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Abstract

The crocodyliform Shamosuchus is known from numerous Late Cretaceous localities in
southern and eastern Mongolia and fragmentary remains from Uzbekistan. Seven species
of Shamosuchus have been named from six localities in Mongolia and three in Uzbekistan.
Six species originally described as Paralligator were later referred to Shamosuchus. Only
the type species, Shamosuchus djadochtaensis has been examined in detail. Many of the
named species of Shamosuchus show striking similarity in size and cranial morphology but
most are based on partial remains suggesting that the true species diversity is overesti-
mated. A review of all species referred to Shamosuchus recognizes three valid taxa: Sha-
mosuchus djadochtaensis, S. gradilifrons, and S. major. Shamosuchus sungaricus, S.
borealis, and S. karakalpakensis are nomena dubia, whereas S. ancestralis, S. ulgicus, S.
tersus, and S. ulanicus are junior subjective synonyms of S. gradilifrons. Phylogenetic anal-
ysis of 318 phenotypic characters recovers a Paralligatoridae clade consisting of Shamosu-
chus, Rugosuchus, Batrachomimus, Glen Rose Form, and Wannchampsus. Shamosuchus
is non-monophyletic: S. djadochtaensis is near the base of Paralligatoridae whereas S. gra-
dilifrons + S. major are the most deeply nested. The name Paralligator is resurrected for this
clade. Rugosuchus and Batrachomimus are sister taxa to Paralligator. Paralligatoridae is
closely related to Theriosuchus, hylaeochampsids and a speciose Allodaposuchus clade,
which together are the sister group of Borealosuchus plus Crocodylia. These results support
the presence of a diverse clade in eastern Asia and western North America throughout the
Cretaceous with origins in the Late Jurassic.

Introduction

Over the past decade or more, much of the attention paid to Mesozoic crocodyliforms has fo-
cused on the morphologically and taxonomically diverse notosuchian lineage. This lineage,
largely endemic to Gondwanan continents, entails a diversity of small and large bodied terres-
trial species. Comparatively less attention has been paid to Neosuchia, the crocodyliform
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lineage leading to, and inclusive of, modern crocodylians. Understanding the evolutionary his-
tory and biology of Mesozoic neosuchians is of critical importance because it bears on how we
reconstruct the ancestral condition for Crocodylia, how we understand the biogeographic evo-
lution of neosuchians, and whether, or to what extent, climate affected neosuchian diversifica-
tion. At least some of the neosuchian groups currently known have Laurasian or restricted
distributions within Laurasia. One such neosuchian is Shamosuchus, which is known from
seven named species across numerous Late Cretaceous localities in southern and eastern Mon-
golia and fragmentary remains from Uzbekistan.

The holotype of Shamosuchus djadochtaensis, described by Mook [1], is an incomplete skull
found at the Shabarakh Usu locality (Bayn Dzak or The Flaming Cliffs under current usage; Late
Cretaceous, Djadokhta Formation [Fm.]) during the Third Asiatic Expedition of the American
Museum of Natural History in 1923. Recently a crocodyliform specimen from another Djadokhta
Fm. locality Ukhaa Tolgod [2,3,4] was referred to S. djadochtaensis and provided the basis for a
detailed anatomical description and phylogenetic analysis of the species [5].

Konzhukova [6] described two small crocodyliforms from the Late Cretaceous of Mongolia,
Paralligator ancestralis from the Nemegt Fm. and Paralligator gradilifrons from the older
Bayanshiree Fm. The holotype specimen of P. ancestralis is well preserved but disassociated
cranial material, whereas the holotype of P. gradilifrons consists of a nearly complete skull lack-
ing the palate. Efimov [7,8] named three additional Paralligator species (P. borealis, P. major,
and P. ulgicus) from subsequent specimens recovered from Bayanshiree Fm. localities in Mon-
golia and equivalent deposits in Uzbekistan. A fifth Paralligator species (P. sungaricus) was de-
scribed from the Early Cretaceous of China [9].

Efimov [10] referred all Paralligator species to Shamosuchus and described a new species,
Shamosuchus occidentalis. Three more Shamosuchus species were later described, two from the
Nemegt Fm. of Mongolia (S. tersus and S. ulanicus) [11] and Shamosuchus karakalpakensis
[12] from Uzbekistan. Efimov [13] considered Shamosuchus occidentalis a junior synonym of
S. borealis leaving a total of ten named species of Shamosuchus from Cenomanian to Maas-
trichtian rocks in Uzbekistan, Mongolia, and China (Fig. 1).

The taxonomy of Shamosuchus and Paralligator is indeed quite complex (Table 1), and to
date only S. djadochtaensis has been described in detail or included in a phylogenetic analysis.
Many of the named species are known from limited material and of those well represented by
numerous specimens there are considerable morphological differences in size and snout shape.
The number of valid species may in fact be highly overestimated [5,14] and the congeneric sta-
tus of Shamosuchus and Paralligator has been questioned [15]. Given the likely transitional
placement of Shamosuchus near the base of Eusuchia [5], it is important to resolve the taxono-
my and relationships of this group due to its impact on the phylogenetic placement of other
eusuchian and basal crocodylian taxa.

Here I provide a detailed reassessment of species taxonomy of Shamosuchus and Paralliga-
tor and address the issue of their taxonomic status using a detailed phylogenetic analysis. I fur-
ther discuss the phylogenetic relationships of these taxa both among themselves and with other
advanced neosuchians near the origin of Eusuchia. I provide a revised taxonomy of Shamosu-
chus and Paralligator and discuss how improved taxon sampling among Shamosuchus and Par-
alligator species affects our understanding of the phylogenetic history of
advanced neosuchians.

Ethics Statement

No permits were required for the described study, which complied with all relevant regulations.
For the comparative materials described here and listed in Appendix Iin S1 Document. all
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Fig 1. Geographic map showing the distribution of Asian paralligatorid species across China,
Mongolia, and Uzbekistan. Stars = Nemegt Formation (Fm.) taxa; circles = Djadokhta Fm. taxa; squares =
Bayanshiree Fm. (or equivalent) taxa; polygon = Lower Cretaceous. 1. Shamosuchus ancestralis; 2. S.
ulanicus; 3. S. tersus; 4. S. djadochtaensis; 5. S. gradilifrons; 6. S. major; 7. S. ulgicus; 8. S. borealis; 9.
Rugosuchus nonganensis.

doi:10.1371/journal.pone.0118116.g001

required permissions were received. Institutional abbreviations are as follow: AMNH FARB,
American Museum of Natural History, Collection of Fossil Reptiles, Amphibians, and Birds,
New York; NHMUK, Natural History Museum, London, UK; IGM, Mongolian Institute of Ge-
ology, Ulaan Bataar, Mongolia; IGV, Geological Institute, Vertebrate Fossil Collections, Chi-
nese Academy of Geological Sciences, Beijing, China; MCZ, Museum of Comparative Zoology,
Harvard University, Cambridge; MTM, Hungarian Natural History Museum, Budapest, Hun-
gary; PIN, Paleontological Institute Moscow, Russia; QM, Queensland Museum, Brisbane,
Australia; SMU, Shuler Museum of Paleontology, Southern Methodist University, Dallas;
TMM, Texas Memorial Museum, Austin; USNM, United States National Museum, Washing-
ton DC.

Current understanding of Shamosuchus
Definition and Diagnosis

When Shamosuchus was first named Mook [1] provided a brief list of generic characters as a
diagnosis (p.1); “absence of mandibular foramen, prominent postero-external process of squa-
mosal, exoccipital comprising a considerable portion of the condyle.” Mook ([1]: 1) cited addi-
tional specific-level characters, namely: “median ridge on frontal bone, prominent ridges on
the lachrymals, medium size of supratemporal fenestrae, and their position close to the median
line and far from the posterior external borders of the cranial table.”

Konzhukova [6] provided a genus-level diagnosis of Paralligator that reinforced features
thought at the time to relate it to alligatorids such as a relatively short and broad skull with fes-
tooned margins, a flattened snout and an elevated skull table that is moderate in size, an exter-
nal naris that is separated by paired anterior processes of the nasals, a frontal that does not
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reach the supratemporal fossae, and a “flattened” lower part of the mandible. It is not
completely clear what Konzhukova meant by this last feature, but it could have been a reference
to the crest that is present along the ventral margin of the mandible. Most of these features are
broadly present among neosuchians and some, like the frontal failing to extend into the supra-
temporal fossae, were incorrectly interpreted by Konzhukova.

At least a couple of the features initially identified by Mook are plesiomorphic among neo-
suchians (e.g., the extent of the exoccipital participation in the occipital condyle and the smaller
size of the supratemporal fenestrae). Some characters, such as the absence of a mandibular fe-
nestra, are variable among neosuchians and require a parsimony analysis to determine if they
indeed diagnose Shamosuchus. Nevertheless, the majority of Mook’s characters continue to di-
agnosis at least Shamosuchus djadochtaensis (see diagnosis in [5]). The main issue with the di-
agnosis of Shamosuchus is that to date none of the other putative Shamosuchus species have
been included in a phylogenetic analysis. This, combined with the terrible state of Shamosuchus
(and Paralligator) alpha taxonomy, leaves it unclear whether any of the features currently diag-
nosing Shamosuchus djadochtaensis actually diagnosis a more inclusive Shamosuchus clade. A
cursory examination of the described Shamosuchus species suggests that at least a subset of
these characters (in particular, features of the squamosal and sculpting of the snout and orbital
region) will act as synapomorphies for a larger clade containing Shamosuchus.

