal articular surface is bean-shaped and
slightly shifted posteriorly.

Metatarsals. The left metatarsal II (Fig. 13Q–T) is the
best preserved and its proximal articular surface is flat and
elongate. The shaft is flattened proximally, but is slightly
oval in cross-section distally. The distal articular surface is
broad with a nearly rectangular outline. The two condyles

are very low with only a very shallow groove separating
them. In ventral view, a deep depression is visible directly
proximal to the distal articular surface.

Osteoderms.Several dorsal osteoderms (Fig. 14A, B),
some putative lateral osteoderms (Fig. 14C, D) and
many osteoderm fragments are preserved– most of
them occurring isolated. The osteoderm central surface
is strongly ornamented with a pattern of deep oval and

Figure 11. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Left
humerus inA, B, dorsal,C, D, ventral, E, G, proximal andF, H, distal views. Left ulna inI, J, lateral andK, L, medial views.
Abbreviations: acd, anterior condylus;atb, anterior tubercle;dpc, deltopectoral crest;hh, humeral head;lcd, lateral condylus;mcd,
medial condylus;op, olecranon process;pcd, posterior condylus; ptb; posterior tubercle. Scale bar¼ 5 cm.
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round pits. Towards the edges, the surface is smooth.
The dorsal osteoderms are rectangular with a broad facet
to contact the anteriorly positioned osteoderm. A well-
developed dorsal keel is present, projecting from slightly
posterior of the anterior facet to the posterior end of the
osteoderm. The putative lateral osteoderms have a more
oval outline and are slightly curved, but show a well-
developed dorsal keel also. A contact surface is not vis-
ible but the edges seem to be damaged.

Comparisons

Comparisons with other
Maomingosuchusspecimens
Skulls. Maomingosuchus acutirostris, Maomingosuchus
petrolicus and the Krabi-Maomingosuchus are all

medium-sized tomistomines with skull lengths of
slightly over 500 mm (M. acutirostris, 546 mm;M. pet-
rolicus, 280–503 mm, with NMNS005825-F044383
slightly larger based on the incomplete skull table [see
Shan et al. 2017]; Krabi-Maomingosuchus, > 500 mm,
anterior part missing [see Martinet al. 2019]). The
snout length is also very similar within
Maomingosuchuswith a snout-to-skull length ratio rang-
ing between 0.71 and 0.72, but the snout shape differs
slightly: in M. petrolicusand Krabi-Maomingosuchusit
is narrow, with only a slight broadening at the level of
the 5th maxillary tooth, while the snout ofM. acutirost-
ris is much broader at this level with a strongly enlarged
5th maxillary tooth.

Cranial openings. The general skull shape, as well as
the cranial openings, are very similar in all
Maomingosuchusspecimens. The external nares of both

Figure 12. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Right
ilium in A, B, lateral andC, D, medial views. Right ischium inE, F, lateral andG, H, medial views. Left pubis inI, J, lateral and
K, L, medial views.Abbreviations: act, acetabulum;actf, acetabulum foramen;ap, anterior process;asil, articulation surface with
ilium; asis, articulation surface with ischium;aspu, articulation surface with pubis;assr1, articulation surface with sacral rib 1;
assr2, articulation surface with sacral rib 2;ind, indentation;sactc, supraacetabular crest. Scale bar¼ 1 cm.
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M. acutirostris and M. petrolicusare large and broader
anteriorly than posteriorly (unknown in the Krabi speci-
men), but the premaxillary process reaching into the
external naris described forM. petrolicus (Shan et al.
2017, p. 675), is not visible inM. acutirostris. The orbit
of M. acutirostris is more elongated than the rounded
one of M. petrolicuswhereas the supratemporal fenestra
is smaller than in the latter, resulting in a different ratio
of the supratemporal fenestral length to orbit length
(0.57 in M. acutirostris; 0.83 in M. petrolicus; and 0.76
for Krabi-Maomingosuchus).

The supratemporal bar inM. petrolicus is thin com-
pared to skull table width (Shanet al. 2017, fig. 2). Its
ratio is only around 0.07, while it is 0.11 inM. acutir-
ostris. In Krabi-Maomingosuchusthis ratio is difficult to
determine, but the bar seems to be relatively broad
(Martin et al. 2019, fig. 1), and the ratio appears to be
closer to the ratio seen inM. acutirostris.

Skull bones. In general, the shapes of the individual
skull bones and their sutures are similar in all
Maomingosuchusspecimens.

The premaxilla is only known forM. acutirostrisand
M. petrolicus, but in both species the anterior-most part
differs, with a short and rounded anterior snout inM.
petrolicus(Shanet al. 2017, figs 2, 4) and an elongated
and acute one inM. acutirostris.

The anterior part of the prefrontal lies at the same
level as the anterior part of the frontal inM. acutirostris
and Krabi-Maomingosuchus. According to Shanet al.
(2017), this condition is variable inM. petrolicus, as in
some specimen (e.g. NMNS005146-F041793) the frontal
is shorter than the prefrontal.

In M. petrolicusand Krabi-Maomingosuchusthe pre-
frontal slightly overhangs the orbital margin (Martin
et al. 2019). This is not the case inM. acutirostris but
this could be a compressional artefact.

The supraoccipital is largely exposed on the skull
table inM. acutirostrisandM. petrolicus. In M. petroli-
cus, the exposure and shape of the supraoccipital is vari-
able and either more rectangular, as in DM-F0001, or
more triangular, as in NMNS002060-F027511 (Shan
et al. 2017, fig. 3). In M. acutirostris, it is more triangu-
lar, whereas in Krabi-Maomingosuchusthe condition
is unknown.

Krabi-Maomingosuchusdiffers from M. acutirostris
and M. petrolicus in the position of the

surangular–dentary suture in the external mandibular
fenestra. Only in Krabi-Maomingosuchusdoes the suture
reach the posterior-most corner (Martinet al. 2019, fig.
2), whereas the suture intersects the fenestra anterior to
its posterior margin inM. acutirostrisandM. petrolicus.

Teeth. In general, the tooth rows and teeth of
Maomingosuchusspecimens are similar but there are
some noteworthy differences. In total, there are 15 max-
illary teeth in M. acutirostris and M. petrolicus. In
Krabi-Maomingosuchusthe tooth number is difficult to
assess, but at least 14 maxillary alveoli are visible
(Martin et al. 2019, fig. 1). The 1st dentary tooth perfo-
rates the premaxilla anterior to the external naris inM.
acutirostris and M. petrolicus, which is a rare character
among tomistomines (see below). Due to the missing tip
of the snout this condition is unknown in Krabi-
Maomingosuchus. In Maomingosuchus, the premaxillary,
anterior maxillary and anterior dentary teeth have clearly
visible dorsoventrally projecting ridges on their lateral
and mesial surfaces and the teeth have sharp outer edges
(Shanet al. 2017, fig. 4; Martin et al. 2019, fig. 3).

Differences between theMaomingosuchusspecimens
occur in tooth size. InM. acutirostris, the 5th maxillary
tooth and the 11th or 12th dentary tooth are enlarged,
whereas inM. petrolicus(Shanet al. 2017, fig. 2) and
Krabi-Maomingosuchus(Martin et al. 2019, fig. 1), the
5th maxillary tooth is also enlarged but smaller overall.
In M. acutirostris and M. petrolicusthe anterior alveoli
increase in size towards the 5th maxillary tooth, whereas
there is no size difference in Krabi-Maomingosuchus,
with the 5th maxillary tooth being only slightly larger
(Martin et al. 2019, fig. 1).

The spacing of the teeth posterior to the 5th maxillary
alveolus also differs withinMaomingosuchus. A wider
distance between the 7th and 8th maxillary alveoli for
the enlarged 11th or 12th dentary tooth is only present
in M. acutirostrisand to a smaller degree inM. petroli-
cus (Shan et al. 2017, fig. 4c, e). In Krabi-
Maomingosuchusthere are no enlarged dentary teeth
and therefore no enlarged maxillary distance is present
(Martin et al. 2019, fig. 2).

Postcranial skeleton.Two differences betweenM. acu-
tirostris and M. petrolicusare present in the postcranial
skeleton but not preserved for Krabi-Maomingosuchus.
On the atlantal rib, there is a process on the dorsal

3

Figure 13. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam. Left
femur in A, B, dorsal,C, D, ventral, E, G, proximal andF, H, distal views. Left tibia inI, J, anterior andK, L, posterior views.
Left fibula in M, N, lateral andO, P, medial views. Left metatarsal two inQ, R, dorsal andS, T, ventral views.Abbreviations: 4th
tr , fourth trochanter;acd, anterior condylus;fh, femur head;lcd, lateral condylus;mcd, medial condylus;mpe, insertion scar for the
M. puboischiofemoralis externus;pcd, posterior condylus. Scale bar¼ 5 cm.
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margin in M. acutirostris, while this region seems to be
smooth in M. petrolicus (described as similar toT.
schlegelii by Shanet al. [2017]). The ilium of M. acu-
tirostris has a prominent anterior process. This region is
poorly preserved inM. petrolicus(Shanet al. 2017, fig.
10), but the anterior iliac border does not seem to lead
into a process comparable to the one inM. acutirostris.

Comparisons with other taxa
Skulls. Maomingosuchusis a medium-sized tomistomine
genus with a skull reaching slightly more than 500 mm

(see above). Tomistomines in general have a broad size
range, from around 430 mm inKentisuchus spenceriand
Dollosuchoides to over 1 m in the giant species
Toyotamaphimeia. The extant Tomistoma schlegelii
exhibits remarkable size variation with a typical skull
length of around 500 mm to a maximum of over
800 mm (Whitaker & Whitaker2008). By contrast, the
skull to snout ratio in Tomistominae remains relatively
constant and ranges from around 0.7 to 0.8. With a skull
to snout ratio between 0.71 and 0.72,Maomingosuchus
is one of the shortest-snouted taxa, comparable to
Maroccosuchusand K. spenceri. This is shorter than

Figure 14. Maomingosuchus acutirostris, holotype, GPIT-PV-31657, Na Duong Formation, middle to upper Eocene, Vietnam.
Dorsal midline osteoderm inA, B, dorsal view. Presumably lateral osteoderm inC, D, dorsal view. Scale bar¼ 1 cm.
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extant T. schlegelii (with a ratio of 0.74) and much
shorter than long snouted Miocene taxa like
Gavialosuchus(with a ratio of 0.79).

Snout shape differs among tomistomines. In
Maroccosuchus, the snout is laterally broadened at the
level of the 5th maxillary tooth (Jouveet al. 2015, figs
3, 8), which is also the case inMegadontosuchus(Piras
et al. 2007, fig. 1) andM. acutirostris, but to a slightly
lesser degree. On the other hand, almost no expansion is
present in T. schlegelii, ‘Tomistoma’ calaritanum
Capellini, 1890 (Nicholl et al. 2020, fig. 10),
Dollosuchoides (Brochu 2007, fig. 3) and
Gavialosuchus(Toula & Kali 1885, table 1). Most other
tomistomines have a slight expansion of the snout at the
level of their largest maxillary tooth.

Cranial openings. The external naris in all known
Maomingosuchusspecimens with a preserved snout is
large and anteriorly wider than posteriorly, with a nearly
straight lateromedially projecting anterior margin, which
is unique among tomistomines. In species likeT. schle-
gelii or Melitosaurus champsoidesOwen,1849 (Nicholl
et al. 2020, fig. 2) the external naris is smaller and oval.
In species likeK. spenceri(Brochu 2007, fig. 2), the
external naris is relatively large and oval. A more rect-
angular shape with a straighter anterior margin similar
to Maomingosuchuscan be seen inMaroccosuchus
(Jouve et al. 2015, figs 3, 7) and Dollosuchoides
(Brochu2007, fig. 3).

While the difference in orbit size seems to be small
among tomistomines, the differences in supratemporal
fenestra size are significant. For a longirostrine taxon,
Maomingosuchushas relatively small fenestrae with
broad posterior and lateral margins. Similar small fenes-
trae are present only inParatomistoma (Brochu &
Gingerich 2000, fig. 2). In T. schlegelii,
Maroccosuchus, Megadontosuchus, K. spenceri,
Thecachampsa carolinensis(Erickson & Sawyer,1996),
‘Tomistoma’ cairense, ‘Tomistoma’ gaudense(Hulke,
1871) and ‘Tomistoma’ lusitanica Antunes, 1961, the
supratemporal fenestrae are medium-sized to large,
while they are very enlarged inDollosuchoides,
Thecachampsa antiqua(Leidy, 1852), Toyotamaphimeia
andGavialosuchus.

The size of the supratemporal fenestrae also affects
the shape of the interfenestral bar, which is usually
wider in taxa with smaller fenestrae. The broadest bar is
found in Paratomistoma(Brochu & Gingerich2000, fig.
2) which also has the smallest fenestrae. The interfenes-
tral bar is relatively broad inMaroccosuchusdespite its
medium-sized fenestrae (Jouveet al. 2015, figs 3,
8, 11).

The external mandibular fenestra ofMaomingosuchus
is medium- to large-sized for a tomistomine. InT.

schlegelii the fenestra is slightly larger, while it is
smaller in Toyotamaphimeia(Kobayashi et al. 2006,
figs 11, 12) andParatomistoma(Brochu & Gingerich
2000, fig. 4).

Skull bones. In many tomistomines, the anterior-most
part of the snout is more elongated, often including a
lateral notch for the 1st dentary tooth (e.g.Melitosaurus,
Nicholl et al. 2020, fig. 2; Dollosuchoides, Brochu
2007, fig. 3; mostT. schlegelii). In other taxa, the snout
is more rounded (e.g.Toyotamaphimeia, Kobayashi
et al. 2006, fig. 7; Maroccosuchus, Jouveet al. 2015,
figs 3, 7, 8; andK. spenceri, Brochu 2007, fig. 2). In
Maomingosuchus petrolicus, the anterior region is espe-
cially short, shorter than in other tomistomines. In some
more round-snouted taxa, a perforation of the premaxilla
by the first dentary tooth occurs (Toyotamaphimeia,
Kobayashiet al. 2006, figs 7, 15; K. spenceri, Brochu
2007, fig. 2; andM. petrolicussee above), but for taxa
with a more elongated anterior snout this is only the
case inM. acutirostris.

In M. petrolicusand Krabi-Maomingosuchus, the pre-
frontal slightly overhangs the orbit (see above). This is
also known forMaroccosuchus(Jouveet al. 2015, fig.
9), Penghusuchus(Shanet al. 2009, fig. 2) andT. schle-
gelii. A frontal fossa is only present in
Maomingosuchus. A similar structure is found in the
crocodyloid ‘Crocodylus’ affinis (Mook 1921, pl. XVI)
and Prodiplocynodon langiMook (1941, fig. 2), a nar-
row ‘U’-shaped structure in the alligatoroidBottosaurus
harlani Meyer, 1832 (Cossette & Brochu2018, figs 4,
5) and a broad‘U’ -shaped structure further anteriorly in
the basal eusuchianAcynodon iberoccitanusBuscalioni,
Ortega & Vasse,1997(Martin 2007, fig. 1).

The frontal in Maomingosuchusis wide and flat
between the orbits, and the edges are not upturned,
which is otherwise only known forDollosuchoides. The
postorbital bar inMaomingosuchusis anteroposteriorly
expanded, whereas in most tomistomines the bar is mas-
sive but slenderer (e.g.T. schlegelii). Otherwise, a broad
bar is only found in some basal eusuchians and gharials.
The supraoccipital is only slightly exposed on the skull
table and barely visible in most tomistomines, but this is
pronounced in Maomingosuchus, ‘T.’ cairense and
‘Tomistoma’ coppensiPickford,1994.

In Maomingosuchus, there is a ventrally projecting
lamina on the exoccipital covering the entrance to the
cranio-quadrate passage. The character is otherwise only
known for basal eusuchians likeAllodaposuchus prece-
dens Nopcsa, 1928 (Delfino et al. 2008, fig. 3) or
Hylaeochampsa vectianaOwen, 1874 (Clark & Norell
1992, fig. 8) and among crocodilians only for gharials
and thoracosaurs. A similar structure is present in
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Penghusuchus, but here the lamina is more medi-
ally oriented.

In Maomingosuchus acutirostrisand M. petrolicus,
the surangular–dentary suture intersects the external
mandibular fenestra anterior to its posterior border,
whereas in Krabi-Maomingosuchus, the suture reaches
the posterior-most corner of the fenestra (see above).
The condition in Krabi-Maomingosuchusis unknown in
any other tomistomine, but present in some alligatoroids
like Stangerochampsa mccabeiWu, Brinkman &
Russell, 1996, fig. 2, Navajosuchus mooki(Simpson,
1930) (Lucas & Estep2000, fig. 4) or Orientalosuchus
naduongensis(Massonneet al. 2019, fig. 9).