Relationships

Mook [1] did not guess at possible relationships of Shamosuchus in his initial description. He
did, however, suggest that the form and position of the choanae were similar to modern eusu-
chians and not to “Mesosuchia”. This misinterpretation of the palate construction likely re-
sulted from the poor preservation of the holotype specimen AMNH FARB 6412. Whereas the
position of the choanae is posteriorly shifted like in eusuchians, it is not formed solely by the
pterygoids as in eusuchians.

For a long time Shamosuchus djadochtaensis was considered a member of the Goniopholidi-
dae [16,17,18]. Buffetaut [19] placed the Paralligatoridae with Bernissartidae in his evolution-
ary tree of crocodyliforms, a placement that Efimov [13] seemed to accept. The first cladistic
analyses of crocodyliforms affirmed the more derived neosuchian placement of Shamosuchus
as a close relative to taxa like Bernissartia fagesii ([20]; Clark in [21]). Wu et al. [22] pointed
out a number of derived similarities between Shamosuchus and Rugosuchus nonganensis from
the Early Cretaceous of China.

Pol et al. [5] incorporated information from the holotype and the newly referred IGM 100/
1195 specimen in a comprehensive phylogenetic analysis to test the relationship of Shamosu-
chus djadochtaensis to advanced neosuchian crocodyliforms. They confirmed the derived neo-
suchian status of Shamosuchus djadochtaensis. Shamosuchus and Rugosuchus were recovered
as sister taxa and occupied a phylogenetic position closer to Eusuchia than either goniopholi-
dids or Bernissartia. However, none of the other putative Shamosuchus species were considered
in the analysis of Pol et al. [5]. Therefore, the monophyly and membership of Shamosuchus
remains untested.

Review of “Shamosuchus” and its putative relatives
Shamosuchus djadochtaensis Mook, 1924 [1]

Mook [1] described Shamosuchus djadochtaensis on the basis of an incomplete and not entirely
well preserved skull (AMNH FARB 6412, Fig. 2) from the Flaming Cliffs locality (Djadokhta
Fm., Mongolia). MooKk’s description was quite short and lacked much in the way of anatomical
details. A second, much more complete specimen (IGM 100/1195) found at Ukhaa Tolgod is a

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 5/39



@’PLOS | ONE

Review of Shamosuchus and Paralligator

Fig 2. AMNH FARB 6412 (holotype), Shamosuchus djadochtaensis, Djadokhta Fm., Campanian, Mongolia. Photographs in A, dorsal, B, ventral, C, left

lateral, D, occipital views.

doi:10.1371/journal.pone.0118116.9g002

nearly complete skull (Fig. 3) and associated postcranial skeleton, including representative
osteoderms from across the entire dermal shield (i.e., dorsal, ventral, and appendicular). This
specimen provided the basis of a much more detailed description of this species, accompanied
by extensive figuring of the holotype and referred specimen [5]. Thus, there is little need to
amend this description.

Shamosuchus djadochtaensis is known exclusively from the Campanian Djadokhta Fm. Pol
etal. [5] provide a detailed diagnosis based on a combination of derived and autapomorphic
characters. Autapomorphies for S. djadochtaensis include a dorsal surface of lacrimal and pre-
frontal that bears a smooth, rounded depression bounded by elevated ridges and a frontal with
elevated orbital margins. The frontal participates in supratemporal fossa, as is common in
many basal neosuchians. An additional, quite distinctive autapomorphy is the shallow and
broad squamosal groove that tapers posteriorly at the level of the posterior edge of the otic ap-
erture which then reappears along the lateral edge of the posterolateral process of the squamo-
sal (Fig. 4B). This morphology produces a “flared” appearance to the lateral profile of the
squamosal. S. djadochtaensis also is characterized by a narrow ascending process of the quadra-
tojugal bearing a slightly developed ridge located close to its anterior margin, as well as cervical
osteoderms with extremely large lateral keels located along the posterior margin of the osteo-
derm, possession of a set of osteoderms that are longer than they are wide, and dorsal osteo-
derms with keels restricted to the posterior margin.

Shamosuchus djadochtaensis is unquestionably a valid species and remains the only putative
Shamosuchus described from the Djadokhta Fm. Because so little has been published on the
morphology of the other Shamosuchus species, I consider it likely that some of the features
listed above and currently understood to be autapomorphic for S. djadochtaensis may prove to
be more widespread. Some of these features, therefore, may serve as synapomorphies uniting
some or all of the Shamosuchus species considered here.

Even if many of the autapomorphies identified by Pol et al. [5] are more widely shared
among Shamosuchus species, S. djadochtaensis remains distinguishable from all other putative
Shamosuchus on the basis on the proportionally shorter and narrower snout. This shorter
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Fig 3. IGM 100/1195, Shamosuchus djadochtaensis, Djadokhta Fm., Campanian, Mongolia.
Photographs in A, lateral, B, dorsal, C, ventral views. Line drawings in D, lateral, E, dorsal, F, ventral views.
Abbreviations: an, angular; ar, articular; bo, basioccipital; bs, basisphenoid; d, dentary; ect, ectopteryoid; f,
frontal; j, jugal; la, lacrimal; m, maxilla; n, nasal; ot, otoccipital; pa, parietal; pf, prefrontal; pl, palatine; pm,
premaxilla; po, postorbital; pt, pterygoid; q, quadrate; gj, quadratojugal; sa, surangular; sp, splenial;

sq, squamosal.

doi:10.1371/journal.pone.0118116.g003
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crest flare groove

Fig 4. Skull morphology of Paralligatoridae. A, Shamosuchus djadochtaensis, AMNH FARB 6412, dorsal
view; B, S. djadochtaensis, AMNH FARB 6412, left lateral view; C, S. ulanicus (= Paralligator gradilifrons),
PIN 3140-502, left lateral view.

doi:10.1371/journal.pone.0118116.9004
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snout is not due to ontogeny. Shamosuchus ulanicus (PIN 3140/502-1) has the same skull table
size (roughly 5 cm long by 6 cm width) but a snout nearly twice the length of that in S. djadoch-
taensis (~ 11 cm in ulanicus versus ~ 5.5 cm in djadochtaensis). The preorbital crest and orbi-
tonasal sulcus that runs along the snout from the lacrimal to the naris are both weakly
expressed in S. djadochtaensis (Fig. 3) relative to other putative Shamosuchus species. The sple-
nial symphysis is long, extending to the level of the fourth maxillary tooth when in occlusion.
Additionally, the splenials are V-shaped at the anterior terminus. These features in S. djadoch-
taensis differ from other putative Shamosuchus. Another diagnostic trait of S. djadochtaensis is
that the fourth maxillary tooth is the largest in the tooth row. This condition is shared with the
neosuchian Bernissartia fagesii but not other putative Shamosuchus, in which the fifth maxil-
lary tooth is the largest. In other basal neosuchians (e.g., Allodaposuchus, Glen Rose Form,
Theriosuchus pusillus), the third maxillary tooth is the largest.

Shamosuchus gradilifrons (Konzhukova, 1954) [6]

Konzhukova [6] described this species from a nearly complete skull and partial postcranial ma-
terial from the Upper Cretaceous Bayanshiree Fm. locality of Shireegin Gashoon, Mongolia.
This material served as the type species of Paralligator before Efimov [10] synonymized Paral-
ligator with Shamosuchus. Konzhukova [6] provides a brief but comprehensive description of
S. gradilifrons including photographs of the original material and illustrations of the fully
reconstructed skull.

The holotype skull (PIN 554-1; Figs. 5E-H and 6) is nearly complete but fails to preserve a
few of important areas of the skull (most of the secondary palate including palatines and sec-
ondary choanae as well as the entirety of the pterygoids and ectopterygoids; note shaded re-
gions in Fig. 5H). The absence of the choanae and pterygoids perhaps helped lead Konzhukova
to the believe Paralligator was closely related to the Alligator radiation, given the otherwise su-
perficial resemblance to Alligator. Presumably a more distant relationship to Alligator would
have been espoused if the “mesosuchian” grade construction of the palate in Paralligator (like
that known at the time in Shamosuchus djadochtaensis) had been known.

In addition to the damaged secondary palate and pterygoid wings, both postorbital bars are
lacking and the right jugal is missing from roughly midorbit to its contact with the quadratoju-
gal (note shaded regions in Fig. 5G). The frontal appears to have been broken mid-element and
repaired leaving notches in the orbital margins. The left jugal was complete at the time of
Konzhukova’s description but now is missing a small portion of the lower temporal bar. Most
of the right squamosal is damaged (see Plate 1 in [6]) and is currently reconstructed with bone-
colored plaster. The mandible is nearly complete except for the area surrounding the dentary-
angular-surangular contact, which is now reconstructed with bone-colored plaster.

The diagnosis for Paralligator and for S. gradilifrons provided by Konzhukova [6] consists
mostly of symplesiomorphies. She noted that Paralligator is characterized by a frontal that
does not enter into the supratemporal fossae. However, in PIN 554-1 the frontals do enter the
supratemporal fossae, but do not prevent contact of the parietal and the laterosphenoid within
the fossa (Fig. 5E,G). As is common in many basal neosuchians (e.g., goniopholidids, S. dja-
dochtaensis), the portion of the frontal within the supratemporal fossae bears a shallow depres-
sion. Furthermore, the presence of the frontal within the supratemporal fossa is widespread
among other Shamosuchus species (S. djadochtaensis, S. ancestralis, S. ulanicus, and S. ulgicus).