Teeth. The total tooth count in tomistomines is variable
between species.Maroccosuchus, Thecachampsa caroli-
nensisand ‘T.’ gaudensehave 14 teeth in the maxilla,
Dollosuchoidesand Maomingosuchushave a maximum
of 15 teeth,T. schlegeliiand Toyotamaphimeiahave 16
andPenghusuchus17 teeth.

In Maomingosuchus, the 1st dentary tooth perforates
the premaxilla anterior to the external naris. In tomisto-
mines, this is only known forK. spenceri(Brochu2007,
fig. 2) and some specimens ofT. schlegelii(C. Brochu,
pers. comm.). InToyotamaphimeia, the premaxilla is
also perforated by the 1st dentary tooth, but the open-
ings are situated inside the external naris (Kobayashi
et al. 2006, figs 7, 15). In other taxa, such as
Dollosuchoides(Brochu 2007, fig. 3) or mostT. schle-
gelii, the 1st dentary tooth projects into an anterolateral
notch of the premaxilla. InMaroccosuchus, there is no
lateral notch or perforation for the 1st dentary tooth vis-
ible in dorsal view (Jouveet al. 2015, figs 7, 8), imply-
ing that the 1st dentary tooth is small. A perforated
premaxilla is rare among tomistomines, but frequently
present in members of Crocodylinae, such as
Crocodylus niloticusLaurenti,1768, in which the perfo-
rations are positioned further anteriorly.

Only the premaxillary, anterior maxillary and anterior
dentary teeth ofMaomingosuchusshow dorsoventrally
running ridges on their lateral and mesial surface, with
sharp outer edges. Strong ridges are found in a tomisto-
mine from the middle Eocene Ikovo locality (Kuzmin &
Zvonok 2021, fig. 3) and in non-tomistomines such as
Allodaposuchus precedens(Martin et al. 2016, fig. 11),
Krabisuchus siamogallicusMartin & Lauprasert,2010,
fig. 5 and Orientalosuchus naduongensis(Massonne
et al. 2019, fig. 10). Fine ridges are known for other
tomistomines (such asT. schlegelii and Melitosaurus).
Sharp outer edges on the teeth are present in
Thecachampsa antiqua(Myrick 2001, fig. 5) and
Maroccosuchus(Jouve et al. 2015, p. 15), whereas in
other species like T. schlegelii and Melitosaurus

(Nicholl et al. 2020 fig. 3) the teeth are more rounded
with shallower edges.

In M. acutirostris, the difference in tooth sizes resem-
bles the condition found inMaroccosuchus, but the gaps
between the teeth are distinctly smaller and the dentary
is only slightly bent in lateral view, but more curved in
Maroccosuchus(Jouveet al. 2015, figs 2, 4, 15). The
teeth ofMegadontosuchusare all enlarged and represent
an apomorphic morphology for a tomistomine (Piras
et al. 2007, fig. 2). The dentition ofT. schlegelii is
homodont with only the 5th maxillary tooth being
larger, and almost constant spacing along the tooth row.
Similar morphology is also found inGavialosuchus
(Toula & Kail 1885, pl. 2), ‘T.’ calaritanum (Nicholl
et al. 2020, fig. 14) and ‘T.’ gaudense(Nicholl et al.
2020, fig. 8).

Postcranial skeleton.The postcranial region is missing
or poorly preserved in many tomistomines, making
detailed comparisons difficult. Therefore, only species
with well-known postcranial material are used here,
including Maomingosuchus, Penghusuchus(Shanet al.
2009, figs 6–14), Toyotamaphimeia(Kobayashi et al.
2006, figs 31–68), Thecachampsa carolinensis(Erickson
& Sawyer1996, figs 7–21) andT. schlegelii.

The proatlas ofM. acutirostris is boomerang-shaped
and resembles that of Penghusuchus and
Toyotamaphimeia, but it has a more elongated posterior
process and a much higher medial keel. In the other spe-
cies, like T. schlegelii, the proatlas is more block-like.
An atlantal rib with a dorsal projection is known only in
MaomingosuchusandToyotamaphimeia.

In M. acutirostris, Thecachampsa carolinensisand T.
schlegelii, the scapular blade is broad, whereas it is nar-
rower in Toyotamaphimeia and even wider in
Penghusuchus. The coracoid foramen inM. acutirostris
is much smaller than that ofToyotamaphimeia,
Thecachampsa carolinensisand T. schlegelii. The iliac
blade of M. acutirostris is slightly distorted, but rela-
tively broad with a shallow dorsal indentation, similar to
T. schlegelii. Toyotamaphimeiahas a narrower iliac
blade and a shallower dorsal indentation. In
Penghusuchusthe dorsal indentation is very small, and
in Thecachampsa carolinensisthe posterior part of the
blade seems to be sloped. Anteriorly, a prominent pro-
cess is visible on the ilium ofM. acutirostris. The pro-
cess is visible, but smaller than inToyotamaphimeiaand
Penghusuchus. No such process is visible inT. schlege-
lii or Thecachampsa carolinensis. BesidesM. acutirost-
ris, ToyotamaphimeiaandPenghusuchus, such a process
is known in gharials.

The dorsal osteoderms ofM. acutirostris, T. schlegelii
and Toyotamaphimeiahave a prominent dorsal keel,
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whereas no keel is present inPenghusuchusor
Thecachampsa carolinensis.

Comparative discussion

Maomingosuchusdiffers from other tomistomines in
general snout shape, but the sizes and snout-to-skull
ratios are almost similar. Only inMaomingosuchus acu-
tirostris is the snout much broader at the level of the
5th maxillary tooth and similar toMaroccosuchus. Both
of these species also have large teeth (see below) that
could indicate a more generalist lifestyle.

The size ratio between the supratemporal fenestra and
the orbit differs betweenM. acutirostris and other
Maomingosuchusspecimens. However, the size differ-
ence in the supratemporal fenestrae between
Maomingosuchusspecimens is not large, but represents
the only synapomorphy in the phylogenetic analysis that
unites Maomingosuchus petrolicus þ Krabi-
Maomingosuchus. This ratio seems to be variable
between other tomistomine taxa. For ch. 244 (ratio of
the anteroposterior length of the supratemporal fenestra
to the anteroposterior length of the orbit:< 0.5 [0],
0.5–0.75 [1] or > 0.75 [2]); half of the tomistomine taxa
were scored with state (1) whereas the other half were
scored with state (2). The variability of this character
within Tomistominae challenges the synapomorphy of
M. petrolicusþ Krabi-Maomingosuchus.

In most tomistomines, the intersupratemporal bar is
very narrow in comparison with the width of the skull
table. In M. acutirostris the ratio is slightly different
and the bar is broader compared to other
Maomingosuchusspecimens, but the difference is not
that large (for more information seeSupplemental
material S2).

In M. acutirostris and M. petrolicus the 1st dentary
tooth perforates the premaxilla anterior to the external
naris (unknown for Krabi-Maomingosuchus) and this
could either be autapomorphic forMaomingosuchusor
synapomorphic forM. acutirostrisþ M. petrolicus.

In M. petrolicus and Krabi-Maomingosuchusoverall
tooth size is uniform and the teeth are slender and
pointed, as in most tomistomines, but some teeth are
more robust and blunter inM. acutirostris similar to
Maroccosuchus. This may indicate a somewhat different
lifestyle for M. acutirostriswith a less exclusive pisciv-
orous diet.

M. acutirostris and M. petrolicushave a thin lamina
of the exoccipital projecting ventrally to cover the
entrance of the cranio-quadrate passage on the exoccipi-
tal, similar to Gavialis gangeticus(Gmelin, 1789). This
lamina could either be a synapomorphy unitingM.

acutirostris with M. petrolicusor it could be an autapo-
morphy for the whole genus, depending on the condition
in Krabi-Maomingosuchus. Determination of the condi-
tion in Penghusuchusis needed to check if the structure
present there is homologous to the condition in
Maomingosuchus.

Phylogenetic analysis

Results
For the maximum parsimony analysis of the traditional
search, a total of 17,496 equally optimal trees with
lengths of 1017 steps, a consistency index (CI) of 0.317
and a retention index (RI) of 0.690 were recovered
(Figs 15, 16). For the New Technology search analysis,
a total of 864 equally optimal trees with the same
lengths and same consistency and retention indices were
found, and there are no differences in the tree topologies
between the results of the traditional and the New
Technology search approaches.

Two taxa (Kentisuchus astrei Jouve, 2016 and
Melitosaurus) were pruned from the strict consensus
tree after the analysis, because of their unstable posi-
tions in the tree. Their potential positions are indicated
by the letters‘a’ or ‘> a’ for K. astrei and ‘> b’ for
Melitosaurus (Fig. 16): ‘a’ indicates that the taxa, if
included on the tree, would be sister taxon to a single
other taxon, whereas‘> a’ and ‘> b’ mean that those
taxa would be in a polytomy. IfK. astrei is not pruned
from the tree, the resolution is reduced at the base of
Tomistominae, whereas the inclusion ofMelitosaurus
leads to a significant loss of resolution among more
derived taxa. A complete tree with all of the taxa
included can be found inSupplemental material S2.

Overall, the consensus tree is consistent with previous
analyses (e.g. Brochu1999, 2011; Jouve et al. 2015;
Shanet al. 2017; Martin et al. 2019; Massonneet al.
2019; Nicholl et al. 2020), but compared to the analyses
of Jouve et al. (2015), Shan et al. (2017) and Iijima
et al. (2018), our tree resolution is lower within some
groups (Gavialoidea, Borealosuchus spp. and
Crocodyloidea).

Maomingosuchusis monophyletic withM. petrolicus
from Maoming and Krabi-Maomingosuchusforming the
sister group toM. acutirostris. Maomingosuchuswas
recovered in a basal position within Tomistominae as
the sister clade toTomistoma þ Paratomistoma þ
Gavialosuchusþ Melitosaurus. A list of synapomor-
phies can be found inSupplemental material S2.

Bremer support and bootstrap values on the tree are
generally low. The Bremer support for Tomistominae is
1. This is also the case forMaomingosuchusand M.
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Figure 15. Reduced strict consensus tree of 17,496 equally optimal trees, obtained from the maximum parsimony analysis of 72 taxa
and 244 characters; tree length¼ 1017 steps; consistency index¼ 0.317; and retention index¼ 0.690.
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petrolicus þ Krabi-Maomingosuchus(all Bremer sup-
port values can be found inSupplemental material S2).
In Tomistominae the frequency differences (GC) stand-
ard bootstrap values are 15 for Tomistominae and 18
for Maomingosuchus. M. petrolicus þ Krabi-
Maomingosuchushave a support of 2.

Phylogenetic discussion
Outside Tomistominae, the tree is mostly consistent with
previous analyses based on morphological data alone
(e.g. Brochu1999, 2011; Jouveet al. 2015; Shanet al.
2017; Martin et al. 2019; Massonneet al. 2019; Nicholl
et al. 2020), but lacks resolution at some nodes
(Gavialoidea,Borealosuchusspp. and Crocodyloidea) as
is also the case in Nichollet al. (2020). This is different
in Shanet al. (2017) and Iijima et al. (2018), most likely
due to our ordering of characters (see Materials and
methods, above). This ordering also affects tomistomines,
in that Dollosuchoidesis considered to be the sister taxon
to Thecachampsa antiquaþ Thecachampsa carolinensis
þ Penghusuchusþ Toyotamaphimeiainstead of being
placed in a more basal position on the tree.

Our analysis yields a polytomy at the base of
Tomistominae includingMaroccosuchus, Kentisuchus
astrei, Kentisuchus spenceriand Megadontosuchusor a
polytomy betweenMaroccosuchusandK. spenceriif K.
astrei is pruned from the tree.

Maomingosuchusconsists ofMaomingosuchus acutir-
ostris, Maomingosuchus petrolicusand the Krabi-
Maomingosuchus and is supported by three

autapomorphies, a flush margin of the orbit with the
skull surface (103–0), a ventral border of the exoccipital
convex and ventrally projected (166–0) and a frontal
ending at the same level as the anterior extension of the
prefrontal (171–1).

The monophyly ofMaomingosuchusis the most par-
simonious hypothesis and found in all trees, despite the
weak Bremer support.

In previous analyses (Shanet al. 2017; Iijima et al.
2018; Nicholl et al. 2020), M. petrolicuswas found in
varying positions among tomistomines, but usually in a
more derived position than in our current analysis. Only
Piras et al. (2007) obtained similar results. Only the
analysis by Martinet al. (2019) included M. petrolicus
as well as Krabi-Maomingosuchus and found
Maomingosuchusas the sister clade to the extant
T. schlegelii.

Our rescoring of some characters forM. petrolicus
and Krabi-Maomingosuchus(Supplemental material
S2), as well as the incorporation ofM. acutirostris,
results in a more basal position ofMaomingosuchus
that is more congruent with its upper Eocene–lower
Oligocene age.

It is noteworthy that the position ofMaomingosuchus
is generally stable on the tree. The genus always forms
the sister clade to a group consisting of‘Tomistoma’
cairenseþ ‘Tomistoma’ coppensiþ Paratomistomaþ
Tomistoma schlegeliiþ ‘Tomistoma’ lusitanica þ
Gavialosuchusþ ‘Tomistoma’ gaudenseþ ‘Tomistoma’
calaritanum þ Melitosaurus, regardless of whetherK.
astrei or Melitosaurusare pruned from the tree or not.

Figure 16. Tomistominae phylogeny as inferred from the reduced strict consensus tree of 17,496 equally optimal trees, obtained
from the maximum parsimony analysis of 72 taxa and 244 characters; tree length¼1017 steps; consistency index¼ 0.317; and
retention index¼ 0.690. ‘a’ indicates the alternative position of the prunedKentisuchus astrei. ‘b’ indicates the alternative position
of the prunedMelitosaurus champsoides.
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A new phylogenetic analysis by Rio & Mannion
(2021) recoveredGavialis as more closely related to
Tomistoma than to other extant crocodylians, based
solely on morphological data. This further suggests par-
aphyly of the classical subfamily Tomistominae.
However, the more basal position ofM. petrolicus is
also supported in this analysis, indicating that
Maomingosuchusbelongs to a stem group leading to
recent Tomistomaand Gavialis. Further analyses that
include M. acutirostris and Krabi-Maomingosuchusare
necessary to get better insights into the relationships
betweenMaomingosuchusand other gavialoids.

Palaeobiogeographical implications

Based on our analysis and previous phylogenies most
basal tomistomine taxa are from the western Tethyan
region. It is therefore most parsimonious to assume that
they originated in that area before the early Eocene (as
already proposed by Jouveet al. 2015; Jouve 2016;
Shan et al. 2017; Iijima et al. 2018; Nicholl et al.
2020). Moreover, based on our analysis, we conclude
that dispersals towards eastern Asia must have happened
multiple times independently. Accordingly, the first dis-
persal occurred no later than the late Eocene for the

stem lineage ofMaomingosuchus, while a second dis-
persal occurred no later than the early–middle Miocene
for the stem lineage of Penghusuchus þ
Toyotamaphimeia, and a third one took place for the
stem lineage of the extantTomistoma schlegeliiduring
the Neogene. For better clarification, we mapped the
ages of the respective fossils based on available data
from the literature onto our phylogenetic tree (Fig. 17).

Based on palaeogeographical reconstructions, two dif-
ferent dispersal routes for the stem lineage of
Maomingosuchusseem possible: an eastern route from
Europe via coastal dispersal along the Neotethys to
south-eastern Asia (consistent with Jouveet al. 2015,
fig. 18) and a western route from Europe via North
America and Beringia to south-eastern Asia. The latter
one as suggested for Orientalosuchina (Massonneet al.
2019) seems rather unlikely, due to the absence of suit-
able fossils in North America at that time.

A potential key to solve this problem are the tomisto-
mine species from the middle Eocene of central and
south Asia, but their tomistomine affinities have been
questioned (Jouve 2004; Jouve et al. 2015).
‘Tomistoma’ borisovi Efimov, 1988 and Dollosuchus
zajsanicus(Efimov, 1982) are only fragmentary and dif-
ficult to diagnose (Piraset al. 2007; Jouveet al. 2015;
Kuzmin & Zvonok 2021). ‘Tomistoma’ tandoniSahni &
Mishra, 1975 is known only from a mandible and

Figure 17. Time-scaled reduced strict consensus tree of Tomistominae, based on available data from the literature.Kentisuchus
astrei andMelitosaurus champsoidespruned (modified after Nichollet al. 2020).
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Ferganosuchus planusEfimov, 1982 from a skull table
and some postcranial material. Further crocodilian
remains are known from the middle Eocene Pondaung
Formation of central Myanmar (Tsubamotoet al. 2006a,
b), including two different crocodilian teeth figured by
Tsubamotoet al. (2006b, fig. 12) of which the larger
one resembles the larger teeth ofMaomingosuchus acu-
tirostris in exhibiting a well-developed lateral edge.
According to Tsubamotoet al. (2006a), there are more
teeth and bone fragments from the same locality, but
they remain unpublished.