Konzhukova [6] distinguished S. gradilifrons from other crocodyliforms on the basis of the
dermal crests on the frontal and pre-orbital portion of the snout. She characterized the mor-
phology as a frontal with a midline crest (interorbital crest) and two lateral crests (along the or-
bital margins) that connect to a transverse crest located just anterior to the orbital margin (pre-
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Fig 5. Paralligatorids from Bayanshiree Fm, Cenomanian to Santonian. A, Shamosuchus (= Paralligator) major (PIN 3726/501, holotype), dorsal view;
B, PIN 3726/501, ventral view; C, line drawing of PIN 3726/501, dorsal view; D, line drawing of PIN 3726/501, ventral view; E, Shamosuchus (= Paralligator)

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 10/39
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gradilifrons (PIN 554-1, holotype), dorsal view; F, PIN 554-1, ventral view; G, line drawing of PIN 554-1, dorsal view; H, line drawing of PIN 554-1, ventral
view; I, Shamosuchus ulgicus (= Paralligator gradilifrons) (PIN 3458/501), ventral view; J, line drawing of PIN 3458/501, ventral view. Abbreviations: an,
angular; ar, articular; bo, basioccipital; d, dentary; ect, ectopteryoid; f, frontal; j, jugal; la, lacrimal; m, maxilla; n, nasal; ot, otoccipital; pa, parietal; pf,
prefrontal; pl, palatine; pm, premaxilla; po, postorbital; pt, pterygoid; q, quadrate; qj, quadratojugal; sa, surangular; sp, splenial; sq, squamosal.

doi:10.1371/journal.pone.0118116.9005

orbital crest) (Fig. 6A). Near the orbital margin, the prefrontals are raised in a wide flattened
crest that continues inferiorly to the posterior margin of the lacrimal before turning and run-
ning anteriorly at the lacrimal-jugal contact. Konzhukova noted that all of these crests

are flattened.

While at the time this suite of morphologies distinguished S. gradilifrons from S. djadoch-
taensis, it did little to distinguish it from the much less complete S. ancestralis, which Konzhu-
kova described in the same paper. In fact, a well-developed preorbital ridge (Figs. 6A and 7)
appears widespread among Shamosuchus and closely related neosuchians (e.g., Rugosuchus,
Glen Rose Form, Wannchampsus, Theriosuchus) as well as some goniopholidids. Indeed, pre-
orbital ridges are also common among alligatoroids and a few crocodyloids. The “spectacle” of
the spectacled caiman is the pre-orbital ridge. Likewise a midline frontal ridge appears more
widespread among neosuchians.

Compared to all putative Shamosuchus now known, S. gradilifrons is characterized by a
well-developed and heavily ornamented surangular flange on the retroarticular process
(Fig. 6C). There appears to be a suite of features present in all or the majority of Shamosuchus
taxa described from the Nemegt and Bayanshiree Fms. (Figs. 5 and 8). These include the fifth
macxillary tooth being the largest (present in all Shamosuchus species except S. djadochtaensis),
a groove that runs through the postorbital near the frontal-postorbital contact (present in all
Nemegt and Bayanshiree taxa), a groove that runs through the preorbital crest (present in all
Nemegt and Bayanshiree taxa), and a short mandibular symphysis relative to S. djadochtaensis
(Figs. 3 and 5F, G). The majority of Nemegt and Bayanshiree Shamosuchus species have robust
orbital crests on the frontal that parallel the midline interorbital crest (absent in S. ancestralis
and S. tersus) (Figs. 5E, G and 6-8). The holotype of S. gradilifrons has a weakly expressed
squamosal groove and posterior flaring of the squamosal (Figs. 6B and 7) combined with well-
developed orbital ridges boarding a pronounced interorbital crest (Fig. 6A). This feature ap-
pears to be variably developed among the described Shamosuchus species.

Shamosuchus ancestralis (Konzhukova, 1954) [6]

In the same publication that she described Shamosuchus gradilifrons, Konzhukova named a
second species of “Paralligator”. The holotype of Shamosuchus ancestralis was collected from
the younger Nemegt Fm. (Late Campanian/Early Maastrichtian) in the southern Gobi locality
of Nemegt [6]. The holotype specimen (PIN 551-29/1) consists of scattered skull bones and a
portion of a lower jaw (Figs. 7B, C and 8G, H). The holotype skull material consists of the prox-
imal half of the nasals, the left and right prefrontal, most of the right lacrimal, the frontal, a par-
tial parietal, the right postorbital and squamosal, and the right jugal. Konzhukova noted that
the skull elements and dentary might have belonged to two individuals. Included in the para-
type of S. ancestralis was a fragment of a left pterygoid (PIN 551-29/3), a right jugal (PIN 551-
29/7), a mid-series dorsal vertebra (PIN 551-29/20), and a caudal vertebra (PIN 551-29/27).

As with S. gradilifrons, Konzhukova [6] distinguished S. ancestralis from other crocodyli-
forms mostly on the grounds of skull ornamentation. The interorbital crest on the frontal was
described as short and gradually widening anteriorly. This seems little different from most
other Shamosuchus species. Unlike S. gradilifrons, there are no lateral (orbital margin) crests in
S. ancestralis (Fig. 8G, H). The preorbital crest possesses a deep furrow (Fig. 7B), but this too

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 11/39



o ®
@ ) PLOS | ONE Review of Shamosuchus and Paralligator

sculpted
surangular
flange

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 12/39



o ®
@ ) PLOS | ONE Review of Shamosuchus and Paralligator

Fig 6. Skull morphology in the holotype of Shamosuchus (= Paralligator) gradilifrons. A, PIN 554-1,
dorsal view of orbital region; B, PIN 554-1, left lateral view of squamosal; C, PIN 554-1, posterolateral view of

right surangular.

doi:10.1371/journal.pone.0118116.9006

flare

depressed lobe

Fig 7. Skull morphology in Paralligatoridae. A, Shamosuchus ulanicus (= Paralligator gradilifrons) (PIN
3140-502), dorsal view; B, S. ancestralis, (= Paralligator gradilifrons) (PIN 551-29/1), dorsal view; C, S.
ancestralis, (= Paralligator gradilifrons) (PIN 551-29/1), left lateral view.

doi:10.1371/journal.pone.0118116.g007
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Fig 8. Paralligatorids from Nemegt Fm, Maastrichtian. A, Shamosuchus ulanicus (= Paralligator gradilifrons) (PIN 3140-502), dorsal view; B, PIN 3140-
502, ventral view; C, line drawing of PIN 3140-502, dorsal view; D, line drawing of PIN 3140-502, ventral view; E, S. tersus (= Paralligator gradilifrons) (PIN
3141-501), dorsal view; F, line drawing of PIN 554-1, dorsal view; G, S. ancestralis (= Paralligator gradilifrons) (PIN 551-29/1), dorsal view; H, line drawing of
PIN 551-29/1, dorsal view. Abbreviations: bo, basioccipital; bs, basisphenoid; d, dentary; f, frontal; j, jugal; la, lacrimal; m, maxilla; n, nasal; ot, otoccipital; pa,
parietal; pf, prefrontal; pl, palatine; pm, premaxilla; po, postorbital; pt, pterygoid; g, quadrate; gj, quadratojugal; sq, squamosal.

doi:10.1371/journal.pone.0118116.g008
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seems more widespread among Shamosuchus species (Figs. 7 and 8 and 9D). Konzhukova also
noted that the postero-internal edge of the nasals is concave medially and that the back teeth
on the lower jaw are blunted and clove shaped.

Although based on a relatively incomplete skull, PIN 551-29/1 preserves a number of fea-
tures shared among Shamosuchus species. It possesses the preorbital crest (as noted by Konz-
hukova), a lateral ridge on the jugal (Fig. 10), and has the lobate squamosal with a depressed
anterior margin and a flared posterior process seen in other Shamosuchus (Fig. 7B). There is a
boss on the anterolateral corner of the postorbital and a narrow groove runs longitudinally
across the dorsal surface of the postorbital near the postorbital-frontal contact (Fig. 7B). The
groove through the postorbital is common to all Shamosuchus species except S. djadochtaensis.
The boss is common to all Shamosuchus from the Nemegt Fm. (i.e., S. ulanicus, S. tersus), but it
is weakly expressed in S. tersus and is variably present in the specimens assigned to S. ulanicus.
Given the distribution of these features I see little basis to distinguish S. ancestralis from S. gra-
dilifrons and thus consider S. ancestralis a subjective junior synonym of S. gradilifrons.

Shamosuchus sungaricus (Sun, 1958) [9]

Sun [9] based this taxon on very incomplete remains from what is now identified as the Nen-
jiang Fm. of De-Hui (Té-Hui) County, Jilin (Kirin) Province, on the Song-Liao (Sungarian)
Plain of northeastern China (Li in [24]). The holotype and only known specimen consists of a
few presacral vertebrae, dorsal osteoderms, a partial left femur, and the proximal part of a left
tibia and fibula. These fossils are in poor condition and no characters present in the femur,
tibia, fibula, or vertebrae are sufficient to refer to Paralligator (or Shamosuchus). Only the
osteoderms show a potentially derived similarity with Shamosuchus ancestralis and S. djadoch-
taensis in being deeply pitted with a prominent posteriorly shifted sagittal keel.

This last feature at best serves to refer the De-Hui material to a larger Shamosuchus-contain-
ing clade. No features are present to diagnosis the species, and I view Shamosuchus sungaricus
as a nomen dubium. One possibility is that the material belongs to the taxon Rugosuchus non-
ganensis which was described by Wu et al. [22] from much more complete remains discovered
in correlative rocks only 44 kilometers southwest from the type locality of “Paralligator sungar-
icus”. However, as noted by Wu et al. [22], the paucity of “P. sungaricus” material makes refer-
ral to Rugosuchus problematic.

Shamosuchus borealis (Efimov, 1975) [7]

Efimov [7] based a new taxon, Kansajsuchus borealis, on isolated incomplete remains from the
Upper Cretaceous Bissekty Fm. of Dzharakhuduk, Uzbekistan. This Fm. is considered to be
Turonian in age [25] and therefore is a partial temporal equivalent of the Bayanshiree Fm. of
Mongolia. This was the second named species of Kansajsuchus with the type species K. extensus
known from the Upper Cretaceous of Kansay, Tadzhikistan. At the time of their description
both species of Kansajsuchus were thought to belong to the Goniopholididae. Recent work con-
tinues to place K. extensus in Goniopholididae based on phylogenetic analysis [26].

No formal diagnosis of the species was given; instead Efimov [7] provided a short descrip-
tion based on the holotype and additional referred material from the Dzharakhuduk and
Shakh-Shakh sites. The holotype material (PIN 372/702, an isolated frontal and prefrontal) is
insufficient to provide a diagnosis for the species. Although a median ridge on the frontal and a
ridged prefrontal is similar in morphology to Shamosuchus spp., these features are present in
other neosuchians (e.g., Theriosuchus). At best they bring one to the level of a larger Shamosu-
chus clade, but knowing what exact level requires an understanding of character distributions
based on a phylogenetic analysis. I consider Shamosuchus borealis to be a nomen dubium with
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Fig 9. PIN 3458/501, Shamosuchus ulgicus (= Paralligator gradilifrons). A, skull in right lateral view; B, skull in posterior view; C, partial skull table dorsal
view; D, frontal with partial prefrontals and lacrimals in dorsal view; E, posterior portion of mandible in medial view; F, posterior portion of mandible in lateral
view; G, dorsal osteoderms in dorsal view.

doi:10.1371/journal.pone.0118116.9009

the holotype and referred material possibly referable to a more inclusive Shamosuchus
containing clade.

Shamosuchus major (Efimov, 1981) [8]

Shamosuchus major was described on the basis of a large, incompletely preserved skull and iso-
lated skull remains from two other individuals. PIN 3726/501 (the holotype) and PIN 3726/
502 were collected in 1974 at Khongil Tsav from the Bayanshiree Fm. (Fig. 5A-D). Efimov [8]
provided a brief description of S. major citing the poor preservation and incompleteness of the
holotype. He noted that it differed from all other species of Paralligator (as it was named at the
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Fig 10. Jugal morphology in Paralligatoridae. A, Shamosuchus ulanicus (= Paralligator gradilifrons) (PIN 3140-502), right side; B, S. tersus (= Paralligator
gradilifrons) (PIN 3141-501), right side; C, S. (= Paralligator) gradilifrons (PIN 554-1, holotype), left side; D, S. ancestralis (= Paralligator gradilifrons) (PIN

551-29/7), right side.

doi:10.1371/journal.pone.0118116.9g010

time) by its large size and the medial contact of the premaxillae posterior to the external naris.
Efimov provided no explicit justification for inclusion of these fossils in Paralligator, although
the introduction to the paper provides some insight. Here Efimov mentions a set of retained
primitive and derived features present in Paralligator. Included in this list is contact between
the lacrimal and nasal, frontal participation in the supratemporal fenestra, a greatly elongated
secondary choana, and presence of “lateral line” troughs on the skull (what I describe here as
an orbitonasal sulcus) (Fig. 11). Efimov specifically mentions these traits to cast doubt on the
presumed close affinity between Paralligator and Alligator, but they could easily have been in-
forming his inclusion of other material into Paralligator.

Shamosuchus major is a large animal (60 cm skull length), which is even more striking given
the size of most other species of Shamosuchus are considerably smaller (e.g., PIN 3141/501:
~24 cm; PIN 3140/502-1: ~20.5 cm; IGM 100/1195: ~ 11.5 cm). It is unclear on what basis
the referred specimen (PIN 3726/502) was included in the taxon. PIN 3726/502 is a partial pal-
atal ramus of a right maxilla and a fragment of a parietal that do not seem to be from the same
sized animal. I have chosen to only consider the holotype material in assessing S. major.

PIN 3726/501 is a heavily reconstructed skull (Fig. 5A-D). In dorsal view I interpret both
the left and right quadrates and quadratojugals to be completely reconstructed. On the left side,
the jugal, most or all of the lacrimal and prefrontal, including part of the posterior ramus of the
maxilla, and the posterolateral corner of the squamosal are reconstructed. On the right side,
the posterior process and ascending process of the jugal are reconstructed, as are parts of the
lacrimal and prefrontal. The orbits, the right infratemporal fenestra, and most of the right
infratemporal fenestra are reconstructed. Along the midline nearly all of the frontal has been
reconstructed. Anteriorly, the snout has been reconstructed such that none of the actual
naris remains.

A similar situation is present on the ventral surface of the skull. Both quadrates and infra-
temporal regions have been reconstructed. Most of the posterior aspect of the braincase ap-
pears to be genuine. The pterygoid flanges and choanae are reconstructed, as are the suborbital
fenestrae. Both ectopterygoids appear to be real. The tip of the snout is less reconstructed in
ventral aspect than in dorsal aspect (Fig. 5C, D). Most of the reconstruction is restricted to the
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Fig 11. Orbitonasal sulcus variation in Paralligatoridae. A, Shamosuchus ulanicus (= Paralligator
gradilifrons) (PIN 3140-502), left side; B, S. (= Paralligator) gradilifrons (PIN 554-1, holotype), left side; C, S.
tersus (= Paralligator gradilifrons) (PIN 3141-501), left side.

doi:10.1371/journal.pone.0118116.g011

right premaxilla. The left premaxilla is only partially reconstructed around the level of the first
alveolus. On the right side, the reconstruction stretches to the fourth alveolus and no sign of an
incisive foramen is present. Many of the large maxillary teeth are reconstructed as well.

Other than its massive size little distinguishes Shamosuchus major from the other Shamosu-
chus species, especially the contemporaneous forms from the Bayanshiree Fm. (i.e., S. ulgicus
and S. gradilifrons). The lobate squamosal with a depressed anterior margin is only weakly

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 18/39



o ®
@ ) PLOS | ONE Review of Shamosuchus and Paralligator

crest A

crest B

Fig 12. Lateral braincase morphology in Paralligatoridae. A, Shamosuchus ulanicus (= Paralligator
gradilifrons) (PIN 3140-502), left side; B, S. tersus (= Paralligator gradilifrons) (PIN 3141-501), left side.
Abbreviations: fo, foramen ovale.

doi:10.1371/journal.pone.0118116.9012

expressed in S. major, but this does not differ greatly from the weak expression of the same
trait in the S. gradilifrons holotype. Likewise, all Bayanshiree Shamosuchus species (in fact all
species currently referred to Shamosuchus) have a lateral ridge on the anterior process of the
jugal (Fig. 10). The reduced or weak expression of these features in Shamosuchus major may be
the result of ontogenetic differences given the large size of S. major. A single autapomorphy ex-
ists in S. major and was highlighted by Efimov [8], which is the contact of the premaxillae pos-
terior to the nares. This is a derived trait among crocodyliforms, but the palate is
unquestionably that of a more basal neosuchian. Although incompletely preserved, the second-
ary choanae was not pterygoid-bound as evinced by the smooth posterior borders of

the palatines.
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Shamosuchus ulgicus (Efimov, 1981) [8]

Efimov provided a short description of this species based on the holotype and only known
specimen consisting of an incomplete skull and partially articulated set of osteoderms (PIN
3458/501; Fig. 9). The species name “ulgicus” is derived from the name of the ancient monas-
tery near Ulgii Amtgai where the specimen was found. Like the geographically proximate Sha-
mosuchus major, S. ulgicus is from the Upper Cretaceous Bayanshiree Fm.

The palate is very well preserved in PIN 3458/501; however the dorsal surface of the skull is
encased in a block of plaster painted black (Fig. 51, J). It is unclear if the skull had been pre-
pared as such at the time of Efimov’s description. Fragments of the skull table and the interor-
bital region remain free of the plaster (Fig. 9). The ventrolateral surface of the rostrum is
exposed, as is the posterior portion of the skull up to the dorsoventral height of the jugals. The
occiput is exposed up to a level just dorsal to the foramen magnum.

As Efimov noted, the interorbital region of the frontal is narrow. The orbital margins have
well-developed ridges separated from the large midline crest by deep sulci (Fig. 9D). This inter-
orbital crest is continuous with robust preorbital ridge common to Shamosuchus species. As in
all Shamosuchus species except S. djadochtaensis, the preorbital ridge possesses a deep midline
groove that divides the ridge into an anterior and posterior half (Fig. 9D). As in S. ancestralis
and S. gradilifrons the preorbital groove ends at the orbital margins.

Efimov [8] noted the presence of lateral line-like grooves (like those he identified in S.
major) on the dorsal surface of the snout in S. ulgicus. He described them as deep canals that
trace from the outer nostril to the orbit and suggests that the left and right “lateral lines” anas-
tomose by way of the preorbital groove. The extent of these orbitonasal grooves can no longer
be confirmed because of the plaster encasing the dorsal surface of the skull but a portion of the
orbitonasal groove is evident on the exposed maxilla and jugal on the right side of the holotype
(Fig. 9).