The results of the current phylogenetic analysis,
together with previous analyses (Martin & Lauprasert
2010; Skutschaset al. 2014; Shan et al. 2017, 2021;
Martin et al. 2019; Massonneet al. 2019) demonstrate a
close connection between the crocodilian faunas of three
east Asian fossil sites: the Na Duong Basin in Vietnam
(e.g. B€ohme et al. 2011, 2013; Wysocka et al. 2020),
the Maoming Basin in China (e.g. Jin2008; Averianov
et al. 2016) and the Wai-Lek from Krabi Province,
Thailand (e.g. Benammiet al. 2001; Claude et al.
2007). In all three localities, similar crocodilians of two
unrelated groups are found that, based on their morph-
ology, occupied different niches, with the longirostrine
Maomingosuchusmore piscivorous (Shanet al. 2017;
Martin et al. 2019), and the brevirostrine
Orientalosuchina with a more generalist diet (Martin &
Lauprasert2010; Skutschaset al. 2014; Wang et al.
2016; Li et al. 2019; Massonneet al. 2019; Shan
et al. 2021).

Dispersal towards eastern Asia, however, probably
differed for both groups. While Orientalosuchina were
already present in the region during the Late Cretaceous
(Li et al. 2019) and most likely originated in North
America (Massonneet al. 2019), the stem lineage of
Maomingosuchusprobably arrived in eastern Asia from
Europe sometime before the upper Eocene (e.g. Jouve
et al. 2015; Shanet al. 2017; Martin et al. 2019).

The crocodilian faunas of the three localities (Na
Duong, Maoming and Krabi) are very similar, but show
distinct species, which could be explained by either cli-
matic and/or geographical barriers. Climatic barriers
between the Na Duong and Maoming basins seem
unlikely, since both basins are close to each other
(� 400 km apart) and at the same latitude (Fig. 1). This
distribution recalls a similar case in the turtle fauna with
Banhxeochelys traniGarbin, B€ohme & Joyce, 2019
from Na Duong being closely related toIsometremys
lacuna Chow & Yeh, 1962 and Guangdongemys pingi
Claude, Zhang, Li, Mo, Kuang & Tong,2012 from
Maoming (Garbinet al. 2019). Based on the presence
of closely related crocodile and turtle faunas in Na
Duong, Maoming and Krabi, it seems likely that other

middle–upper Eocene deposits in eastern and south-east-
ern Asia (e.g. the Pondaung Formation in Myanmar)
will yield species ofMaomingosuchusand orientalosu-
chines. Further investigations on those fossil sites are
needed to obtain more information of the faunas and
palaeobiogeography of eastern and south-eastern Asia
during the upper Eocene–lower Oligocene.

Conclusions

Maomingosuchus acutirostrissp. nov. is a new tomisto-
mine species from the middle–upper Eocene deposits
(late Bartonian–Priabonian age, 39–35 Ma) of the Na
Duong Basin in Vietnam.M. acutirostris is a medium-
sized tomistomine with a relatively robust snout and
multiple enlarged teeth, similar toMaroccosuchus,
potentially indicating a less piscivorous diet than the
extantTomistoma schlegelii.

Our phylogenetic analysis recoversM. acutirostris as
the sister taxon to a monophyletic group consisting of
M. petrolicus from the upper Eocene of the Maoming
Basin of south-eastern China and Krabi-
Maomingosuchus from the upper Eocene–lower
Oligocene of Wai-Lek from Krabi Province, Thailand.
The basal position ofMaomingosuchusis generally sta-
ble on the tree, being congruent with the upper
Eocene–lower Oligocene age ofMaomingosuchus.

The phylogenetic analysis supports a western Tethyan
origin for tomistomines with three independent dispersal
events from Europe to eastern Asia. One for the stem
lineage of Maomingosuchus, another for the stem lin-
eage ofPengusuchusþ Toyotamaphimeiaand a third
for the stem lineage of the extantT. schlegelii.

The similarities between the crocodile faunas of Na
Duong, Maoming and Krabi are noteworthy. More
material from other upper Eocene–lower Oligocene sites
in eastern Asia could show if representatives of
Maomingosuchus and orientalosuchines were more
widely spread across east Asia than currently known
and could shed new light on the palaeobiogeographical
and faunal connections between these different
Eocene–Oligocene localities in eastern Asia.
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A tarsometatarsus from the upper Eocene Na Duong Basin—the first Palaeogene
fossil bird from Vietnam

Tobias Massonne , Madelaine B€ohme, and Gerald Mayr

ABSTRACT
Knowledge of the Palaeogene avifauna of East Asia is scarce, and only a few fossils have been
described thus far. A tarsometatarsus from the upper Eocene Na Duong Basin represents the first
Palaeogene fossil bird from Vietnam. The fossiliferous sediments in the Na Duong Basin originated
from an aquatic ecosystem but also yielded terrestrial animal and plant remains suggesting a
dense forest habitat surrounding an ancient lake. In accordance, the Na Duong Basin tarsometatar-
sus is compared with extant aquatic, terrestrial and arboreal bird species, but because of diagen-
etic compression and fragmentary preservation, it is difficult to classify the bone. Nevertheless, the
specimen exhibits a distinctive morphology and is potentially referable to an endemic neognath
unknown from other Palaeogene localities outside of Vietnam.
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WHILE there is a rich fossil record of birds from the
Cretaceous of East Asia, current knowledge of Palaeocene
and Eocene avifaunas from southern and eastern Asia is
scarce (Kurochkin1976, Rich et al. 1986, Nessov1992, Hou
2003, Mayr 2009, 2022, Zelenkov & Kurochkin2015, Hood
et al. 2019). More substantial fossils are mainly documented
from the Palaeocene and Eocene of India, Mongolia and
China and include, among others, species that were assigned
to the Anseriformes, Galliformes, Mirandornithes,
Gruiformes, and Strigiformes (e.g., Hwanget al. 2010, Mayr
et al. 2010, Kurochkin & Dyke 2011, Wang et al. 2012,
Mayr et al. 2013, Stidham & Ni 2014, Zhao et al. 2015,
Hood et al. 2019, Zelenkov 2021a, 2021b). Fossil remains
referred to Gastornithiformes are known from the early
Eocene of China (Buffetaut2013), and there is a specimen
of the suliform clade Protoplotidae from Sumatra
(Lambrecht 1931), and a putative record of
Threskiornithidae from the upper Eocene Pondaung
Formation of Myanmar (Stidhamet al. 2005). In addition,
late Eocene and early Oligocene fossils attributed to
Eogruidae and Ergilornithidae have been reported from
Mongolian localities (Clarkeet al. 2005, Hood et al. 2019,
Mayr & Zelenkov2021, Mayr 2022).

In this study, we describe an avian tarsometatarsus from
the Na Duong Basin in Northern Vietnam, that was

excavated in 2011 (B€ohme et al. 2013). The bone represents
the first record of fossil birds from the Na Duong Basin,
and it is also the first evidence of bird remains from the
Eocene of Vietnam. As such, it improves our knowledge of
the east Asian avifaunas as a whole and Vietnam in particu-
lar. Furthermore, the specimen adds to the significance of
the Na Duong Basin as a Lagerst€atte from the Eocene of
East Asia.

Palaeogene bird fossils from Vietnam have not been pre-
viously described, but a comprehensive Pleistocene avifauna
has been recently published (Boev2022). This latter study
reported various species that no longer occur in Vietnam,
but all represent modern taxa, and in most cases, the identi-
fication of fragmentary remains requires corroboration with
more material.

Geological setting

The Na Duong Basin is located in northern Vietnam near
the Chinese border (Fig. 1). It represents one of only a few
areas in East and Southeast Asia with a complete sequence
of continental sediments from the middle Eocene to lower
Oligocene (B€ohme et al. 2013). The basin is part of the Cao
Bang-Tien Yen fault system and covers an area of 45 km2.
The middle to upper Eocene (late Bartonian–Priabonian) Na
Duong Formation is 240 m thick with the upper 140 m sec-
tion being exposed in the Na Duong open cast coal mine.
B€ohme et al. (2013) biochronologically correlated the fossil
mammals from Na Duong (layer 80) with the Chinese
Naduan land mammal age (¼ Ulangochuian stage: Wang
et al. 2019), and provided an 39–34 Ma age estimate.

Supplemental data for this article is available online athttps://doi.org/10.
1080/03115518.2022.2126010.
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Group.
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

ALCHERINGA: AN AUSTRALASIAN JOURNAL OF PALAEONTOLOGY
2022, VOL. 46, NOS. 3–4, 291–296
https://doi.org/10.1080/03115518.2022.2126010

Published online 12 Oct 2022



Palaeomagnetic data calibrate the Ulangochuian at between
40 and 37 Ma (Wanget al.2019).

The tarsometatarsus described herein was excavated
within the transition zone between the coaly shale of the
main seam and the underlying dark-brown claystone
(layer 80).

The layer 80 sediments are lacustrine lignitic shales that
were deposited at a time of tropical to warm-subtropical cli-
mate. The region was also undergoing a transition from
shallow pond systems to a large anoxic lake (B€ohme et al.
2013, Garbin et al. 2019). This fossil ecosystem has yielded
both aquatic and terrestrial faunal elements. The bird speci-
men occurred sympatrically with two species of crocodile
(Orientalosuchus naduongensisMassonne, Vasilyan, Rabi &
B€ohme, 2019 and Maomingosuchus acutirostrisMassonne,
Augustin, Matzke, Weber & B€ohme, 2021), the anthraco-
there Bakalovia orientalis B€ohme, Aiglstorfer, Antoine,
Appel, Halvik, M�etais, Phug, Schneider, Setzer, Tappert,
Tran, Uhl & Prieto, 2013, the rhinocerotineEpiaceratherium
naduongenseB€ohme, Aiglstorfer, Antoine, Appel, Havlik,
M�etais, Phug, Schneider, Setzer, Tappert, Tran, Uhl &
Prieto, 2013, a strepsirrhine (Chavasseauet al. 2019), fishes
representing the families Amiidae and Cyprinidae, and at
least two species of turtle (B€ohme et al. 2013, Garbin
et al.2019).

Materials and methods

Osteological terminology is based on Baumel & Witmer (1993).
Micro-CT (l CT) scanning was undertaken on a Nikon
(Minato, Tokyo, Japan) XTH 320l CT scanner in the 3D
Imaging Lab of the Senckenberg Centre for Human Evolution
and Palaeoenvironment (SHEP) and University of T€ubingen
(UT), Germany. This used an X-ray tube containing a multi
metal reflection target with a maximum acceleration voltage of
225 kV. Scan parameters included 210 kV and 90l A with a
voxel size of 27.31305 mm, and utilization of a 0.1 mm thick
copper filter. Segmentation used threshold and brush tools in
Amira v.2021.1 (Thermo Fisher, Waltham, Massachusetts,
USA), with the surface mesh exported as a STL file. The 3D-
Model is provided inSupplementary Data 1.

Institutional abbreviations

GPIT, Geologisch-Pal€aontologisches Institut T€ubingen,
T€ubingen, Germany. NMNH, National Museum of Natural
History, Washington, DC, USA; SMF, Senckenberg
Museum, Frankfurt am Main, Germany.

Systematic palaeontology

Aves Linnaeus,1758

Figure. 1.Map of northern Southeast Asia showing the Na Duong Basin in northeast Vietnam (after B€ohmeet al.2013).
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Neognathaeincertae sedis
(Fig. 2)

Referred material.GPIT-PV-122865, a partial right
tarsometatarsus.

Locality, unit and age.Layer 80 of the Na Duong coal mine
in northern Vietnam (21� 42.20N, 106� 58.60E); Na Duong
Formation (Na Duong Basin), late Bartonian to Priabonian
(late Eocene), 39–35 Ma (B€ohmeet al.2013).

Description.GPIT-PV-122865 represents the distal part of a
right tarsometatarsus with a shaft approximately covering

half to two-third of its original length (Fig. 2). Distal width
¼ 15.2 mm; trochlea metatarsi III width¼ 5.0 mm; shaft
width ¼ 8.3 mm; foramen vasculare distale length¼
1.5 mm. Diagenetic compression has flattened the bone dor-
soplantarly, and both its plantar surface and the dorsal sur-
face of the distal end are weathered.

The shaft is elongate with an equal width over the pre-
served length, but it is much wider than the trochlea meta-
tarsi III. In dorsal view (Fig. 2A, B), GPIT-PV-122865 has a
deep sulcus extensorius that is proximally bordered by
prominent ridges; the shaft becomes flat and smooth
towards the distal one-third of the bone (seeSupplementary
Data 1). On the plantar surface (Fig. 2C, D), a sulcus is bor-
dered by a prominent latera ridge. The fossa metatarsi I is

Figure. 2.Neognathaeincertae sedis(GPIT-PV-122865). Tarsometatarsus inA, B, dorsal view;C, D, plantar view;E, F, cross-section of the proximal end of the shaft;
G, H, distal view;I, J, enlargement of the distal end in dorsal view;K, L, enlargement of the distal end in plantar view. Abbreviations: bw, bone wall; fmt1, fossa
metatarsi 1; fvd, foramen vasculare distale; mt, metatarsale; se, sulcus extensorius; tm, trochlea metatarsi. Scale bar¼ 5 mm.
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situated on the plantar surface medial to the midline of the
bone, and appears to be oval in outline but is poorly pre-
served (Fig. 2K, L).

The foramen vasculare distale is very small and oval-
shaped. The canalis interosseus distalis cannot be discerned.
The incisurae intertrochleares lateralis and medialis are not
evident due to mediolateral flattening, as well as the dorso-
plantar compression (Fig. 2G–L, S1).

The trochlea metatarsi II is shorter than the trochlea
metatarsi III and has a medially slanting distal margin;
although it does not form a plantarly directed projection. A
broad sulcus on the plantar surface is bounded by two prox-
imodistally oriented large ridges. The distal portion of the
trochlea metatarsi III is damaged with� 50% being lost. The
narrow plantar rims are widely separated by a large furrow,
which is likely to be a taphonomic artefact. The trochlea
metatarsi IV is mediolaterally broad, but its distal portion is
damaged. It also lacks a distinct trochlear furrow on the pre-
served surface and appears to be slightly larger than the
other trochleae (Fig. 2G–L, S1). The bone wall is thick in
cross-section (Fig. 2E, F).

Discussion

Extant bird species can be separated into two higher-level
clades: Palaeognathae and Neognathae. GPIT-PV-122865 is
most likely a representative of the latter group. The only
long-legged palaeognaths present during the Eocene in
Eurasia are members of the Palaeotididae and Eogruidae
(Mayr 2022). Although GPIT-PV-122865 shares with the lat-
ter taxa a long shaft, and the presence of a trochlea meta-
tarsi III that reaches further distally than the trochleae
metatarsorum II and IV, it differs in many other characteris-
tics. For example, GPIT-PV-122865 has a more robust shaft,
smaller foramen vasculare distale, narrower incisurae inter-
trochleares lateralis and medialis, and equally-sized trochleae
metatarsorum. This character combination precludes referral
to either Palaeotididae or Eogruidae.

The Na Duong Basin late Eocene palaeoenvironment was
characterized by a transition from shallow ponds to a large
anoxic lake supporting rich aquatic and terrestrial faunas
(B€ohme et al. 2013, Garbin et al. 2019). We therefore com-
pared GPIT-PV-122865 with extant aquatic and semi-
aquatic members of Aequornithes and Gruiformes, together
with terrestrial representatives of Galliformes, and arboreal
members of Coliiformes, which have similar tarsometatarsal
morphologies (Fig. 3). The distal width of GPIT-PV-122865
is comparable toGallus gallusLinnaeus,1758(Fig. 3B, H),
which exhibits a trochlea metatarsi III reaching further distal
than the trochleae metatarsorum II and IV, and trochleae
that are subequal in size. The common presence of a small
rectangular process on the medial flank of the trochlea
metatarsi II is also visible in ventral view. By contrast, the
shaft in GPIT-PV-122865 is longer than that ofG. gallus
and has an elongate extensor sulcus along its dorsal surface
as well as a plantar ridge (absent inG. gallus). In
addition, the foramen vasculare distale is much smaller in
GPIT-PV-122865, and the incisura intertrochlearis lateralis

is nearly closed (otherwise much wider inG. gallus). Finally,
the trochleae metatarsorum II and IV reach an equal distal
distance in GPIT-PV-122865, whereas the trochlea metatarsi
II is further proximally oriented inG. gallus.

Birds with elongate tarsometatarsi that may have
occurred in the Na Duong Basin palaeoenvironment include
members of the Ardeidae (herons), Ciconiidae (storks and
allies), and Gruidae (cranes). We therefore usedArdea hero-
dias Linnaeus,1758 (Ardeidae;Fig. 3C, I), Mycteria ameri-
cana Linnaeus,1758 (Ciconiidae;Fig. 3D, J) and Antigone
canadensis(Linnaeus,1758; Gruidae;Fig. 3E, K) for compar-
isons. These taxa share an elongate tarsometatarsal shaft,
although GPIT-PV-122865 has a more marked sulcus exten-
sorius along the dorsal surface of the shaft and a plantar
ridge on the ventral surface, and broader shaft proportions,
as well as a smaller foramen vasculare distale. GPIT-
PV-122865 specifically shares equally-sized trochleae meta-
tarsorum and relatively narrow incisurae intertrochleares
lateralis and medialis, together with a small plantar opening
of the foramen vasculare distale withA. herodias. GPIT-
PV-122865 otherwise differs in its much smaller dorsal
opening for the foramen vasculare distale, and a more dis-
tally projected trochlea metatarsi III.

Similarities withM. americanainclude a relatively narrow
incisurae intertrochleares lateralis and medialis, and a troch-
lea metatarsi III that is more distally projected than the
trochlea metatarsorum II and IV. Conversely, GPIT-PV-
122865 lacks a proximally positioned canal leading into the
foramen vasculare distale, and the trochlea metatarsi III is
subequal to the size of the trochleae metatarsorum II
and IV.

GPIT-PV-122865 shares the possession of a trochlea
metatarsi III that reaches further distally than the trochleae
metatarsorum II and IV with A. canadensis. However,
GPIT-PV-122865 differs in having narrower incisurae inter-
trochleares lateralis and medialis, the trochlea metatarsi II
having the same distal extent as the trochlea metatarsi IV,
and the trochleae metatarsorum being of equal size.

Amongst arboreal birds, GPIT-PV-122865 is comparable
to Colius striatusGmelin, 1789(Fig. 3F, L) in overall tarso-
metatarsus shape, the robust shaft, small foramen vasculare
distale, equally sized trochleae metatarsorum, and narrow
incisurae intertrochleares lateralis and medialis. By contrast,
GPIT-PV-122865 has a more marked sulcus extensorius
along the dorsal surface of the shaft and a plantar ridge
along its ventral surface, as well as the trochlea metatarsi III
that projects further distally than the trochleae metatarso-
rum II and IV. In addition, the general size difference is
substantial.

Well-studied Palaeogene avian fossil assemblages from
the Palearctic region also include stem group representatives
of Strigiformes (owls) and Psittacopasseres (parrots and
passerines); however, the tarsometatarsus of these lineages
differs significantly in proportions and morphology of the
distal extremity compared to GPIT-PV-122865 (Mayr2022).

The lacustrine palaeohabitat of the Na Duong Basin was
surrounded by a dense dipterocarpacean swamp forest, as
indicated by preserved leaves, woods and resin (B€ohme
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et al. 2013). Estimates of tree density and canopy height
suggest� 600 individual trees/ha and a maximum canopy
height of around 35 m, which is compatible with swamp for-
ests found in Southeast Asia today (B€ohmeet al. 2013). Like
these modern settings, we expect that the avian fauna was
diverse and incorporated a range of arboreal, ground-dwell-
ing, aquatic or semi-aquatic species. Unfortunately, because
of the poor preservation, GPIT-PV-122865 cannot be identi-
fied beyond Neognathaeincertae sedis. Nonetheless, GPIT-
PV-122865 does provide the first insight into the Na Duong

Basin bird assemblage and offers a novel Palaeogene avi-
faunal occurrence for East Asia.
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A new cryptodire from the Eocene of the Na Duong Basin (northern Vietnam)
sheds new light onPan-Trionychidaefrom Southeast Asia

Tobias Massonnea,b� , Felix J. Augustinb , Andreas T. Matzkeb and Madelaine B€ohmea,b

aSenckenberg Centre for Human Evolution and Palaeoenvironment, T€ubingen, Germany;bDepartment of Geosciences,
Eberhard-Karls-Universit€at T€ubingen, T€ubingen, Germany

(Received 21 December 2022; accepted 21 May 2023)

Striatochelys babagen. et sp. nov. is a new pan-trionychid from the middle–upper Eocene (late Bartonian–Priabonian,
39–35 Ma) of the Na Duong Basin in northern Vietnam. It represents one of the best documented and most completely
known Palaeogene pan-trionychid species from Asia.Striatochelys babacan be diagnosed by: (1) its relatively small
size; (2) the absence of a preneural; (3) the presence of well-developed straight ridges on the costals and neurals in
adults; (4) ridges more strongly developed posteriorly than anteriorly; and (5) entoplastron callosity in the shape of a
bulge. A phylogenetic analysis recoversS. babawithin Pan-Trionychinaein an unresolved polytomy with species of the
genusNilssonia. In addition, comparisons of the new taxon with plastomenids, pan-trionychids from the Palaeogene and
extant trionychids from Asia demonstrate a particularly close resemblance toNilssonia spp. Based on the close
resemblance betweenS. babaand ‘Trionyx’ impressus(a pan-trionychid from the Maoming Basin of southern China),
we here assign the latter species to the new genusStriatochelys. The close relationship betweenS. babagen. et sp. nov.
from the Na Duong Basin andS. impressacomb. nov. from the Maoming Basin further supports the hypothesis that a
close connection between both localities existed, as already exemplified by other faunal elements such as pan-
geoemydids and crocodylians.

http://zoobank.org/urn:lsid:zoobank.org:pub:E8E5C4DE-E52A-43FB-B9C1-CE3ED2ED66C1

Keywords: Eocene; turtle;Pan-Trionychinae; Nilssonia; Asia

Introduction

Pan-Trionychidae(softshell turtles) represents one of
the most diverse aquatic radiations of cryptodiran tur-
tles, with more than 107 fossil and extant species and a
fossil record dating back to the late Early Cretaceous
(Georgalis & Joyce,2017; Joyce et al.,2004; Turtle
Taxonomy Working Group,2021; Vitek & Joyce,
2015). The group is characterized by having a reduced
carapace lacking peripherals and pygals (Joyce &
Lyson, 2017; Meylan, 1987). Softshell turtles range in
size from less than 10–15 cm bony disc length (BDL)
(e.g. ‘Trionyx’ gobiensisDanilov, Hirayama, Sukhanov,
Suzuki, Watabe & Vitek, 2014 from the Late
Cretaceous of Mongolia; extantPelodiscus huangsha-
nensisY. A. Gong, Peng, Huang, Lin, Huang, Xu, Yang
& Nie, 2021; extant Pelodiscus shipianS. Gong, Fritz,
Vamberger, Gao & Farkas,2022 from China) to a BDL
of 97 cm (completely preserved carapace of an indeter-
minate taxon described by Gaffney [1979] from the
Eocene Bridger Formation of North America), or even
larger (estimated based on a fragmentary specimen

described by Head et al. [1999] from the middle Eocene
of Pakistan). The largest extant trionychids are slightly
smaller than this and have a maximum BDL of 74.5 cm
(Pritchard,2001). Whereas extant trionychids are known
from Asia, Africa, North America and Australasia, fossil
representatives were more widespread and have also
been found in Australia, Europe and South America
(B€ohme,1995; Ernst & Barbour,1989; Georgalis,2021;
Georgalis & Joyce,2017; Joyce & Lyson,2017; Vitek
& Joyce, 2015). Recently, the in-group relationships
between extant species were clarified with the use of
molecular data (Le et al.,2014), but comparatively long
ghost lineages are currently still reconstructed for sev-
eral taxa (Danilov et al.,2014; Vitek & Joyce,2015).

Pan-Trionychidae can be divided into three
clades: Pan-Cyclanorbinae, Plastomenidaeand Pan-
Trionychinae (Joyce et al.,2018, 2021; Lyson et al.,
2021). Plastomenidaewent extinct during the Eocene
(Jasinski et al.,2022; Joyce et al.,2009, 2016, 2018;
Lyson et al.,2021), whereas the latter two groups still
have extant representatives.
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The oldest known pan-trionychids originated in Asia
during the Early Cretaceous (‘Trionyx’ kyrgyzensis
Nessov,1995, Perochelys lamadongensisLi, Joyce &
Liu, 2015, Perochelys hengshanensisBrinkman, Rabi
& Zhao, 2017) (see Brinkman et al.,2017; Danilov &
Vitek, 2013). However, the phylogenetic positions of
these early members are poorly understood, and they are
either recovered as basal pan-trionychids (in accordance
with their old geological age) or nested inside
Trionychinae, due to their derived set of characters
(Brinkman et al.,2017; Georgalis & Joyce,2017; Joyce
et al., 2021). Upper Cretaceous sites in central and east
Asia (China, Kazakhstan, Kyrgyzstan and Mongolia)
have yielded abundant remains of pan-trionychids (e.g.
Brinkman et al.,2017; Danilov et al.,2014; Danilov &
Vitek, 2013; Georgalis & Joyce, 2017; Vitek &
Danilov, 2010; 2012), but taxa from the Palaeogene are
far less common.Kuhnemys palaeocenica(Danilov,
Sukhanov, Obraztsova & Vitek, 2015) from the
Thanetian (late Paleocene) of Mongolia and
Drazinderetes tethyensisHead, Raza & Gingerich,1999
from the Bartonian (late Eocene) of Pakistan are the
only taxa that have not been assigned to the‘waste-bas-
ket’ genus‘Trionyx’ (Georgalis & Joyce,2017). Among
the latter, ‘Trionyx’ linchuensis(Yeh, 1962), ‘Trionyx’
gregarius(Gilmore, 1934), ‘Trionyx’ johnsoni(Gilmore,
1931) and ‘Trionyx’ impressus(Yeh, 1963) from the
Eocene of China and ‘Trionyx’ minusculus
(Chkhikvadze, 1973) from the Eocene and‘Trionyx’
ninae Chkhikvadze, 1971 from the Eocene and
Oligocene of Kazakhstan are known. None of these
taxa, however, has been included in a phylogenetic ana-
lysis, and their relationships are unresolved (Georgalis
& Joyce,2017).

‘Trionyx’ impressusfrom the Maoming locality of
South China represents the only taxon of Bartonian–
Priabonian age (late Eocene) from east Asia. Other
named species and all other specimens from the late
middle Eocene of Myanmar, east China (Zhejiang
Province), or east-central China (Henan Province) can
only be identified asPan-Trionychidaeindet. (Georgalis
& Joyce,2017).

Recent excavations in the middle–late Eocene depos-
its of the Na Duong Basin (northern Vietnam) have
recovered a diverse vertebrate fauna that includes–
besides fishes, pan-geoemydid turtles, crocodylians,
birds and mammals– several well-preserved specimens
of a pan-trionychid turtle, which has not been studied so
far. Here, we describe the pan-trionychid turtle remains
from Na Duong, and, based on a set of unique charac-
ters, assign it to a new genus and species. Interestingly,
the new taxon shows several morphological similarities
to ‘Trionyx’ impressusfrom the late Eocene of southern

China, originally described asAspideretes impressusby
Yeh (1963) and subsequently revised by Danilov et al.
(2013) and Georgalis & Joyce (2017). Due to the close
resemblance of‘T.’ impressus, we herein assign it to the
new genus as well.

Geological setting

The Na Duong Basin is located in northern Vietnam
close to the Chinese border (Fig. 1). It represents one of
the few areas in East and Southeast Asia with a com-
plete sequence of continental sediments from the middle
Eocene to lower Oligocene (B€ohme et al.,2013). The
basin is part of the Cao Bang-Tien Yen fault system
and covers an area of 45 km2. The middle–upper Eocene
(late Bartonian–Priabonian) Na Duong Formation is 240
m thick with the upper 140 m section being exposed in
the Na Duong open cast coal mine. B€ohme et al. (2013)
biochronologically correlated the fossil mammals from
Na Duong (layer 80) with the Chinese Naduan land
mammal age (¼ Ulangochuian stage: Wang et al.,
2019), and provided an age estimate of 39–35 Ma.
Palaeomagnetic data calibrates the Ulangochuian at 40–
37 Ma (Wang et al.,2019).

The new taxon, together with most of the other ver-
tebrates, was excavated within the transition zone
between the coaly shale of the main seam and the
underlying dark-brown claystone (layer 80). The layer
80 sediments represent lacustrine lignitic shales that
were deposited at a time of tropical to warm-subtrop-
ical climate. The area was also undergoing a transition
from shallow pond systems to a large anoxic lake
(B€ohme et al.,2013; Garbin et al.,2019). This fossil
ecosystem has yielded both aquatic and terrestrial
faunal elements. The new taxon occurred together with
the pan-geoemydid Banhxeochelys traniGarbin, B€ohme
& Joyce, 2019, two species of crocodiles
(Orientalosuchus naduongensisMassonne, Vasilyan,
Rabi & B€ohme,2019 and Maomingosuchus acutirostris
Massonne, Augustin, Matzke, Weber & B€ohme, 2021),
a bird (Massonne et al.,2022), anthracotheriids and
rhinocerotids (B€ohme et al.,2013), a strepsirrhine pri-
mate (Chavasseau et al.,2019), and fishes representing
the families Amiidae and Cyprinidae (B€ohme et al.,
2013).

Materials and methods

All of the specimens of the new taxon described herein
were found at the base of layer 80 (sensuB€ohme et al.,
2011) in the Na Duong coal mine. The material consists
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of two almost complete carapaces with associated plas-
tral elements and seven partial carapaces, some of them
with associated plastral elements. Additionally, a highly
weathered skull and pectoral girdle, as well as several
isolated plastral elements were found, which, however,
cannot be associated with any of the carapaces. The
best-preserved specimen and designated holotype con-
sists of an almost complete carapace, which was found
associated with several plastral elements (entoplastron,
both hyoplastra, the right hypoplastron and the left
xiphiplastron), as well as additional postcranial material
(one cervical vertebra, the left pectoral girdle and
humerus, the right radius and ulna, and a phalanx). The
holotype material can be confidently referred to a single
individual because it was found semi-articulated.

The data set of Joyce et al. (2018) (seeSupplemental
material File S1) was used for the phylogenetic analysis
with taxa and rescorings of Lyson et al. (2021) added.
The data set is derived from multiple previous data sets
including Brinkman et al. (2017), Joyce and Lyson
(2010, 2011, 2017), Joyce et al. (2009) and Meylan
(1987). Together with the new taxon, the data set con-
sists of 40 taxa and 95 characters.Adocus lineolatus
Cope, 1874 and Carettochelys insculptaRamsay,1887

were chosen as outgroup taxa. For the analysis, 11 char-
acters (1, 3, 5, 16, 20, 22, 41, 54, 79, 81, 94) were
treated as ordered. A total of 40 characters (42%) could
be scored for the new taxon.

The maximum parsimony analysis was conducted as
a traditional search in TNT v. 1.5 standard version
updated on 13 July 2022 (Goloboff & Catalano,2016).
The multistate characters mentioned above were treated
as ordered; the maximum trees were set to 999,999 and
the tree replication to 1000. For the branch swapping,
tree bisection and reconnection with 10 trees saved per
replication was used. Additionally, we applied molecular
constraints based on the phylogenetic tree for extant
taxa after Le et al. (2014) and an extended implied
weighting k¼12 to decrease the impact of variable
characters (Goloboff et al.,2018) as in the analysis of
Lyson et al. (2021) and Joyce et al. (2018).

Institutional abbreviations
AMNH , American Museum of Natural History, New
York, New York, USA; FMNH , Field Museum of
Natural History, Zoology Department, Chicago, Illinois,
USA; GPIT, Geologisch-Pal€aontologisches Institut
T€ubingen, T€ubingen, Germany; IVPP, Institute of

Figure 1. Map of northern Southeast Asia, showing the Na Duong Basin in north-east Vietnam and the Maoming Basin in southern
China. The map was created using the Generic Mapping Tools program (Wessel et al.,2019).
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Vertebrate Paleontology and Paleoanthropology, Chinese
Academy of Sciences, Beijing, China;NHMUK ,
Natural History Museum, London, UK;UCMVZ ,
University of California Museum of Vertebrate Zoology,
California, USA; USNM, National Museum of Natural
History, Smithsonian Institution, Washington, DC, USA.

Taxonomic nomenclature
We follow the phylogenetic nomenclature of Joyce et al.
(2021) and highlight all clade names defined herein in
italics according to the PhyloCode.