The interorbital crest is not expressed at the level of the postorbital process of the frontal.
The frontal contacts the parietal in a relatively straight interdigitating suture, roughly one-third
the way posteriorly through the interfenestral bar on the skull table. The contact between the
frontal, parietal, and postorbital is visible within the supratemporal fossa. The dorsal surface of
the postorbital is heavily sculpted, as is the rest of the skull table. Lateral to the suture with the
frontal, the postorbital possesses a shallow but distinct anteroposteriorly-running groove tran-
secting the bone (Fig. 9C). A similar groove is evident in S. ancestralis and is weakly expressed
in the S. gradilifrons holotype (Fig. 7). The right squamosal displays the shallow and broad
groove described above for S. djadochtaensis. In S. ulgicus the groove is much shallower, such
that the “flared” appearance to the lateral profile of the squamosal is more subdued in S. ulgicus
compared to S. djadochtaensis or S. ulanicus.

The palate of S. ulgicus is highly fractured but preserved in place making it one of the more
complete palates known for Shamosuchus (Fig. 51, ]). Efimov [8] noted a few features visible in
palatal view. The premacxilla bears five alveoli and the maxilla has 19, with the 14th through
19th merged into a single dental channel. The incisive foramen is situated just posterior to the
first premaxillary alveoli with the anteriormost extent of the foramen just entering the gap be-
tween the alveoli. The secondary choanae are divided by a septum and shifted far posteriorly as
in most derived neosuchians, but they are not completely bound by the pterygoids. The choa-
nal groove is very narrow relative to the width of the pterygoid plate and the interfenestral bar.
The palatines form the anterior margin to the choanae, but the posteriormost portions of the
palatines do not reach the posterior margin of the suborbital fenestrae.

On the ventral surface of the quadrate, Efimov [8] noted “a peculiar system of the sharp
ridges (A’) for the rear jaw adductors” (Fig. 12). S. ulgicus does have a well-developed crest A
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and B (sensu [23]), but the presence or absence of a crest A’ can’t be confirmed because of the
plaster infilling the adductor chamber.

A small segment of the dorsal dermal shield is present in PIN 3458/501 (Fig. 9G). The most
complete portion consists of 12 osteoderms preserved in articulation. There is no indication of
imbrication between the osteoderms and the anterior margins lack smooth articular surfaces.
The three preserved rows appear sutured together mediolaterally. Examination of the free mar-
gins of the outer rows of osteoderms suggest that what is preserved in PIN 3458/501 are the
two paramedian rows of osteoderms and the left lateral row of osteoderms. All the preserved
osteoderms bear large midline keels. As in S. djadochtaensis [5], the keels are asymmetrically
developed and displaced to the posterior margin of each osteoderm. In PIN 3458/501 the keels
on the paramedian osteoderms are larger than those in the lateral row.

The alveolar ramus of the maxilla in S. ulgicus is more sinusoidal in lateral view (i.e., verti-
cally festooned) than most other putative Shamosuchus species, but variation is only minor
(Fig. 9A). The fracturing of the holotype may have exaggerated the lateral contour of the snout.
Contrary to Efimov [8], the pre- and interorbital crests of S. ulgicus are quite similar to S. gradi-
lifrons and S. ancestralis. It is true, however, that the snout is proportionally narrower in S. ulgi-
cus than in S. gradilifrons. Comparisons in snout proportions to S. major are more difficult to
make because the larger absolute size difference (and thus possible ontogeny scaling) between
the two species. Very little distinguishes S. ulgicus from the other Bayanshiree Fm. Shamosu-
chus species (S. gradilifrons and S. major) or from the Nemegt Fm. species. I find that the
wealth of character data discussed above indicates that PIN 3458/501 belongs to Shamosuchus
and that it should be considered a junior synonym of S. gradilifrons.

Shamosuchus occidentalis Efimov, 1982 [10]

Shamosuchus occidentalis was named by Efimov [10] from a fragment of a skull (PIN 327/721)
from the Upper Cretaceous Bissekty Fm. of Dzharakhuduk, Uzbekistan. In the same publica-
tion Efimov synonymized Paralligator with Shamosuchus. Both Efimov [13] and Nesov [27]
considered Shamosuchus occidentalis [10] to be a junior synonym of Shamosuchus borealis.
Shamosuchus occidentalis is known from the same locality as the referred material of S. borealis.
The 5th maxillary tooth is the largest in S. borealis but the 6th is the largest in S. occidentalis, so
it is unclear what the basis of this conclusion was other than the specimens being from the
same locality in Uzbekistan. The skull of S. occidentalis consists of a partial snout including
most of the left and right maxillae and the nasals. The snout lacks the premaxillary portion and
is broken well before the orbits. The surface of the snout is heavily eroded so little can be said
of the bone texture. The apparent absence of an antorbital fenestra, double wave of maxillary
tooth enlargement, and the relatively dorsoventrally compressed snout suggests neosuchian af-
finities. The sixth maxillary alveolus is the largest, unlike all other Shamosuchus species where-
in either the fourth (S. djadochtaensis) or the fifth (S. gradilifrons) is the largest. No other trait
is present in PIN 327/721 to warrant a referral to Shamosuchus. The overall lack of diagnostic
characters beyond Neosuchia leads me to consider this taxon a nomen dubium.

Shamosuchus ulanicus Efimov, 1983 [11]

Shamosuchus ulanicus was described from the Nemegt Fm. locality of Ulaan Bulag by Efimov
[11] on the basis of a nearly complete skull (PIN 3140-502; Fig. 8A-D). Efimov stated that this
skull differed from other Shamosuchus in the sharpness and fullness of the crests on the skull
roof, longitudinally elongated supratemporal fenestra, and the 11th maxillary tooth being larg-
er than the 12th maxillary tooth.
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I find no basis to distinguish the preorbital and interorbital crests in PIN 3140-502 from
those of other Nemegt Fm. Shamosuchus material and the supratemporal fenestra is not appre-
ciably more elongate in PIN 3140-502 than in S. ancestralis or PIN 3141-501. On the ventral
surface of the quadrate of S. ulanicus, crest A [23] is well developed and extends above the
opening for the trigeminal nerve (Fig. 10B). This elongate crest A may in fact be a fusion of
crest A and A’ given that when A’ is present in extant taxa it is located near the trigeminal fora-
men. This feature is also present in Shamosuchus ulgicus from the Bayanshiree Fm. The 11th
maxillary tooth is indeed the largest posterior maxillary tooth (based on alveolus size) unlike
PIN 3141-501 (S. tersus), S. gradilifrons, PIN 3458/501 (S. ulgicus), and S. major where the 12th
maxillary tooth is the largest. I find this to be an insufficient basis to erect a new taxon and
therefore consider Shamosuchus ulanicus as a junior synonym of S. gradilifrons.

Shamosuchus tersus Efimov, 1983 [11]

Efimov [11] described the third Shamosuchus species from the Nemegt Fm. from the Nogoon
Tsav locality. Shamosuchus tersus is based on a partial skull (PIN 3141-501) that includes most
of the snout and a partial but very well preserved braincase (Figs. 8E, F and 12B and 13). Some
isolated osteoderms were also referred to this taxon. Efimov provided little morphological diag-
nosis, citing a more anteriorly extended interorbital crest and the round posterior shape of the
choanae. I find no appreciably difference in these features with other putative Shamosuchus
specimens and therefore consider Shamosuchus tersus as a junior synonym of S. gradilifrons.

Shamosuchus karakalpakensis (Nesov et al., 1989) [12]

Nesov et al. [12] based this species on an isolated frontal collected from the Cenomanian
Khodzhakul Fm. of Uzbekistan. The holotype provides no viable diagnostic features for the
species and can at best be referred to Neosuchia. I consider Shamosuchus karakalpakensis to be
anomen dubium.

Putative Close Relatives of Shamosuchus

Rugosuchus nonganensis. Wu et al. [22] described this taxon from Lower Cretaceous
rocks of the Nenjiang Fm. of Nong’an county China on the basis of a nearly complete skull
(IGV 33). The authors referred two additional specimens to the taxon: IGV 31 consisting of
vertebrae, dorsal and ventral osteoderms, an incomplete pelvic girdle, and limb fragments; and
IGV 32 consisting of two sacral vertebrae, a caudal vertebra, left ilium with the head of the left
femur, and some dorsal osteoderms. Rocks in which this taxon was discovered are only 44 kilo-
meters from, and correlative with, the holotype locality of “Paralligator sungaricus”.