Systematic palaeontology

TestudinataKlein, 1760, sensuJoyce et al.,2020
Cryptodira Cope,1868, sensuJoyce et al.,2021

Pan-TrionychidaeJoyce et al.,2004, sensuJoyce et al.,
2021

Diagnosis. Members ofPan-Trionychidaecan be diag-
nosed by the following shell features: (1) the presence
of sculpturing that covers all metaplastic portions of the
shell bones; (2) absence of scutes; (3) absence of
peripherals; (4) absence of pygals; (5) absence of supra-
pygals; (6) boomerang-shaped entoplastron; and (7) a
plywood-like microstructure in the metaplastic portions
of the shell (modified after Georgalis & Joyce,2017).

Striatochelysgen. nov.

Diagnosis.Striatochelyscan be differentiated from other
pan-trionychid genera by the combination of the follow-
ing characters: (1) relatively small size, with a carapace
length reaching an estimated maximum of 27 cm; (2)
absence of a preneural; (3) strong straight ridges on the
carapace, spanning from costal I to costal VIII; and (4)
stronger ridges posteriorly.

Etymology. The genus name is female and derives from
the Latin word‘striatus’ meaning‘streaked’ due to the
multiple anteroposteriorly running ridges across the
carapace, resulting in a furrowed surface, and‘chelys’
meaning turtle in Greek.

Striatochelys babasp. nov.
(Figs 2–7)

Diagnosis.Striatochelys babacan be differentiated from
Striatochelys impressacomb. nov. by the combination
of the following characters: (1) a larger costal VIII,

forming the posterolateral margin of the carapace; (2)
presence of ridges on the neurals, which are straight
anteriorly and sinusoidal posteriorly; and (3) entoplas-
tron callosity in the shape of a bulge (unknown forS.
impressaand possibly a synapomorphy forS. babaþ S.
impressa).

Etymology. The species name is derived from the
Vietnamese word‘Ba ba’ , meaning softshell turtle,
declared as substantive.

Holotype. GPIT-PV-112860, carapace, xiphiplastron,
thoracic vertebrae (GPIT-PV-112860-1) and partial plas-
tron (entoplastron, GPIT-PV-112860-2; hyoplastron
right, GPIT-PV-112860-3; hyoplastron left, GPIT-PV-
112860-4; hypoplastron right, GPIT-PV-112860-5) and
further postcranial material (cervical vertebra, GPIT-PV-
112860-6; left pectoral girdle, GPIT-PV-112860-7; left
humerus, GPIT-PV-112860-8; right radius, GPIT-PV-
112860-9; right ulna, GPIT-PV-112860-10; phalanx,
GPIT-PV-112860-11).

Referred material. Additional material consists of: a
nearly complete carapace missing only the nuchal with
a right hyo- and hypoplastron (GPIT-PV-122867); a
fragmentary carapace with a complete row of neurals
and a nuchal (GPIT-PV-122879); the anterior part of a
carapace associated with an entoplastron (GPIT-PV-
122872); fragmented costals belonging to a larger indi-
vidual (GPIT-PV-122875); fragmented costals and a
right hypoplastron (GPIT-PV-122871); a costal fragment
(GPIT-PV-122874); a medial part of a hypoplastron
(GPIT-PV-122873); an anterior part of the carapace and
right hyo- and hypoplastron (GPIT-PV-112861); a part
of the carapace and plastron and a first thoracic vertebra
(GPIT-PV-112862 and GPIT-PV-112863); multiple iso-
lated costal fragments belonging to a single individual
(GPIT-PV-112864); multiple carapace fragments belong-
ing to a single individual (GPIT-PV-112865); left xiphi-
plastron and a right costal VIII (GPIT-PV-112866); and
a single costal fragment (GPIT-PV-112867).

Additionally, an isolated pectoral girdle (GPIT-PV-
122869) and skull (GPIT-PV-122870) putatively belong-
ing to a single individual of a pan-trionychid turtle, as
well as additional postcranial material consisting of an
isolated costal fragment (GPIT-PV-122877), a phalanx
(GPT-PV-122878) and a plastron fragment (GPIT-PV-
112868) are tentatively referred toS. baba.

Type locality and horizon. The fossils were recovered
from the base of layer 80 of the Na Duong coal mine
(B€ohme et al.,2013) in northern Vietnam (21� 42.20N,
106� 58.60E); Na Duong Formation, Eocene, late
Bartonian–Priabonian age (39–35 Ma).
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Figure 2. Striatochelys baba, holotype, GPIT-PV-112860-1, Na Duong Formation, middle–upper Eocene, Vietnam. Carapace inA,
B, dorsal andC, D, ventral views.Abbreviations: co, costal; cp, costiform process;dr, dorsal rib; ne, neural; nu, nuchal; tv,
thoracic vertebra;xi, xiphiplastron. Scale bar equals 5 cm.
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Remarks. The holotype carapace ofS. baba was
embedded with its ventral part facing upwards. This
allowed for a negative relief of the dorsal carapace, espe-
cially the ridges, in the sediment below. Based on those
ridges, a cast was modelled for the missing posterior
most part, but does not cover the correct outline, as seen
in the posteriorly complete specimen GPIT-PV-122867.

Additional species.Striatochelys impressa(Yeh, 1963).

Remarks. Striatochelys impressa(IVPP V1036) was ori-
ginally described asAspideretes impressusby Yeh (1963)
from the late Eocene deposits of Maoming and was
recombined asTrionyx impressusby Danilov et al. (2013).
Georgalis & Joyce (2017) retained the taxon‘Trionyx’

Figure 3. Striatochelys baba, GPIT-PV-122867, Na Duong Formation, middle–upper Eocene, Vietnam. Carapace inA, B, dorsal and
C, D, ventral views.Abbreviations: alp, anterolateral process;co, costal;dr , dorsal rib;hyo, hyoplastron;hyp, hypoplastron;ne,
neural;plp, posterolateral process;tv, thoracic vertebra. Scale bar equals 5 cm.
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Figure 4. Striatochelys baba, Na Duong Formation, middle–upper Eocene, Vietnam. Carapace of GPIT-PV-122872 inA, dorsal andB,
ventral views. Carapace of GPIT-PV-112862 inC, dorsal andD, ventral views. Carapace of GPIT-PV-112861 inE, dorsal andF,
ventral views. Carapace of GPIT-PV-122879 inG, dorsal andH, ventral views. Abbreviations: co, costal; dr, dorsal rib; ent,
entoplastron;epi, epiplastron;hyo, hyoplastron;hyp, hypoplastron; ne, neural;nu, nuchal;tv, thoracic vertebra. Scale bar equals 1 cm.
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impressusas valid but treated its genus-level assignment
as uncertain, pending a re-description of the holotype.
Based on the high degree of similarity to the new material
from Na Duong and a comparison to other relevant taxa,
we uniteS. impressaand the new species from Na Duong
under a new genus name herein.

Description

Overall, most of the material is well preserved. It con-
sists of two nearly complete carapaces with associated
plastral elements, as well as vertebrae and appendicular
elements. Additional postcranial material of the anterior

Figure 5. Striatochelys baba, Na Duong Formation, middle–upper Eocene, Vietnam. Plastron of holotype (GPIT-PV-112860-2,
GPIT-PV-112860-3, GPIT-PV-112860-4, GPIT-PV-112860-5, GPIT-PV-112860-1) inA, B, dorsal andC, D, ventral views. Missing
bones are mirrored and faded. Right medial hypoplastron fragment (GPIT-PV-122873) inE, dorsal andF, ventral views. Left
xiphiplastron (GPIT-PV-122866) inG, dorsal andH, ventral views.Abbreviations: alp, anterolateral process;amp, anteromedial
process;ent, entoplastron;hyo, hyoplastron;hyp, hypoplastron;plp, posterolateral process;xi, xiphiplastron. Scale bars equal A–D,
5 cm; E–H, 1 cm.
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Figure 6. Striatochelys baba, holotype, Na Duong Formation, middle–upper Eocene, Vietnam. Left pectoral girdle (GPIT-PV-
112860-7) inA, dorsal andB, ventral views. Cervical vertebra (GPIT-PV-112860-6) inC, dorsal andD, ventral views. Left humerus
(GPIT-PV-112860-8) inE, dorsal,F, ventral,G, anterior andH, posterior views. Right radius (GPIT-PV-112960-9) inI, dorsal and
J, ventral views. Left ulna (GPIT-PV-112860-10) inK, dorsal andL, ventral views. Phalanx (GPIT-PV-112860-11) inM, dorsal and
N, ventral views.Abbreviations: acd, anterior condylus;ap, acromion process;ca, capitellum;cor, coracoid;dp, dorsal process;gf,
glenoid fossa;hh, humerus head;if , intertubercular fossa;lp, lateral process;mp, medial process;ph, phalanx;prz, prezygapophysis;
pz, postzygapophysis;sc, scapula. Scale bar equals 1 cm.
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skeletal region, including partial carapaces, plastral ele-
ments, vertebrae and appendicular material can also be
referred toS. baba, but are slightly deformed and less
well preserved. A single skull referable to a trionychid
(here assigned tentatively toS. baba) was found, but it
is unfortunately highly weathered and no sutures are
visible.

Carapace
Two well-preserved carapaces are available, GPIT-PV-
112860 (holotype;Fig. 2) and GPIT-PV-122867 (Fig.
3). Other less well-preserved carapaces are also avail-
able (GPIT-PV-122872, GPIT-PV-122879, GPIT-PV-
112861, GPIT-PV-112862;Fig. 4), together with mul-
tiple costal fragments from at least four individuals.
Striatochelys babais a medium-sized pan-trionychid.
The carapace of the holotype (Fig. 2) is from an adult
(or near-adult) specimen based on the very short free
ends of the ribs and represents the second largest indi-
vidual, with a carapace length of 20 cm. Another indi-
vidual is larger than the holotype but only preserves
isolated costal fragments. The best preserved costal III?
is one-third larger than its holotype equivalent and leads
to an estimated maximum carapace length of around
27 cm, likely representing the maximum carapace size
for the species. The maximum width is 18.4 cm for the
holotype and around 24.5 cm in the largest individual.
The carapace is oval in outline with its maximum width
at the level of costal III and tapers anteriorly to a width
of 35% of the maximum width at the level of the nuchal
and posteriorly to a width of 55% of the maximum

width at the level of costal VIII. The carapace consists
of a single nuchal, seven neurals and eight pairs of cos-
tal bones. The dorsal ribs are only slightly visible in
larger individuals (Fig. 2), whereas they are clearly pro-
nounced in younger ones (Fig. 3).

The central part of the carapace exhibits up to 20
relatively straight prominent ridges with deep furrows in
between. All ridges originate at costal I. The medial
ridges extend mainly anteroposteriorly and reach costal
VIII posteriorly, whereas the more laterally placed
ridges diverge posteriorly and extend posterolaterally.
However, even the rather straight medial ridges become
more sigmoidal on neurals VI and VII (i.e. posteriorly).
Approximately half of the ridges are continuous, while
the other half become shallower or are even interrupted
by the costal sutures. Generally, the medial ridges are
more prominent than the lateral ones and become even
stronger posteriorly. Two rows of ridges are further pre-
sent on all neurals in large individuals (Fig. 2). In
smaller individuals (e.g. GPIT-PV-122867;Fig. 3),
ridges are only pronounced on the anterior neurals and
are not visible on neurals VI and VII. This part (i.e. the
anterior medial region) of the carapace becomes slightly
domed in larger individuals. The lateral part of the cara-
pace is, in contrast, narrower and flat and seems to
develop only later in ontogeny and grows with age.
Whereas, for example, in the holotype (Fig. 2) and cos-
tal III? of the largest individual this region is clearly
defined, smaller individuals like GPIT-PV-122867 (Fig.
3) lack this region completely and the central ridged
region fills out the complete size of the carapace.

Aside from the ridges, the overall sculpturing of the
carapace comprises small pits, which is typical for pan-
trionychids. The sculpturing pattern is sectioned into
two regions. Towards the centre of the carapace, the
sculpturing consists of multiple unordered pits, whereas
towards the lateral margins the pits are ordered in lines
following the outline of the carapace in multiple rows.
The number of rows depends on the size and thus the
age of the individual, with more rows being present in
larger individuals.

Nuchal. The nuchal is an unpaired bone forming the
anterior part of the carapace (Figs 2, 4). It is trapezoidal
and around four times wider than long. In some speci-
mens (e.g. GPIT-PV-122879;Fig. 4) there is a strong
nuchal emargination, whereas in others, the anterior
margin of the nuchal is only slightly convex. In dorsal
view, the nuchal is strongly ornamented with many
unordered pits anteriorly and shallow furrows poster-
iorly at the suture with costal I. Suprascapular fonta-
nelles are not present between the nuchal and costal I of
S. baba. As there is no trace of fontanelles even in the
smallest preserved individuals (e.g. GPIT-PV-122872),

Figure 7. Skull of a Pan-Trionychidae referred to
Striatochelys baba, Na Duong Formation, middle to upper
Eocene, Vietnam. Skull of GPIT-PV-122870 inA, dorsal and
B, ventral views. Scale bar equals 1 cm.
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the fontanelles most likely close very early in ontogeny.
In ventral view, the anterior and posterior costiform
processes are united and situated close to the suture
with costal I. A prenuchal is absent.

Neurals. In three individuals ofS. baba (GPIT-PV-
112860 [holotype], GPIT-PV-122872, GPIT-PV-
122879), the complete set of neurals is preserved. In
these individuals, seven neurals are present in total (Figs
2–4). The neurals span from the posterior margin of the
nuchal to the middle of the costal VII, but do not reach
costal VIII. The preneural is either absent or fused with
the first neural. The first neural is the largest neural of
the row spanning from the posterior margin of the
nuchal to the anterior margin of the costal II. The anter-
ior margin of the first neural is rounded (GPIT-PV-
112860, holotype) to pointed (GPIT-PV-122879) in con-
trast to the straight margins of the more posterior neu-
rals. The first four (GPIT-PV-112860 [holotype], GPIT-
PV-122872) to five (GPIT-PV-122879) neurals are hex-
agonal with a long anterior side and a small posterior
one. A reversal occurs on the fifth (GPIT-PV-112860
[holotype], GPIT-PV-122872) or sixth (GPIT-PV-
122879) neural. The sixth neural in GPIT-PV-112860
(holotype), and GPIT-PV-122872 is again hexagonal
with a short anterior side. The seventh neural in all
specimens is much shorter than the others and pen-
tagonal with a pointed posterior tip.

Costals. Striatochelys babahas a total of eight paired
costals (Figs 2–4). Costals I–VII are similarly-shaped
and have a rectangular outline with costal I the antero-
posteriorly longest and costal III the lateromedially
broadest. The first three costals have a relatively
straight, mediolaterally extending suture. More poster-
iorly, the suture between the costals extends posterolat-
erally. Costal VIII is trapezoidal and only slightly wider
than long. Costals VIII contact each other only anteri-
orly, whereas posteriorly they are separated by a narrow
notch. The posterior margin is only well preserved in
GPIT-PV-122872. Medial to the ninth dorsal rib, the
costal VIII shows a shallow indentation followed by a
convexity. In ventral view, the costals contact two adja-
cent thoracic vertebrae medially. Depressions for a con-
tact with the ilium are absent on the costal VIII. The
tenth thoracic vertebra is only poorly preserved and
nothing can be said about its shape. It is also unknown
whether a tenth dorsal rib is absent or not preserved.

Plastron
A nearly complete plastron is preserved in GPIT-PV-
112860 (holotype;Fig. 5). As for other pan-trionychids
the plastron consists of two epiplastra, a single entoplas-
tron, two hyoplastra, two hypoplastra and two

xiphiplastra (Figs 2–5). For S. baba, the epiplastra are,
however, unknown. A possible epiplastron is present in
GPIT-PV-122872, located posteromedially to the ento-
plastron (Fig. 4B). The plastral bridge is short and only
reaches less than half of the hyoplastron width. All plas-
tral elements except for the entoplastron are sculptured
with multiple small pits, similar to the carapace.

Entoplastron. The only well preserved entoplastron is
GPIT-PV-112860-2 (holotype;Fig. 5). An additional,
slightly weathered, entoplastron is preserved in GPIT-
PV-122872 (Fig. 4B). The entoplastron is boomerang-
shaped with two long posterolateral projecting branches.
GPIT-PV-112860-2 (holotype) is asymmetrical, although
this appears to be a preservation artefact with the left
branch likely showing the correct morphology judging
by the comparison with other pan-trionychids. The
anterior part of the bone is lateromedially straight. The
branches have a straight anterolateral margin and a con-
vex posteromedial one. In lateral view, the entoplastron
is slightly curved dorsally with the anterior part being
more upturned than the posterior one. The dorsal surface
of the bone is smooth, whereas the ventral surface has
very prominent oval bulges, which likely represent ento-
plastral callosities, reaching from the anterior margin to
the last third of the branches. The posterior part of the
branches ends in a narrow process loosely contacting
the hyoplastron.

Hyoplastron. The hyoplastron contacts the entoplastron
anteriorly and the hypoplastron posteriorly (Figs 3–5).
Four complete hyoplastra are preserved forS. baba
(GPIT-PV-112860-3, holotype), GPIT-PV-112860-4
(holotype;Fig. 5), GPIT-PV-122867 (Fig. 3), and GPIT-
PV-112861 (Fig. 4F). The hyoplastron is rectangular
and three times broader than long. The lateral and anter-
ior margins are straight, whereas the medial margin is
convex. Posteriorly, it is sutured to the hypoplastron
over its whole width. The connection appears, however,
to be rather weak, as the two bones were found articu-
lated in only one individual (GPIT-PV-112861). The
ventral surface is sculptured with many small pits which
are aligned in lines laterally and more diffusely ordered
towards the centre of the bone and at its medial margin.
The dorsal surface is smooth with the exception of the
raised extension of the paired anterolateral processes.
The anterior process is slightly longer than the posterior
one. In contrast to the anterolateral processes, the ante-
romedial process is very short and consists of at least
two short spikes, but the surface is abraded, making a
correct assessment difficult. However, there is no sign
of a strong serration. On the anterior margin, at the area
of contact with the entoplastron, a shallow flap is devel-
oped in GPIT-PV-112860-3 (holotype) and GPIT-PV-
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112860-4 (holotype;Fig. 5). In GPIT-PV-122867 (Fig.
3) and GPIT-PV-112861 (Fig. 4F), the anterior margin
is, however, completely straight, which might be due to
either intraspecific or ontogenetic variation.

Hypoplastron. The hypoplastron contacts the hyoplas-
tron anteriorly and the xiphiplastron posteriorly (Figs 3–
5). Three complete hypoplastra are preserved forS.
baba (GPIT-PV-112860-5 [holotype;Fig. 5]; GPIT-PV-
122867 [Fig. 3]; GPIT-PV-112861 [Fig. 4F]). The hypo-
plastron can be divided into a small lateral part and a
much larger medial part, which are connected by a nar-
row bridge. Anteriorly, it is sutured to the hyoplastron
over the whole width. The connection appears to be
weak, however, as only one individual (GPIT-PV-
112861) has the two bones articulated. The ventral sur-
face is sculptured with many small pits, which are
aligned in lines laterally and more irregularly arranged
towards the centre and medially. The dorsal surface is
smooth except for the raised extension of the paired
posterolateral processes. The posterior process is slightly
longer than the anterior one. Posteromedially, the hypo-
plastron has multiple processes. The lateral-most of
these projects into a notch between the two anterolateral
processes of the xiphiplastron. Medial to this single pro-
cess is a shallow notch, followed by a posteromedial fan
of four connected processes that direct ventromedially
(best visible in GPIT-PV-122867 [Fig. 3]; worn away in
GPIT-PV-112860-5 [holotype,Fig. 5]). The fan is fol-
lowed, again, by a small gap and then a single slightly
enlarged and medially projecting anterior process (best
visible in GPIT-PV-122867;Fig. 3).

Xiphiplastron. The xiphiplastron contacts the hypoplas-
tron anteriorly (Figs 2–5). Only two xiphiplastra are pre-
served forS. baba(GPIT-PV-112860-1 [holotype;Figs
2C, D, 5C, D]; GPIT-PV-112866 [Fig. 5G, H]). The
xiphiplastron is triangular with a straight anterior and
medial margin and a convex lateral margin.
Anterolaterally, there are two prominent processes with
a deep notch in between, which encompasses the lateral-
most medial process of the hypoplastron. It is not dis-
cernible, in any of the preserved specimens, whether the
left and right xiphiplastra are sutured to each other
along the midline. Although the straight medial margin
is somewhat indicative of such a contact, GPIT-PV-
112866 (Fig. 5G, H) has two separate medial processes,
which are seemingly worn away in GPIT-PV-112860-1
(holotype), and that could have prevented a continuous
sutural contact between the xiphiplastra. The ventral sur-
face is sculptured with multiple small pits. Although the
arrangement is more irregular than that on the hyo- and
hypoplastron, weakly developed rows can be

distinguished, roughly following the bone outline. In
contrast to this, the dorsal surface is smooth (Fig. 5G).

Vertebrae
A single cervical vertebra is preserved (Fig. 6C, D),
which is slightly deformed and weathered dorsally. Due
to incomplete preservation, the bone cannot be assigned
to an exact position in the neck. The anterior condyle is
round. The prezygapophysis is larger than the postzyga-
pophysis and closer to the centrum. The dorsal portion
of the bone is heavily damaged and nothing can be said
about the potential presence of a dorsal process. In ven-
tral view, a midline keel projects from a point slightly
posterior of the anterior condyle to the posterior end of
the bone.

All thoracic vertebrae are fused to the carapace (Figs
2, 3). The first thoracic vertebra reaches anteriorly the
level of the nuchal bone midlength. Its prezygapophyses
are very broad. The first dorsal rib is not fused to the
carapace and is short and slender (Fig. 4B, D;
Supplemental material FIle S2). It originates at the
anterolateral part of the first thoracic vertebra and proj-
ects posterolaterally until reaching the second dorsal rib.
The more posteriorly positioned thoracic vertebrae are
rather uniform in size and morphology. No caudal verte-
brae of a pan-trionychid have thus far been recovered
from Na Duong.

Pectoral girdle
The left pectoral girdle of the holotype GPIT-PV-
112860 (Fig. 6A, B) was found in close association
with the carapace. As in other pan-trionychids, the scap-
ula and coracoid are tightly sutured at the glenoid fossa
with the scapula forming the largest part of the fossa.
The scapula has two processes: a dorsal process loosely
contacting the carapace and a slightly shorter acromion
process. The angle between the acromion process and
the main body of the scapula is larger than the angle
between the acromion process and the coracoid. The
coracoid has a blade-like morphology and is larger than
the dorsal process of the scapula. In GPIT-PV-112860-7
(holotype), the blade appears to be anteromedially con-
vex, and thus differs from that of other pan-trionychids,
in which the blade is convex posterolaterally. This is,
however, likely an artefact stemming from taphonomic
distortion.

Appendicular skeleton
Among the bones of the appendicular skeleton, only the
left humerus (Fig. 6E–H), the right radius (Fig. 6I, J),
the left ulna (Fig. 6K, L) and a single proximal phalanx
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(Fig. 6M, N) are preserved, which were all found asso-
ciated with the holotype carapace (GPIT-PV-112860)
and are also referred to the holotype individual. The
general morphology of the appendicular skeleton does
not differ from that of other members ofPan-
Trionychidae. The humerus is‘S’ -shaped with a promin-
ent medial process and a smaller lateral one. The
humerus head is round to oval and the capitellum is
small and round. The radius is slightly larger than the
ulna and has an elongated morphology with a sloped
proximal and a wide distal articulation surface. The ulna
has a broad proximal and a narrower distal articulation
surface. The phalanx is dumbbell-shaped with broader
proximal and narrower distal articular surfaces.

Skull
Only a single, isolated pan-trionychid skull (GPIT-PV-
122870; Fig. 7) has been recovered from Na Duong,
which we refer tentatively toStriatochelys baba. It
measures approximately 45 mm and, if corrected for the
missing posterior part, it would have had a length of
approximately 50 mm. The skull is dorsoventrally com-
pressed, and its surface is highly weathered, to the
extent that it is impossible to locate any sutures or other
diagnostic traits. The material only allows for an assign-
ment to Pan-Trionychidaebased on its general slender
outline, the anteriorly projecting snout region and the
far posteriorly reaching supraoccipital crest. Although it
was found isolated it most probably belongs toS. baba,
as this is the only pan-trionychid currently known from
the Na Duong Basin.

Intraspecific and ontogenetic variation

A high degree of intraspecific variation has been
described in many pan-trionychid taxa (Meylan,1987),
and the same is true forStriatochelys baba. The carapace
of the holotype (representing the largest nearly complete
specimen) is almost planar laterally. In this area, ridges
are absent or only weakly developed, although the typical
trionychid ornamentation is present (Fig. 2). This lateral
area is, however, almost absent in smaller individuals
(Fig. 3), in which the ridges nearly reach the lateral mar-
gin of the carapace. The presence of this planar area,
which is devoid of the otherwise prominent ridges, in iso-
lated costals of another large individual therefore indi-
cates ontogenetic variation in this feature. Interestingly,
there is almost no variation in the number of ridges (up
to 20) between individuals irrespective of their ontogen-
etic stage. Overall, the lateral part of the carapace
changes much more during ontogeny than the central
part, indicating growth from the lateral margin outwards,

as in the extantPelodiscus sinensis(Wiegmann,1835)
(S�anchez-Villagra et al.,2009).

The position of the reversal of the neural orientation
in S. babavaries between the fifth and sixth neural. The
complete neural row is only visible in three individuals,
two of which show a reversal on the fifth neural (Figs
2, 3) and one a reversal on the sixth neural (Fig. 4G).
This feature does not seem to correlate with ontogenetic
stage, as the individual showing reversal on the sixth
neural is intermediate in size.

The hyoplastron has two distinct morphologies inS.
baba. In the holotype, the hyoplastron forms an anterior
notch, into which the posterior process of the entoplas-
tron projects (Fig. 5). This notch is missing in two
smaller individuals (Figs 3, 4F). It is conceivable that
the stronger contact between the hyoplastron and the
entoplastron in the holotype, formed by the notch and
the process, is related to the greater robustness of the
plastron generally developing later in ontogeny, as is the
case for some other species likeP. sinensisor Apalone
ferox (Schneider,1783). To verify this hypothesis, how-
ever, more individuals, especially of the same size as
the holotype, are needed.

Comparisons

Asian taxa from the Palaeogene
According to Georgalis and Joyce (2017), only a few
namedPan-Trionychidaefrom the Palaeogene of Asia
are diagnostic and these were chosen for comparison
with Striatochelys baba. These species areKuhnemys
palaeocenica, Drazinderetes tethyensis, ‘Trionyx’ lin-
chuensis, ‘Trionyx’ gregarius, ‘Trionyx’ johnsoni,
‘Trionyx’ minusculus, ‘Trionyx’ ninae and Striatochelys
impressa (¼ ‘Trionyx’ impressus). Whereas most of
these species preserve a complete or nearly complete
carapace, in‘T.’ linchuensisonly the anterior right part
of a carapace is known (Yeh,1962, fig. 1.1), and‘T.’
minusculusonly preserves a right hyo- and hypoplastron
(Chkhikvadze,1973, pl. 4.2). In addition, comparison
with K. palaeocenicais complicated by the juvenile sta-
tus of this species. Comparison with the plastron is even
more challenging as it is only partially preserved inK.
palaeocenica (Danilov et al., 2015, fig. 1), ‘T.’
gregarius (Gilmore, 1934, fig. 3), ‘T.’ minusculus
(Chkhikvadze,1973, pl. 4.2) and‘T.’ ninae (Vitek &
Danilov, 2015, figs 2, 3).

Carapace. The carapace ofS. baba reaches an
estimated size of 27 cm in the largest individual (GPIT-
PV-122875), which lies well within the range of‘T.’
gregarius and ‘T.’ linchuensis (Gilmore, 1934; Yeh,
1962). Drazinderetes tethyensis, in contrast, is much
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larger, with a carapace length of 80 cm (Head et al.,
1999). ‘Trionyx’ johnsoni and ‘T.’ ninae are only
slightly larger thanS. baba, with a carapace length of
around 40 cm (Gilmore,1931; Vitek & Danilov, 2015).
Kuhnemys palaeocenicaand S. impressa are each
known from only one specimen and reach a carapace
length of 12.5 cm and 14 cm, respectively (Danilov
et al.,2015, fig. 1; Ye, 1994, fig. 70). The general shape
of the carapace is oval inS. baba, which is consistent
with most of the other species. It is noteworthy, how-
ever, that inD. tethyensisthe posterior part of the cara-
pace becomes proportionately narrower than inS. baba
(Head et al.,1999, figs 3, 4), whereas in‘T.’ gregarius,
the carapace appears to be more rectangular (Gilmore,
1934, fig. 1). The most striking characteristics ofS.
baba are the pronounced ridges on the carapace, projec-
ting in multiple, roughly parallel rows from costal I to
costal VIII. In most of the species mentioned above,
there are no such ridges, but they are present inS.
impressa(Yeh, 1963, pl. XX) and, at least posteriorly,
in ‘T.’ gregarius(Gilmore, 1934, fig. 1). Importantly, in
both taxa, these ridges do not occur on the neurals as in
S. baba(Fig. 2).

In S. baba, the nuchal is around four times broader lat-
eromedially than long anteroposteriorly. This is also the
case inK. palaeocenica, ‘T.’ gregarius, ‘T.’ ninae and S.
impressa. In D. tethyensis, the nuchal is more robust and
only three times broader than long (Head et al.,1999, fig.
3). The nuchal is not preserved in‘T.’ linchuensisand
‘T.’ johnsoni. A shallow nuchal emargination, similar to
the one seen inS. baba, is also present in‘T.’ gregarius,
‘T.’ ninae and S. impressa, whereas there is no such
emargination inK. palaeocenica(Danilov et al., 2015,
fig. 1) or D. tethyensis(Head et al., 1999, fig. 3).
Suprascapular fontanelles are only present inK. palaeo-
cenica (juvenile) (Danilov et al.,2015: fig. 1) and ‘T.’
ninae (Vitek & Danilov, 2015, fig. 3), while they are
absent in all other taxa considered here.

Striatochelys babahas seven neurals in total. This
also the case forK. palaeocenica, ‘T.’ johnsoniand ‘T.’
ninae. In S. impressa, there are eight neurals (Yeh,
1963, fig. 70) and the number of neurals is unknown in
D. tethyensisand ‘T.’ linchuensis. A distinct preneural
element is only present inD. tethyensis(Head et al.,
1999, fig. 3), whereas in the other Asian species, the
preneural is absent. The last neural is always the small-
est neural in the species considered here, except forK.
palaeocenica, in which the last neural is slightly larger
than the penultimate one (Danilov et al.,2015, fig. 1).
In S. impressa, the region around the first neural is not
preserved, making a statement on the presence or
absence of a preneural challenging. The reversal of the
neural orientation inS. babavaries between the fifth

and sixth neural (Figs 2, 3, 4G), but intraspecific vari-
ation in the location of the reversal is common among
Pan-Trionychidae(Meylan, 1987). A reversal on the
fifth neural is also known for‘T.’ johnsoni, ‘T.’ ninae
and S. impressa, whereas it occurs on the sixth in‘T.’
gregarius. In K. palaeocenica, the neurals are more uni-
formly shaped. The last neural does not reach costal
VIII in S. baba, which is also true for the other species
considered here, except for‘T.’ gregarius and S.
impressa, in which the additional eighth neural reaches
costal VIII (Gilmore,1934, fig. 1; Yeh, 1973, fig. 70).

Costals I–VII are almost uniformly shaped inS. baba.
While this is true for most other species as well, inD.
tethyensisand ‘T.’ ninae costal I is much shorter latero-
medially and costal II much more expanded distally
(Head et al.,1999, fig. 3; Vitek & Danilov, 2015, figs
2, 3). In S. baba, the anteroposteriorly longest costal is
the first, whereas inK. palaeocenica, D. tethyensis, ‘T.’
gregarius and ‘T.’ ninae the second costal is longer
(Danilov et al.,2015, fig. 1; Gilmore,1934, fig. 1; Head
et al.,1999, fig. 3; Vitek & Danilov, 2015, figs 2, 3). In
S. baba, costal VIII is triangular and anteroposteriorly
longer than costal VI and VII together, which is
unknown for the other species from Asia. An overall
similar but proportionately slightly smaller costal VIII
is, however, present inD. tethyensis, ‘T.’ gregariusand
S. impressa, in which it barely reaches the size of costal
VI and VII together (Gilmore,1934, fig. 1; Head et al.,
1999, fig. 3; Ye, 1994, fig. 70). In K. palaeocenicaand
‘T.’ ninae, costal VIII is much smaller and shorter than
costal VII and only forms the posterior margin of the
carapace (Danilov et al.,2015, fig. 1; Vitek & Danilov,
2015, figs 2, 3), and in‘T.’ johnsoni it is additionally
also more‘U’ -shaped than triangular (Gilmore,1931, pl.
XI; Ye, 1994, fig. 74).