Only the skull of has been described and it is at least superficially distinct from species of
Shamosuchus. The snout of Rugosuchus is long, especially when compared to the relatively
short-snouted S. djadochtaensis. Rugosuchus appears to have a notch at the premaxilla/maxilla
contact, but as noted by Wu et al. [22] this may be exaggerated due to damage. There is a series
of depressions along the dorsal surface of the maxilla, aligned between the maxillary alveoli
that are absent in species of Shamosuchus. These differences notwithstanding, Rugosuchus ex-
hibits a suite of derived features that united it with Shamosuchus djadochtaensis in the phyloge-
ny of Pol et al. [5]. These include a sagittal ridge on the dorsal surface of the frontal, a unified
opening for the exit of cranial nerves IX-XI, the posterior region of the palatine bar between
the suborbital fenestra is flared posteriorly, and the lateral surface of the angular bears a distinct
longitudinal ridge. Several other features present or potentially present in Rugosuchus and
common to the Shamosuchus species reviewed here may serve to strengthen the relationship
between the two taxa.
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cranioquadrate

qu/ex
contact 1cm

Fig 13. Braincase and suspensorium morphology in Paralligatoridae. A, Shamosuchus tersus

(= Paralligator gradilifrons) (PIN 3141-501), occipital view; B, S. tersus (= Paralligator gradilifrons) (PIN
3141-501), line interpretation; C, S. tersus (= Paralligator gradilifrons) (PIN 3141-501), left quadrate and
exoccipital. In C, dashed line marks path of open cranioquadrate canal. Abbreviations: bo, basioccipital;
bs, basisphenoid; ex, exoccipital; fcp, posterior carotid foramen; fv, foramen ovale; leu, lateral Eustachian
foramen; meu, median Eustachian foramen; pt, pterygoid; gj, quadratojugal; qu, quadrate; sf, siphoneal
foramen; Xlla, foramen for anterior branch of hypoglossal nerve; XXlp, foramen for posterior branch of
hypoglossal nerve.

doi:10.1371/journal.pone.0118116.9013

Glen Rose Form. The so-called Glen Rose Form is an undescribed taxon originally illus-
trated and then mentioned by Langston [28, 29] as a putative close eusuchian relative. The
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Glen Rose Form has been included in numerous phylogenetic analyses and has consistently
been recovered near the base of Eusuchia [5,20,21,30,31,32,33]. Its potential importance as a
“transitional” taxon was based on the presence of an intermediate choanal morphology be-
tween more plesiomorphic mesoeucrocodylians and true eusuchians, and the procoelous con-
dition of the referred vertebrae.

Which specimens are considered to constitute the Glen Rose Form has had a problematic
history. Crocodyliform elements recovered from the Glen Rose Fm. as well as other Trinity
Group Fms. have been variously included into this informal taxon [33]. Two skulls have been
linked to it (USNM 22039 and MCZ 4453), as has postcranial remains (e.g., TMM 40595,
TMM 41306, TMM 41307, TMM 42995-2, TMM 40644-1). Rogers [34] made the first inroads
into clarifying the jumble of morphology present in the Glen Rose Form. Based on crocodyli-
form material recovered from a single Trinity Group locality (SMU 331), Rogers erected a new
taxon, Pachycheilosuchus trinquei, that given its morphology suggested the isolated vertebrae
and associated elements (TMM 40595, TMM 41306, TMM 41307) are referable to Pachycheilo-
suchus, not the Glen Rose Form taxon.

This result prompted Pol et al. [5] to take a conservative approach in the phylogenetic analy-
sis of their study of Shamosuchus djadochtaensis and score the Glen Rose Form based only on
the skull material (USNM 22039 and MCZ 4453). This resulted in a more basal position
among neosuchians than in previous analyses including the Glen Rose Form, likely due to the
lack of procoelous vertebral features pulling the taxon crownward. The Glen Rose Form occu-
pied a position more derived than Atoposauridae but was one node down-tree from the Sha-
mosuchus + Rugosuchus clade. Pol et al. [5] provide a detailed discussion of the character
support and character conflict associated with the position of the Glen Rose Form among ple-
siomorphic neosuchians, therefore I will not revisit that discussion here.

In the present analysis I have taken an even more conservative approach. I score the Glen
Rose Form based solely on the USNM 22039 skull, which is from the Trinity Group’s lateral
equivalent the Antlers Fm. of north Texas. I have chosen to exclude MCZ 4453 (recovered
from the Antlers-equivalent Cloverly Fm. of Wyoming) as I await detailed descriptive work on
the Glen Rose Form and its associated material, and assessment whether USNM 22039 and
MCZ 4453 are in fact from the same species. This approach mirrors the scoring of the recent
papers by Adams [33,35]. Adams recovers the Glen Rose Form as the sister taxon to a new spe-
cies from the Twin Mountains Fm. near Procter Lake, Texas. These two species are deeply
nested within the Shamosuchus + Rugosuchus clade—a novel position for the Glen Rose Form
and one I seek to directly test here with added data on the various Shamosuchus species.

Batrachomimus pastosbonensis. Montefeltro et al. [36] recently described a neosuchian
from the Late Jurassic of northeastern Brazil that, based on the authors’” phylogenetic analysis,
was the sister taxon to Shamosuchus + Rugosuchus. The recovery of an apparent paralligatorid
in Late Jurassic deposits expands the temporal range of the clade by 30 million years and pro-
vides a critical data point for understanding the biogeographic history of neosuchians. Batra-
chomimus shares apomorphic features with Shamosuchus djadochtaensis. These include a
shallow hemispherical depression bordered by an elevated rim on the lacrimal and prefrontal,
as well as palatines that flare at both their anterior and posterior ends [36]. The jugal possesses
a long anteroposterior running ridge, bordered dorsally by a shallow depression under the
orbit similar to the one seen in S. djadochtaensis [5]. It also has an open cranioquadrate canal.
Batrachomimus differs from Shamosuchus species by lacking a midline frontal ridge or preorbi-
tal ridges. Moreover, there appears to be no orbitonasal sulcus on the maxilla. The palate of
Batrachomimus is similar to more basal mesoeucrocodylians in a number of aspects. The
choana is anteriorly placed between the suborbital fenestrae, the choanal groove is shallow, and
the choanal septum is long, robusts and flatted along its ventral edge. Fully understanding the
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phylogenetic placement of Batrachomimus is hindered by the absence of most of the skull
table. As discussed above, numerous Shamosuchus and putative paralligatorid synapomorphies
pertain to the morphology of the postorbital and squamosal.

Wannchampsus kirpachi. Adams [33] described this taxon from the Lower Cretaceous
Twin Mountains Fm. of north-central Texas. This Fm. is part of the Trinity Group and is over-
lain by the Glen Rose Fm. Thus it is a lateral equivalent of the Antlers Fm. from where the Glen
Rose Form is known (see above). This taxon is known from two partial skulls, each of which
lacks large portions of the rostrum. Phylogenetic analysis recovered Wannchampsus as the sis-
ter taxon to the Glen Rose Form, which were together nested with Shamosuchus djadochtaensis
and Rugosuchus. Adams [33] suggested that the Glen Rose Form might be referable to
Wannchampsus.

The supratemporal fossa extends far anteriorly onto the frontal and there is a sulcus that
connects the supratemporal fossa to the occipital margin as in Theriosuchus pusillus. The medi-
al wall of this sulcus is better developed than the lateral wall. It is formed by the parietal and is
continuous with the ridge bounding the supratemporal fenestra. As in Theriosuchus, Shamosu-
chus, and Rugosuchus the squamosal has an unsculptured or weakly sculptured posterolateral
lobe. A sharp ridge delimits the beginning of the lobe. The unsculptured area leads anteriorly
into the groove on the lateral edge of the squamosal for the external earflap musculature. The
frontal and parietal in Wannchampsus bear midline ridges (as in Theriosuchus, Shamosuchus,
and Rugosuchus) and the secondary choana is located posteriorly on the secondary palate but
is not pterygoid bound.

Theriosuchus. Owen [37] described Theriosuchus pusillus from two specimens from the
Early Cretaceous Purbeck Limestone of England. Theriosuchus is a relatively small crocodyli-
form with a brevirostrine skull that lacks an antorbital fenestra. Since Joffe [39], Theriosuchus
is typically considered to be an atoposaurid along with Alligatorellus, Alligatorium, Atopo-
saurus, Montsecosuchus, and Brillanceausuchus [20,40,41,42].

Phylogenetic analyses of Neosuchia have thus far typically included only Theriosuchus pusil-
lus and perhaps Alligatorium as representatives of Atoposauridae (e.g., [5,43,44,45,46] but see
[47,48]). Theriosuchus remains have been reported from throughout Europe [48] and less com-
plete remains from Thailand [49] and Inner Mongolia [50] have been referred to Theriosuchus.
Much of the Theriosuchus record is from Late Jurassic or Early Cretaceous sediment but the re-
cently described Theriosuchus sympiestodon [47,51] greatly extends the range of Theriosuchus
into the Late Cretaceous, indicating that the taxon is very long-lived with high levels of mor-
phological conservation. There are five named species: T. pusillus, T. ibericus, T. guimarotae, T.
grandinaris, and T. sympiestodon. Of these, only T. pusillus, T. guimarotae, and T. sympiestodon
have been included in phylogenetic analyses [47], and validity of T. ibericus has been called
into question [48].

Theriosuchus has a number of derived features including a posteriorly placed choanae, ex-
tensive contact of the palatines enclosing the floor of the nasopharyngeal passage, no antorbital
fenestra (possibly present in T. guimarotae, T. sympiestodon, T. ibericus), and at least some pro-
coelous vertebrae. Thus Theriosuchus has long been appreciated as a neosuchian and one of the
possible sister groups to Eusuchia [17,20,37,38]. Cladistic analyses have universally supported
the neosuchian affinities of Theriosuchus although the exact position has varied. As taxonomic
sampling of advanced neosuchians has increased (e.g., [5]), the number of neosuchians sepa-
rating Theriosuchus and other atoposaurids from the crown has increased. Most analyses in-
cluding Theriosuchus differ in its placement by one node. Some recover Theriosuchus as the
second most basal divergence in Neosuchia, being closer to Eusuchia than are thalattosuchians
(e.g., [5,22,45,52]). Other analyses recover it at the base of Neosuchia with thalattosuchians
closer to Eusuchia than Theriosuchus (e.g., [34,35,47]). The analysis of Jouve [46] found
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Atoposauridae in one of the most derived positions as the sister-taxon to the clade containing
Bernissartia + Borealosuchus + Crocodylia.

Diagnoses for Theriosuchus have varied since the initial description of T. pusillus, with an
increasing focus on apomorphies. Clark [20] identified as diagnostic a midline ridge on the
dorsal surface of the parietal and frontal, transverse contact between the lacrimal and the nasal,
and a frontal that extend posteriorly well beyond the anterior limits of the supratemporal fenes-
tra. Schwarz and Salisbury [48] added a list of plesiomorphic and apomorphic features to the
diagnosis. One of the more interesting apomorphic features added by Schwarz and Salisbury
[48] was the presence of a shallow sulcus on the dorsal surface of the maxillary rostrum, imme-
diately caudal to the junction between the maxilla, premaxilla and nasal. This feature was simi-
larly noted by Martin et al. [47] and characterized as a transversely directed groove on the
anterolateral side of the maxilla. This feature had not been previously noted in T. pusillus al-
though examination of NHMUK 48330 confirms its presence in that taxon. It is also present in
T. ibericus [54]. Also present in Theriosuchus pusillus (and apparently most other Theriosuchus
species) is a small unsculptured lobe of bone that lies at the posterior end of the lateral edge of
the squamosal. Noted by Clark [20] as a synapomorphy of Atoposauridae, this feature is also
reported present in Alligatorium meyeri.

I am unaware of any prior comparisons between Theriosuchus and Shamosuchus exploring
a possible close relationship. There are, however, a number of features that are similar. The cra-
nioquadrate canal is open in Shamosuchus (AMNH FARB 6412, IGM 100/1195, PIN 3141/
501) contra the observation of Pol et al. [5] (Fig. 13). Although not preserved in the lectotype
of Theriosuchus pusillus, it appears to be open in both T. sympiestodon and T. guimarotae tak-
ing the form of a sulcus that is roofed by the squamosal along its path on the quadrate. The
maxillae in Shamosuchus and Theriosuchus bear a groove that begins near the orbital margin
and terminates near the external naris. The frontal and parietal in both taxa have prominent
midline ridges. Theriosuchus has a distinct, depressed, and smooth posterolateral “lobe” on the
squamosal. This is similar to the posterolateral squamosal “lobe” present in Shamosuchus [5]
and Rugosuchus [22]. In the latter taxa there is some presence of sculpturing on the lobe. How-
ever, as noted by Clark [20], sculpturing extends somewhat onto the lobe in Theriosuchus pusil-
lus (NHMUK 48216). These comparisons require testing within a phylogenetic analysis.
Additionally, these features could be shared because the traits are more widespread among
basal neosuchians than previously appreciated.

Phylogenetic systematics of “Shamosuchus”
Taxon Sampling

The complete dataset included 101 crocodylomorph taxa plus the outgroup (Gracilisuchus sti-
panicicorum) used to root the phylogenetic trees. The taxon Candidodon itapecurense was ex-
cluded from the searches. The holotype of this taxon is extremely fragmentary and can be
resolved nearly anywhere on the crocodyliform tree. This uncertainty is produced by the large
amount of missing data rather than by character conflict (scorings on the type specimen have
98% data missing). The sampling scheme follows that of [52] and [53] with the inclusion of
fourteen additional neosuchian taxa. Details of the character set are in Appendix Il in S1 Docu-
ment. Reference specimens and literature consulted for information on the ingroup taxa are
available in Appendix I in S1 Document. and the full dataset is available on MorphoBank [55]
at http://www.morphobank.org/permalink/?P1200.
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Tree Search Strategy and Node Support

The phylogenetic dataset was analyzed with equally weighted parsimony using TNT v. 1.0
[56,57]. A heuristic tree search strategy was conducted performing 10,000 replicates of Wagner
trees (using random addition sequences, RAS) followed by TBR branch swapping (holding 10
trees per replicate). The best trees obtained at the end of the replicates were subjected to a final
round of TBR branch swapping. Zero-length branches were collapsed if they lacked support
under any of the most parsimonious reconstructions (i.e., rule 1 of [58]).

The character support of the nodes present in the most parsimonious reconstructions was
calculated using two different methods. The first technique is the jackknife applied to character
resampling [59]. The second method used is Bremer support [60,61], which evaluates node sta-
bility/sensitivity by exploring suboptimal tree solutions in order to determine how many addi-
tional steps must be allowed in searching for topologies before the hypothesized clade is no
longer recovered. The jackknife support analysis was calculated using TNT [56,57]. The analy-
sis was performed using 1,000 replicates for which the probability of independent character re-
moval was set to 0.20. Each jackknife replicate was analyzed using a tree search strategy
consisting of 10 replicates of RAS followed by TBR branch swapping (saving 10 trees per repli-
cate). The topologies obtained during the jackknife replicates are summarized using GC fre-
quencies [62]. Bremer support was calculated using the BREMER.RUN script provided with
TNT.

Sensitivity Analysis

The robustness of the phylogenetic results to competing hypotheses of eusuchian relationships
was assessed two ways. First, positive tree constraints were defined and a maximum parsimony
analysis was conducted using TNT enforcing the tree constraint during the search. Search pa-
rameters followed those of the primary analysis. Second, a Bayesian inference analysis was con-
ducted using MrBayes v3.2 [63]. The standard model was used (Markov k-state variable model
[Mkv] with a gamma-distributed rate variation) and the MCMC chain was run for 5 million
generations with the first 25% of generations discarded as burn-in. Details of the constrained
search and Bayesian analysis are included in Appendix IIT in S1 Document. and analysis files
are available to download at http://www.morphobank.org/permalink/?P1200.

Results

Maximum parsimony analysis recovered 108 optimal trees with a length of 1662 steps (CI =
0.239, RI = 0.700). A reduced strict consensus of the trees (Fig. 14) deviates from the results of
previous versions of this dataset [5,35,52] as well as many recent morphological analysis of
Neosuchia [36,47,64]. Here paralligatorids and hylacochampsids are not successive sister taxa
to Crocodylia but instead form a speciose clade that is itself the sister to Crocodylia. Isisfordia
and Susisuchus are recovered in a basally diverging position within Neosuchia, outside of the
Goniopholididae node, not near the crown-group as in most previous analysis. Conversely
Theriosuchus and Alligatorium are not recovered as basal neosuchians but instead nest within
the paralligatorid + hylaeochampsid clade, as the sister group to Paralligatoridae. The mono-
phyly of the three Shamosuchus species is not supported. Shamosuchus major and S. gradili-
frons are sister taxa and sit in a derived position within Paralligatoridae. Shamosuchus
djadochtaensis is near the base of Paralligatoridae with Rugosuchus nonganensis and Batracho-
mimus pastosbonensis more closely related to S. major and S. gradilifrons than to S. djadoch-
taensis (Fig. 14). I propose that the name Paralligator be reapplied to S. major and S.
gradilifrons.
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Susisuchus anatoceps
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Calsoyasuchus valliceps

Goniopholididae Goniopholis baryglyphaeus
Goniopholis simus
Eutretauranosuchus delfsi
Amphicotylus lucasii
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Fig 14. Reduced strict consensus of 108 equally optimal trees recovered from maximum parsimony analysis of 101 ingroup taxa and 318
phenotypic characters. Trees rooted on Gracilisuchus stipanicicorum. Two equally optimal positions of Bernissartia fagesii shown with dotted line (length =
1662, Cl = 0.239, Rl = 0.700).

doi:10.1371/journal.pone.0118116.g014

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 28/39



@’PLOS | ONE

Review of Shamosuchus and Paralligator

Position of Paralligatoridae within Neosuchia. Because of the two alternate positions
Bernissartia can take in the most parsimonious trees (Fig. 14), the unequivocal character sup-
port is small placing paralligatorids within Eusuchia (i.e., the node containing Hylaeochampsa
and Crocodylia—[65]). The presence of procoelous cervical and trunk vertebrae support the
monophyly of Eusuchia and the placement of paralligatorids within it. This is mostly driven
from the presence of procoely in S. djadochtaensis, Wannchampsus, and Theriosuchus pusillus.
The presence or absence of this feature remains unknown for many basal eusuchians.

If Bernissartia is located outside the split between Crocodylia and Paralligatoridae then an
axis vertebra with a wide neural spine supports eusuchian monophyly. This is not a particularly
strong character because its distribution among neosuchians is at present poorly constrained.
Wide axial neural spines (present in S. djadochtaensis, Borealosuchus formidabilis and Boveri-
suchus vorax, as well as in alligatorids) drive the current optimization at the base of Eusuchia.
The form this character takes in hylaeochampsids is currently unknown.

If Bernissartia is located within Eusuchia on the stem of Paralligatoridae + Hylaeochampsi-
dae, then three additional characters support the monophyly of this clade. Ancestrally, the
eusuchian clade recovered in this analysis is characterized by derived morphology of a choanal
groove undivided by a septum. Nearly all other crocodyliforms for which palate morphology is
known have some form of choanal septum. An undivided choana is optimized at this node in
the present analysis because Shamosuchus djadochtaensis (Fig. 3), the Glen Rose Form, hylaeo-
champsids and non-alligatorid crocodylians possess the condition. This trait is not without ho-
moplasy, however, suggesting that the choanal septum reappeared multiple times—once within
Theriosuchus and again within derived paralligatorid (e.g., Batrachomimus, Paralligator major,
and Paralligator gradilifrons). The two additional characters supporting monophyly of the
clade is the presence of a biconvex first caudal vertebrae and exposure of the supraoccipital on
the skull roof. The presence of a biconvex first caudal is unknown in most of the derived neosu-
chians sampled. It is optimized as an ambiguous eusuchian synapomorphy here because of its
presence in the crocodylians, Bernissartia, Shamosuchus djadochtaensis, and Pachycheilosuchus
trinquei. Supraoccipital exposure on the skull roof is a common feature in many mesoeucroco-
dylians. Most notosuchians and advanced neosuchians posses the trait but it is currently opti-
mized as independently derived at the eusuchian and ziphosuchian nodes.