Plastron. Striatochelys babahas a relatively well-devel-
oped and robust plastron. The entoplastron is boomerang-
shaped with relatively short branches, which project
posteriorly into a notch of the hyoplastron. Based on the
width of the carapace, the two hyo- and hypoplastra must
have nearly contacted each other at midline; yet the med-
ial processes of the hypoplastra present inS. babaindicate
that they did not have a sutural contact. It is difficult to
ascertain whether the xiphiplastra were sutured to each
other along their midline (Fig. 5). Unfortunately, among
the Asian taxa, onlyK. palaeocenicaand ‘T.’ gregarius
preserve a complete plastron, which, in both cases, shows
a completely different morphology. In these two species,
the hyo-, hypo- and xiphiplastra are much farther apart
from their counterparts and the entoplastron is slenderer
with longer branches, which do not project posteriorly
into a notch of the hyoplastron (Danilov et al.,2015, fig.
1; Gilmore, 1934, figs 3, 4). Furthermore, there is no
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callosity in the shape of a bulging area in the central
region of the bone in ventral view in those species, as is
the case forS. baba(Fig. 5).

The hyoplastron ofS. babais relatively long antero-
posteriorly and has a straight anterior margin and, at
least in the holotype (Fig. 5), a well-developed notch
anteriorly, in which the branches of the entoplastron fit.
Additionally, the anterolateral process consists of two
short spikes and the anteromedial processes consist of at
least two short spikes, but assessment is difficult due to
an eroded surface. InK. palaeocenica, the hyoplastron
also possesses a straight anterior margin, but it differs in
being very slender, having no notch anteriorly and hav-
ing very long anterolateral and anteromedial processes
(Danilov et al., 2015, fig. 1). The hyoplastron of‘T.’
ninae is very similar to that ofK. palaeocenica, but is
slightly more robust and has a bowed anterior margin
(Vitek & Danilov, 2015, figs 2, 3). ‘Trionyx’ gregarius,
on the other hand, is more similar toS. baba, but the
anterior margin is more rounded than straight and there
is no notch for encompassing the branches of the ento-
plastron (Gilmore,1934, fig. 3). The hyoplastron of‘T.’
minusculusis, again, quite similar to that ofS. baba,
but also appears to have a more rounded anterior margin
and no notch for encompassing the branches of the ento-
plastron (Chkhikvadze,1973, pl. 4.2).

The hypoplastron ofS. babais divided into an antero-
posteriorly short lateral part and a longer medial part,
which are separated by a marked constriction. The lat-
eral part possesses two small posterolateral processes,
and on the medial part, there are more than three short
posteromedial processes arranged in a fan-like manner
(Figs 3, 5E, F); the exact number of processes on the
medial part of the hyoplastron is difficult to assess, as
they are broken (Figs 3, 4F) or nearly completely eroded
(as in the holotype;Fig. 5). As is the case for the hyo-
plastron, the hypoplastron ofK. palaeocenicais much
slenderer and the processes are much longer (Danilov
et al., 2015, fig. 1). From ‘T.’ ninae, only fragments of
a hypoplastron are preserved, but it is clear that the
posterolateral process is much longer than inS. baba
(Vitek & Danilov, 2015, fig. 2). In ‘T.’ minusculus, the
lateral and medial processes are not preserved, but the
lateral part of the hypoplastron is as long anteroposter-
iorly as the medial part, a condition differing fromS.
baba (Chkhikvadze,1973, pl. 4.2). The closest resem-
blance to S. baba with respect to the hyoplastron is
shown again by‘T.’ gregarius. The only (small) differ-
ences are the slightly more robust hypoplastron of‘T.’
gregarius and the larger paired posterolateral processes
in this species (Gilmore,1934, fig. 3).

The xiphiplastron ofS. babais triangular and robust.
The xiphiplastra could have had a long sutural contact

with each other along the midline (Fig. 5), although this
is difficult to ascertain (see above). As for the other
Asian taxa, xiphiplastra are only preserved inK. palaeo-
cenica and ‘T.’ gregarius (Danilov et al.,2015, fig. 1;
Gilmore, 1934, fig. 3). The xiphiplastra of these two
species are rather similar to each other but differ
strongly from those ofS. baba. They are much slen-
derer, rectangular as opposed to triangular, and have
four long processes one at each corner.

Gilmoremysfrom the Cretaceous of North
America
BesidesS. impressa, the closest resemblance toS. baba
amongPan-Trionychidaeis shown by some members of
Plastomenidae from the Late Cretaceous of North
America. The carapace and plastron ofGilmoremys lan-
censis (Gilmore, 1916) and especially ofGilmoremys
gettyspherensisJoyce, Lyson and Sertich,2018 are very
similar in overall morphology to both species of
Striatochelys.

Carapace. Gilmoremys lancensishas an overall cara-
pace length of 34 cm and thus is larger than bothS.
baba and S. impressa(carapace lengths of 27 cm and
14 cm, respectively) as well as its sister taxonG. getty-
spherensis(carapace length of 25 cm). The overall cara-
pace shape is similar inG. lancensis and G.
gettyspherensis, as well as inS. babaand S. impressa,
all having an oval outline and a distinctive sculpturing
on the dorsal surface of the carapace.G. lancensisdif-
fers from bothG. gettyspherensisand the two species of
Striatochelys in having sculpturing that consists of
grooves (Joyce & Lyson,2011, figs 8, 10). In G. lan-
censis, S. baba, andS. impressa, on the other hand, the
sculpturing consists of well-developed longitudinal
ridges, that reach from costal I anteriorly to costal VIII
posteriorly (for S. baba, seeFigs 2, 3; for S. impressa
see Yeh [1963, pl. XIX, fig. 3, and pl. XX, fig. 1]; for
G. gettyspherensissee Joyce et al. [2018, fig. 2]).

The nuchal ofG. lancensisis as wide as it is in
Striatochelys. It differs from the latter, however, in the
absence of a nuchal emargination (Joyce & Lyson,
2011, figs 8, 10). Further differences occur in the num-
ber of neurals.Striatochelys babaand G. lancensisboth
have a total of seven neurals, whereas there are eight
neurals present inS. impressaand G. gettyspherensis.
Another difference lies in the presence of a preneural
and a small first neural in the two species of
Gilmoremys(Joyce & Lyson,2011, figs 8, 10; Joyce
et al., 2018, fig. 2). In S. baba, the preneural is absent
(Figs 2, 3); in S. impressa, the region is not preserved.
In Gilmoremys, costal II is laterally enlarged and proj-
ects anteriorly, reducing the lateral margin of costal I
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(Joyce & Lyson,2011, figs 8, 10; Joyce et al.,2018,
fig. 2). In Striatochelys, by contrast, the distal part of
costal II is not enlarged and the distal margin of costal I
and II are similarly-sized (Figs 2, 3; Ye, 1994, fig. 70).
Costal VIII is, in all four species, triangular and
enlarged. It is largest inS. baba, in which it is antero-
posteriorly slightly longer than costal VI and VII
together, whereas it is barely the size of costal VI and
VII together in the other species.

Plastron. In contrast to the carapace, which shows
many (small) differences despite its overall resemblance,
the plastron is extremely similar inStriatochelysand
Gilmoremys. The hyoplastron ofGilmoremyshas a well-
developed anterior notch for the entoplastron (Joyce &
Lyson,2011, figs 9, 11; Joyce et al.,2018, fig. 3), a fea-
ture that is also present in one individual ofS. baba
(Fig. 5), but absent in two others (Figs 3, 4G, H). The
posterolateral processes of the hypoplastron of
Gilmoremysare slightly larger than inS. baba, while
the fan-like posteromedial processes present in
Striatochelysare only weakly developed or absent in
Gilmoremys(Joyce & Lyson,2011, figs 9, 11; Joyce
et al., 2018, fig. 3). The xiphiplastron in all three spe-
cies has the same triangular morphology but is antero-
posteriorly slightly longer in Gilmoremys (Joyce &
Lyson, 2011, figs 9, 11; Joyce et al.,2018, fig. 3) than
in S. baba(Figs 5C, D, G, H).

Extant taxa from Southeast Asia
Southeast Asia has the highest diversity of extant triony-
chids. According to molecular data, most Asian taxa
belong to a single monophyletic group, including five
genera, i.e.Pelodiscus, Palea, Dogania, Amyda and
Nilssonia, which likely originated between the Eocene
and Miocene (Engstrom et al.,2004; Le et al., 2014;
Pereira et al.,2017; Thomson et al.,2021). Based on
the middle to late Eocene age and Southeast Asian
distribution of Striatochelys baba, a comparison with
selected members of this extant group is provided
below.

Carapace. With a bony disc length (BDL) of 27 cm
(GPIT-PV-122875),S. babais far larger than the small-
est Pelodiscusspecies, i.e.Pelodiscus huangshanensis
and Pelodiscus shipian, which barely reach 10 cm BDL,
but it is much smaller than the largeNilssonia and
Amyda species (e.g.Nilssonia leithi [Gray, 1872],
Nilssonia gangetica[Cuvier, 1825], Amyda cartilaginea
[Boddaert,1770]), with a BDL between 38 and 60 cm.
In contrast to this,Dogania subplana(Geoffroy Saint-
Hilaire, 1809) and Palea steindachneri(Siebenrock,
1906) have a roughly similar size, with 21.7 and 30 cm
BDL, respectively (S. Gong et al.,2022; Y. A. Gong

et al., 2021; Pritchard, 2001). The overall carapace
morphology in different taxa ofPan-Trionychinaeis
very similar, but one notable difference is the presence
or absence of multiple anteroposteriorly extending
ridges across the carapace. Such ridges are prominent in
S. baba(see above). In extant eastern Asian taxa, simi-
lar but weaker ridges are often found in early ontogen-
etic stages (e.g. inPelodiscus sinensis; IVPP 525,
USNM 539334). If such ridges are also present later in
ontogeny (e.g. inA. cartilaginea; FMNH 11088, USNM
22522, 222521), they are much more weakly developed
in comparison toS. babaand never appear as double
rows on the neurals.

In S. baba, the nuchal is about four times wider than
it is long. Among extant Eastern Asian taxa, this is only
the case in the genusPelodiscus(e.g. P. sinensisand
Pelodiscus jiangxiensisHou et al., 2021) and in D.
suplana, whereas in other taxa the nuchal is only two to
three times wider than long. The absence of a preneural,
as in S. baba(Figs 2, 3), is common in extant Eastern
Asian taxa. Notable exceptions to this are two species
of the genusNilssonia, i.e. Nilssonia hurum (Gray,
1831) and N. gangetica, where a separated preneural is
formed. Striatochelys babahas seven neurals (Figs 2,
3). In extant taxa, the number of neurals is often vari-
able within a given genus or species, ranging from
seven to eight. However, some taxa of the eastern Asian
group (D. subplana, A. cartilaginea, Nilssonia formosa
[Gray, 1869] and N. hurum) invariably have eight neu-
rals. The point of reversal for the neural orientation is
less variable in extant eastern Asian taxa and is usually
at the fifth or sixth neural. OnlyN. gangeticaand N.
hurumshow the same intraspecific variability asS. baba
(Figs 2, 3, 4G), in which the reversal occurs at either
the fifth or the sixth neural. InS. baba, costals I–VII
are relatively uniformly shaped (Figs 2, 3). This is also
the case for most extant eastern Asian taxa, but inD.
subplana (FMNH 224111, USNM 222523, UCMVZ
95937) andN. leithii (FMNH 224231), costal II is dis-
tally expanded, similar to the morphology ofD. tethyen-
sis and ‘T.’ ninae (see above). Remarkably,S. babahas
an enlarged triangular costal VIII, which is longer ante-
roposteriorly than costal VI and VII combined (Figs 2,
3). In Nilssonia spp. (NHMUK 86.8.26.2, FMNH
223231) andA. cartilaginea (FMNH 11088, USNM
22522), costal VIII is also triangular and thus shaped
similarly, but somewhat smaller than inS. baba, while
in D. subplana, costal VIII has the same elongated
morphology as costals I–VII.

Plastron. As mentioned above, the plastron ofS. baba
is relatively well developed and robust. In some extant
east Asian species, i.e.A. cartilagineaand D. subplana,
the plastron is much thinner and the hyo- and
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hypoplastra are much further apart from their counter-
parts. In other species, i.e.Nilssonia spp. andP. sinen-
sis, however, the overall plastron morphology is very
similar to that ofS. baba.

The entoplastron of S. baba is relatively slender, it
possesses a callosity in the shape of a bulge and its
branches project into a notch of the hyoplastron (Fig.
5). In P. sinensis(IVPP 556, USNM 539335), the ento-
plastron is much larger and its branches are slenderer.
Additionally, callosities are much less developed and
the branches do not project into a hyoplastral notch. In
A. cartilaginea (FMNH 11088, USNM 22522) andD.
subplana(FMNH 224111, USNM 222523), the general
shape of the entoplastron resembles the condition inS.
baba, but callosities are much less developed and the
branches do not extend into a hyoplastral notch. InN.
gangetica, the entpoplastron is either similarly shaped
(FMNH 260430, USNM 293693) or slightly slenderer
(NHMUK 86.8.26.1) than inS. baba, the callosities are
much more weakly developed and the branches do not
project into a hyoplastral notch. InN. hurum(NHMUK
86.8.26.2), the entoplastron has a shape similar to that
in S. babaand also shows a callosity in the shape of a
bulge. However, the bulge is much more weakly devel-
oped than that ofS. baba. Furthermore, the branches do
not project into a hyoplastral notch. InN. leithi (FMNH
224231), the shape is again similar toS. baba, but cal-
losities are less developed. In contrast to the extant taxa
mentioned above,N. leithi shows well-defined hyoplas-
tral notches for the branches of the entoplastron.

The hyoplastron ofS. babahas a moderately short
pair of anterolateral processes and at least two short
processes anteromedially, which appear to be even
shorter than the lateral ones, but their surface is abraded
(Figs 3, 5). The morphology of the hyoplastron differs
from that found in A. cartilaginea (FMNH 11088,
USNM 22522) and D. subplana (NMNH 222523,
UCMVZ 95937), in which the anterolateral processes
are much longer and the anteromedial processes are
both much longer and more numerous. InP. sinensis
(IVPP 556, USNM 68476), the hyoplastron is much
more similar to that ofS. baba. The anterolateral and
anteromedial processes are still longer than inS. baba,
but much shorter than in the aforementioned two taxa.
In N. gangetica(NHMUK 86.8.26.1, USNM 293693),
N. hurum (NHMUK 86.8.26.2) andN. leithi (FMNH
224231), the processes are more or less identical to
those ofS. baba. Possible small differences in the ante-
romedial processes can easily be explained by the
abraded processes ofS. baba.

A similar picture emerges in the hypoplastron. The
processes inS. babaare short and similar in length to
those in the hyoplastron. As in the hyoplastron,A.

cartilaginea (FMNH 11088, USNM 22522) andD. sub-
plana (USNM 222523, UCMVZ 95937) show a different
morphology with much longer processes, whereas the
morphology in N. gangetica (NHMUK 86.8.26.1,
NHMUK 293693), N. hurum (NHMUK 86.8.26.2) and
N. leithi (FMNH 224231) is almost identical to that
found in S. baba. Pelodiscus sinensis(IVPP 556, USNM
68476) is again intermediate in this respect: its processes
are shorter than inA. cartilagineaand D. subplana, but
still longer than inNilssoniaspp. andS. baba.

The xiphiplastron ofS. babais relatively large, tri-
angular and has short abraded processes (Figs 2, 5). As
with the hyo- and hypoplastron the closest similarities
are present withinNilssonia spp. andS. baba. In N.
gangetica(NHMUK 86.8.26.1, USNM 293693) andN.
hurum (NHMUK 86.8.26.2) the xiphiplastron looks
almost identical to that found inS. baba. Small differen-
ces occur in the medial processes, which are slightly
more pronounced and are not covered with callosities in
S. baba. In N. leithi (FMNH 224231), the xiphiplastron
is more massive than inS. babaand anteroposteriorly
almost as long as the hyo- and hypoplastron combined,
whereas inS. babathe xiphiplastron reaches only the
anteroposterior length of the hypoplastron. InP. sinensis
(IVPP 556, USNM 68476), the xiphiplastron is less tri-
angular and more elongated. In addition, there is no dir-
ect medial contact between the left and right
counterparts as is the case forNilssonia spp. and prob-
ably also forS. baba. In A. cartilaginea(FMNH 11088,
USNM 22522) and D. subplana (USNM 222523,
UCMVZ 95937), the xiphiplastron is much slenderer
and anterolaterally wider than inS. baba.

Discussion of the comparisons
Comparisons with the Palaeogene taxa from Asia under-
line a general issue concerningPan-Trionychidae: des-
pite many occurrences, the material in question often
consists only of fragmentary shell remains, which are
rarely diagnostic at the species level (for discussion of
the issue, see also Georgalis & Joyce [2017]). Only
eight Palaeogene Asian species were considered valid
by Georgalis and Joyce (2017), but their preservation
differs greatly. Whereas there are multiple complete
individuals preserved for‘Trionyx’ gregarius, including
at least one juvenile, only a single almost complete cara-
pace has been described forDrazinderetes tethyensis,
‘Trionyx’ johnsoni, ‘Trionyx’ ninae (including some
additional fragmentary material) andStriatochelys
impressa. The only specimen ofKuhnemys palaeocenica
is a nearly complete shell of a juvenile individual. On
the other hand,‘Trionyx’ linchuensisonly preserves an
anterior carapace fragment, and for‘Trionyx’ minusculus
only a hyo- and hypoplastron are known.Pan-
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Trionychidaeare, however, known for their high intra-
specific variation (Meylan,1987), making comparisons
based on single individuals especially difficult.

Aside from the aforementioned AsianPan-
Trionychidae, we also provided a comparison with
Plastomenidaedue to it being the only group with
prominent anteroposteriorly extending ridges as adults
and a very similar plastron morphology; this is espe-
cially true for the Late Cretaceous genusGilmoremys.
However, plastomenids are so far known only from the
Cretaceous and Palaeogene of North America (Joyce &
Lyson,2011; Joyce et al.,2018).

Overall, three features of the carapace and plastron
are potentially important for a discussion of the close
relationship betweenS. babaandS. impressa, as well as
to untangle the potential affinity ofStriatochelyswithin
eitherPan-Trionychinaeor Plastomenidae.
1. Multiple anteroposteriorly projecting ridges on the

carapace are rare inPan-Trionychidae. They occur in
some individuals of extant species (e.g.Apalone ferox,
AMNH 57384, AMNH 65622; Trionyx triunguis
(Forskål,1775), AMNH 50723, AMNH 50724;Amyda
cartilaginea, FMNH 11088, USNM 22522, 222521;
Pelodiscus sinensis, IVPP 525, USNM 539334), but
are much weaker, usually only present in
juvenile/subadult individuals and only rarely present in
adult specimens. In fossil taxa, however, they also
sometimes occur in the shape of prominent ridges in
adult specimens. BesidesStriatochelys, they also appear
in Plastomenus, e.g. Plastomenus vegetus(Gilmore,
1919), in Gilmoremys gettyspherensisand (in the form
of a finer striation present only posteriorly) in‘T.’
gregarius. All species that have prominent carapacial
ridges as adults thus belong toPlastomenidae.
Although such ridges are absent in adult pan-
trionychines, the appearance of such ridges in juveniles
of several (not particularly closely related) trionychine
species, indicates that some species might have retained
this morphology in later ontogenetic stages as well.

2. The difference in the number of neurals betweenS.
baba and S. impressais of low significance for
separating these taxa. It is known that the number of
neurals varies between individuals of a single
species in Pan-Trionychidae (Meylan, 1987).
Additionally, the number of individuals showing a
complete row of neurals is too low in both taxa
(three individuals inS. baba, one individual in S.
impressa) to establish a clear difference in this
regard. The absence of a preneural (first neural
fused to the second neural in the character-taxon
matrix of Meylan, 1987) is exclusively known for
Pan-Trionychinae, with a reversal in Nilssonia
gangetica and Nilssonia hurum and basal

trionychids. The absence of a preneural inS. baba
hence strongly supports a position forStriatochelys
inside Pan-Trionychinae. Costals I and II are
similarly shaped inS. babaand S. impressa, as in
other Asian Pan-Trionychidae, except for D.
tethyensisand ‘T.’ ninae. This stands in marked
contrast to the condition present inGilmoremys, in
which costal II is strongly bowed anterolaterally,
further pointing away from a close relationship
betweenStriatochelysandGilmoremys.

3. The plastron ofS. babais remarkably similar to that
of Gilmoremys, whereas there are many differences to
most species ofPan-Trionychinae. The hyo- and
hypoplastron are robust and the lateral and medial
processes are short. Moreover, a notch is present at the
anterior margin of the holotype, as inGilmoremys
(Fig. 5). The triangular xiphiplastra might have been
sutured to each other along the midline, based on their
straight medial margin; however, only two xiphiplastra
are preserved in total and the most complete one (Figs
5G, H) has an anteromedial process that possibly
prevented such a suture. In the majority ofPan-
Trionychinae, on the other hand, the plastron is much
more reduced and the lateral and medial processes are
longer. Exceptions to this are several species of
Nilssonia spp. In those species, the overall plastron
morphology is very similar to that ofS. baba,
including very short lateral and medial processes on
the hyo- and hypoplastron and triangular xiphiplastral.
The overall plastron morphology thus indicates a
closer relationship of Striatochelys either with
Plastomenidaeor to extant east Asian trionychines.

In conclusion, the carapace ofStriatochelysstrongly
indicates affinities toPan-Trionychinae. The absence of
a preneural is known only in members of this clade, as
well as in basal trionychids, and characters indicating a
close relationship withPlastomenidae(like the strongly
developed ridges on the carapace) can also be found in
some juvenile/subadult individuals ofPan-Trionychinae.
Additionally, differences in the shapes of costals I and
II further support a distinction fromPlastomenidae. The
plastron ofS. babais very similar to that ofNilssonia
spp. and possibly indicates a closer relationship of the
former to members of this genus. The very similarly-
shaped plastron of the plastomenidGilmoremys, on the
other hand, probably represents a convergence.

Phylogenetic analysis

For the maximum parsimony analysis, a total of 135
most parsimonious trees with lengths of 327 steps, a
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consistency index (CI) of 0.361 and a retention index
(RI) of 0.605 were recovered (Fig. 8).

Overall, the strict consensus tree is similar to that of
most other recent analyses based on the same data set in
recovering a monophyletic group, which consists of
Plastomenidaeand Trionychinae, as the sister group to
Pan-Cyclanorbinae(Brinkman et al., 2017; Joyce &
Lyson, 2017; Joyce et al.,2018). Alternatively, some
analyses find Plastomenidae, Pan-Trionychinaeand
Pan-Cyclanorbinaein an unresolved polytomy (Joyce
et al., 2016; Lyson et al., 2021), or Plastomenidae

nested insidePan-Cyclanorbinae(Evers et al.,2023;
Joyce & Lyson,2011).

In the phylogenetic analysis preformed here,
Striatochelys baba is recovered within Pan-
Trionychinae in a polytomy with Nilssonia gangetica,
Nilssonia hurum and Nilssonia formosa. Pan-
Trionychinaeis supported by five synapomorphies, four
of which are known exclusively for this group, i.e. char-
acters 4(2), 20(2), 38(1) and 79(0) (if Early Cretaceous
taxa are considered part ofPan-Trionychinae). A single
additional character is found only as an autapomorphy

Figure 8. Strict consensus tree of 135 equally optimal trees, obtained from the maximum parsimony analysis of 40 taxa and 95
characters. Tree length¼ 327 steps; consistency index¼ 0.361; and retention index¼ 0.605.
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for Pan-Trionychinae, if either Aspideretoides foveatus
(Leidy, 1856) or Atoposemys superstes(Russell,1930)
is recovered as the basal-most taxon within
Plastomenidae. For a complete list of synapomorphies
for major groups and additional tree figures, see
Supplemental material File S2.

Only a single autapomorphy supportsNilssonia spp.
þ S. babain all trees of our phylogenetic analysis: char-
acter 20(1)‘suprascapular fontanelles closed at hatch-
ing’ , which is a reversal of one of the autapomorphies
outlined above forPan-Trionychinae, in which the fon-
tanelles only close very late in ontogeny. Two other
characters (22[2] and 50[1]) are considered autapomor-
phies for the group only ifS. babaand N. gangetica
form a monophyletic sister group withN. hurumþ N.
formosa or if N. gangeticais the most basal taxon of
the group. The relationships betweenS. baba and
Nilssonia spp. are unresolved. A basal position ofS.
baba is recovered in 33/135 trees, whereas in another
33/135 trees,S. babais found as the sister taxon toN.
gangetica. A basal position forN. gangetica, with S.
baba being the sister taxon toN. hurumþ N. formosa,
is recovered in 34/135 trees. In the remaining 35 trees,
S. baba is recovered in a derived position inside
Nilssonia spp., either as sister taxon toN. formosa
(14/135 trees) or as sister taxon toN. hurum (21/135
trees).

However, not only is the position ofS. babainside
Nilssonia spp. ambiguous, but also its position within
Pan-Trionychinaein general is not stable. The interpret-
ation of the medial edge of the hyoplastron (character
89) is crucial for the position ofS. babaon the tree.
The medial edge of the hyoplastron is worn away, but
three small projections can be interpreted as part of a
serrated anteromedial process. If they are interpreted as
such, or if a more conservative approach is taken and
the character is scored as questionable (as is the case
for our analysis), S. baba is recovered as part of
Nilssonia spp. However, if the small projections are
interpreted as too small for such a serrated edge,S.
baba is placed in a polytomy withGilmoremys getty-
spherensisand Gilmoremys lancensisat the base of
Plastomenidae(Supplemental material File S2, Fig. 2).

Another problem with the current phylogeny is in the
positions of five Early Cretaceous taxa (Kuhnemys
orlovi Khosatzky,1976, ‘Aspideretes’ maortuensisYeh,
1965, ‘Trionyx’ kyrgyzensis, Perochelys hengshanensis
and Perochelys lamadongensis) recovered deeply nested
inside Pan-Trionychinae. If those taxa are forced to the
base ofPan-Trionychidaein accordance with their age,
S. babais found at the base of this Early Cretaceous
group, which is in strong contrast to its middle–upper
Eocene age (Supplemental material File S2, Fig. 3).

However, if K. orlovi is allowed to float and thus recov-
ered as aPan-Trionychinae, S. baba is again nested
within Nilssonia spp. (Supplemental material File S2,
Fig. 4).

An additional phylogenetic analysis based on the
matrix of Evers et al. (2023) yields a completely differ-
ent result and instead placesS. babaas the basal-most
taxon ofPan-Cyclanorbinae(Supplemental material File
S2, Fig. 5).

As highlighted above,S. babacan be recovered in
several different positions on the tree based on only
minor changes to the data set. There are two main rea-
sons for this uncertainty. One is related to the problem-
atic position of Early Cretaceous taxa within the crown
of Pan-Trionychinae(see also Brinkmann et al., 2017;
Everset al. 2023; Joyce et al.,2021; Vitek et al., 2018)
and a re-evaluation of the characters placing these taxa
within the crown seems necessary. The second reason is
the preservation ofS. babaor, more specifically, the
poor preservation of its skull, rendering cranial scorings
impossible. In the current data set 39/95 characters refer
to the skull, while in the data set of Evers et al. (2023)
the proportion is 62/116. With more than half of the
possible scorings missing and high intraspecific vari-
ation in Pan-Trionychinae(Meylan, 1987), well-justified
placement ofS. babain the tree is challenging. Until
the issues outlined above are properly addressed, the
position of S. babawithin Nilssonia spp., as suggested
here, should be treated with caution.

Palaeobiogeographical implications

Although the results of the phylogenetic analyses should
be treated with caution (see above), the position of
Striatochelys babain a polytomy withNilssoniaspp. is
unsurprising given its age and its occurrence in
Southeast Asia. According to Pereira et al. (2017), the
Nilssonia clade originated during the middle–late
Oligocene in either East or Southeast Asia, and the split
from Palea steindachneri and Amyda cartilaginea
occurred sometime during the late Eocene in Southeast
Asia. Based on these data, it seems possible thatS.
baba is more basal than extantNilssoniaspp. However,
based on other analyses (Evers et al.,2023; Thomson
et al.,2021), Nilssoniaspp. originated much later, in the
middle Miocene. These results would indicate a more
basal position forS. baba within the extant eastern
Asian trionychines.

Unfortunately, the majority of taxa from the
Paleogene of central and eastern Asia are only incom-
pletely preserved, severely limiting direct comparisons.
Consequently, they were also never included in a
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phylogenetic analysis. Interestingly, those taxa do not
show any close resemblances toS. bababased on our
comparisons (see above), the only exception beingS.
impressafrom the Maoming locality of southern China.
This taxon, as outlined above, appears to be very closely
related toS. babafrom the Na Duong locality of north-
eastern Vietnam, most likely representing its sister
taxon.

A high degree of faunal similarity between the two
localities is also indicated by the pan-geoemydid
turtles. From Maoming, two species are known:
Guangdongnemys pingiClaude, Zhang, Li, Mo, Kuang
and Tong, 2012 (minimum number of individuals
[MNI] ¼4) and Isometremys lacunaChow and Yeh,
1962 (MNI ¼ 6). From Na Duong,Banhxeochelys trani
was recently described by Garbin et al. (2019), who con-
cluded thatB. trani was most similar to the species from
Maoming. The high degree of faunal similarity between
the two localities is further supported by the crocodylian
fauna: the taxa known from Na Duong,Orientalosuchus
naduongensis and Maomingosuchus acutirostris, are
closely related to those from Maoming,Dongnanosuchus
hsui Shan, Wu, Sato, Cheng and Rufolo,2021 and
Maomingosuchus petrolicus(Yeh, 1958), respectively
(Massonne et al.,2019, 2021; Shan et al.,2021).

A third locality, which resembles the Na Duong fossil
site in terms of its vertebrate assemblage, is the Krabi
Basin of southern Thailand. As in Maoming, two pan-
geoemydids have been described:Hardella siamensis
Claude, Suteethorn and Tong,2007 (MNI ¼ 1) and
Mauremys thanhinensisClaude, Suteethorn and Tong,
2007 (MNI ¼ 11). Although Garbin et al. (2019) did
not find a particularly close relationship between the
Krabi taxa and B. trani, their phylogenetic analysis
yielded a large polytomy including, among others, all
five geoemydid taxa mentioned here. As for the croco-
dilian fauna, Krabisuchus siamogallicusMartin and
Lauprasert,2010 is closely related toO. naduongensis
andD. hsui, while a specimen referred to as the‘Krabi-
Maomingosuchus’ is closely related toMaomingosuchus
spp. from Na Duong and Maoming (Martin et al.,2019;
Massonne et al.,2019, 2021; Shan et al., 2021).
However, no pan-trionychid has so far been described
from the Krabi Basin, potentially indicating the preva-
lence of different environmental conditions that were
not suitable for pan-trionychids.

Interestingly, pan-trionychids are rare in the Na
Duong Basin compared to other turtles: only nine indi-
viduals of S. baba were excavated, which stands in
marked contrast to the more than 100 individuals
known for B. trani (Garbin et al.,2019). In Maoming,
the pan-geoemydids are, in absolute numbers, less fre-
quent than in Na Duong (G. pingi, MNI ¼ 4 and I.

lacuna, MNI ¼ 6), but still much more common than
S. impressawith only a single known individual.
Therefore, in both of these localities, pan-geoemydids
are approximately 10 times more abundant than pan-
trionychids. In Krabi, the number of pan-geoemydids is
comparable to Maoming (H. siamensis, MNI ¼ 11 and
M. thanhinensis, MNI ¼ 1). Based on these numbers
(and the assumption that pan-trionychids are equally
rare in Krabi as they are in Maoming and Na Duong),
the absence of a pan-trionychid could also be explained
by a sampling bias instead of unsuitable environmental
conditions.

Conclusions

Striatochelys babagen. et sp. nov. is a pan-trionychid
from the middle–upper Eocene (late Bartonian–
Priabonian, 39–35 Ma) of the Na Duong Basin of north-
ern Vietnam. The taxon is known from extensive shell
material of at least nine individuals. The best preserved
of these specimens was selected as the holotype, con-
sisting of a virtually complete carapace and plastron. In
general,S. babais a medium-sized species characterized
by prominent ridges on the carapace (on both costals
and neurals) in adult specimens, a larger costal VIII,
forming the posterolateral margin of the carapace, and
an entoplastron callosity in the shape of a bulge.

Comparison with plastomenids, other Palaeogene pan-
trionychids from Asia and extant taxa from Southeast
Asia, reveals a close resemblance ofS. babato the latter
group, particularly to members of the genusNilssonia.
Some other characters seen inS. baba are otherwise
unique toPlastomenidae. Our phylogenetic analysis sup-
ports the results of these comparisons and recoversS.
babain a polytomy withNilssoniaspp.

Striatochelys babais morphologically very similar to
a pan-trionychid from the upper Eocene of the
Maoming Basin of southern China, which has previ-
ously been referred to as‘Trionyx’ impressus.
Accordingly, we assign‘T.’ impressusto the new genus
Striatochelys, asS. impressa. In the past, representatives
of Pan-Geoemydidaeamong cryptodirans, as well as of
Orientalosuchina and Tomistominae among crocodyli-
ans, have demonstrated a high degree of faunistic simi-
larity between the Na Duong Basin in Vietnam and the
Maoming Basin in China. The close resemblance
between the two Southeast Asian pan-trionychids further
supports this conclusion and provides additional evi-
dence for the close similarity between the reptile faunas
of the Na Duong Basin and Maoming Basin.
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