Paralligatorids are more closely related to hylaeochampsids than to the crocodylian lineage
based on three unambiguous synapomorphies. The presence of a long coracoid (i.e., 2/3 scapu-
lar length) currently diagnoses the Paralligatoridae + Hylaeochampsidae clade. This is an ex-
ceptionally weak synapomorphy. Only a few crocodyliforms are known from postcranial
remains and those that are typically possess the derived morphology of a shorter coracoid rela-
tive to the scapula. The apomorphic reversal to the long coracoid morphology is optimized at
the Paralligatoridae + Hylaeochampsidae because of its presence in Theriosuchus pusillus, Alli-
gatorium, and Pachycheilosuchus; it is unknown in all other members of the clade.

In most neosuchians and thalattosuchians, the postzygapophyses of the axis are poorly de-
veloped. A reversal to the plesiomorphic condition of having well developed, laterally curving
axial postzygapophyses is optimized here as a synapomorphy for Paralligatoridae + Hylaeo-
champsidae. Like the previous synapomorphy discussed, this one is only known in three of the
members of the clade (Theriosuchus guimarotae, S. djadochtaensis, Acynodon adriaticus) and
as such is quite sensitive to future sampling of this trait within the clade.

The third unambiguous synapomorphy at this node is also a reversal from a more wide-
spread neosuchian condition. In most basal neosuchians and in all crocodylians examined, the
palatal process of the maxilla at the contact with the palatine possesses a posteromedial process
that curves around the anterior margin of the suborbital fenestra and onto the bony pharyngeal
passage (Fig. 15). This process is particularly well developed in most crown group taxa (it is
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Fig 15. Systematic variation in palate morphology among neosuchians. Numbers indicate character number from phylogenetic dataset using in this
study, with state value following the period (i.e., char.charstate). A, Theriosuchus pusillus (NHMUK 48330); B, lharkutosuchus makadii (MTM 2006.53.1); C,
Isisfordia duncani (QM F44320); D, Shamosuchus ulgicus (= Paralligator gradilifrons) (PIN 3458/501).

doi:10.1371/journal.pone.0118116.9g015

absent in Gavialis) and variably developed in more basal neosuchian forms. The process is ab-
sent in all hylaeochampsids as well as in Theriosuchus, Batrachomimus and Rugosuchus
(Fig. 15). As such it is optimized as a synapomorphy uniting the group. Presence of the derived
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morphology in the Glen Rose Form and the two species of Paralligator is interpreted here as
secondary derivations of the morphology.

Relationships within Paralligatoridae. Support for paralligatorid monophyly in this
study is moderate. Four unambiguous synapomorphies unite paralligatorid taxa to the exclu-
sion of Theriosuchus. Many neosuchians, as well as a few notosuchians like Simosuchus and
Araripesuchus, possess a small vascular opening on the dorsal surface of the postorbital bar.
This trait is lost independently in paralligatorids, Paluxysuchus and Acynodon adriaticus.

Wannchampsus and Paralligator gradilifrons have a medial quadrate condyle that expands
ventrally, which is separated from the lateral condyle by a distinct intercondylar groove. This is
optimized as a synapomorphy of paralligatorids, although the trait distribution is unknown in
other members of the clade. Shamosuchus djadochtaensis is scored as unknown in the matrix
but the IGM 100/1195 specimen strongly suggests this taxon has the morphology as well, and
thus provides additional support for this as a paralligatorid synapomorphy. This feature of the
quadrate is otherwise only seen in ziphosuchian notosuchians, wherein it is perhaps a bit more
developed with a very strongly ventrally expanded medial condyle and a deep intercondylar
groove (e.g., Araripesuchus wegeneri, Anatosuchus minor).

Wannchampsus and Paralligator gradilifrons share a wide and rounded olecranon process
on the ulna. The distribution of this trait is poorly constrained among crocodyliforms general-
ly. Crown group crocodylians similarly possess a wide and rounded olecranon. Similar to the
previous character, Shamosuchus djadochtaensis is scored as unknown for this trait, but IGM
100/1195 suggests this taxon has a wide and rounded olecranon as well.

Paralligatorids are diagnosed by a midline crest on the basioccipital plate below the occipital
condyle (Fig. 13). This trait appears convergently in multiple mesoeucrocodylian lineages,
most notably within dyrosaurids, most notosuchians, derived hylaeochampsids, and most cro-
codylians. It is possible that future work will show this to be characteristic of a much more in-
clusive neosuchian clade.

Depending on whether character transformations are accelerated or delayed, an anterior
half of the interfenestral bar between the suborbital fenestrae that flares anteriorly serves as a
fifth synapomorphy for Paralligatoridae (Figs. 3C and, 51, J). Pol et al. [5] initially reported this
trait, but it is now clear that it has a wider distribution among neosuchians. Beyond being in all
paralligatorids, an anteriorly flared interfenestral bar is present in Acynodon, Allodaposuchus,
some goniopholidids, Isisfordia, and alligatorids. At present, an undivided foramen vagi ambig-
uously diagnoses this clade, but could be a synapomorphy of the more inclusive Paralligatori-
dae + Theriosuchus clade if the trait turns out to be present in Theriosuchus.

The monophyly of Shamosuchus, Batrachomimus, Rugosuchus, and Paralligator is sup-
ported by six synapomorphies. Of the paralligatorid taxa considered in this study, the phyloge-
netic analysis of Pol et al. [5] overlapped in the inclusion of Shamosuchus djadochtaensis and
Rugosuchus. Their analysis identified and recovered as a synapomorphy for Shamosuchus +
Rugosuchus a posteriorly flared posterior half of interfenestral bar between suborbital fenestrae
(Fig. 3C, F). That trait continues to diagnosis a clade containing those two taxa but now also in-
cludes Batrachomimus and Paralligator. The morphology is quite similar to what is seen in the
palate of alligatoroids.

Pol et al. [5] identified three other possible synapomorphies for a Rugosuchus + Shamosu-
chus clade. These traits where the absence of a ventrally open notch at the premaxilla/maxilla
contact (Fig. 3A, D), a longitudinal ridge on the lateral surface of the jugal extending the entire
length of the bone (Fig. 10), and a depression on the anterior area of the jugal below the orbits
(Fig. 10A; [5]: Fig. 13]). Our expanded taxonomic sample now resolves these three traits as un-
ambiguous synapomorphies for a taxonomically more inclusive clade. The absence of a notch
at the premaxilla/maxilla contact marks a significant modification away from what is typically
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considered a hallmark neosuchian feature. However, as neosuchian sampling has increased the
number of inferred losses of this notch as increased. At present, the modification to a smooth
transition between premaxilla and maxilla occurred at least five times; once within paralligator-
ids, once in hylaeochampsids, once in susisuchids, once in derived gavialoids, and once in alli-
gatoroids (globidontans + Diplocynodon). In fact, it is this modification that in many ways
gives paralligatorids the “alligator” like appearance to their snout.

In Shamosuchus, Batrachomimus, and Rugosuchus the anterior edge of choanae is situated
anteriorly, between suborbital fenestra. Although more posteriorly located in Paralligator, the
anterior position is optimized as a synapomorphy for this subclade. Likewise, a reduced and
sculptured outer lateral surface of the squamosal is optimized as a Shamosuchus + Batrachomi-
mus + Rugosuchus + Paralligator synapomorphy, although P. major does exhibit the more de-
rived condition of have an unsculptured and reduced lateral squamosal surface. Among
neosuchians, only this clade of paralligatorids, Acynodon, and Allodaposuchus subjuniperus
show the reduced but sculptured condition.

In Batrachomimus and Paralligator the choanal groove is completely septate. This is not the
case in Shamosuchus, the Glen Rose Form or Wannchampsus, which have only partial choanal
septa. The nature of the choanal septum is uncertain in Rugosuchus, but one would infer it to
be completely septate based on its phylogenetic placement. Also, in Batrachomimus, Rugosu-
chus, and Paralligator the anterior extent of the jugal exceeds the anterior margin of the orbit.
This is not true in Shamosuchus, the Glen Rose Form, or Theriosuchus, which have anteriorly
shorter jugals.

Rugosuchus and Paralligator share the presence of a large lacrimal that, in dorsal view, is
mediolaterally wider than the prefrontal, and contacts the nasal (Figs. 5G, ] and 8E, F). Contact
between the lacrimal and nasal is common among neosuchians, but basal members of Paralli-
gatoridae, Hylaeochampsa, Iharkutosuchus, and Theriosuchus guimarotae all have lacrimals
that fail to contact the nasal. Due to the distribution of these trait among the basal members of
the Hylaeochampsidae + Theriosuchus + Paralligatoridae clade, a reversal to contacting lacri-
mal and nasals is here optimized as a synapomorphy for this subclade of paralligatorids. The
presence of a mediolaterally wide prefrontal is convergently shared with a number of other
neosuchian clades such as Allodaposuchus, Acynodon, Susisuchidae, and
derived goniopholidids.

Paralligator is diagnosed by a choanae with the anterior edge situated near the posterior
edge of the suborbital fenestra. The choanae of the other paralligatorids is located near the mid-
point of the suborbital fenestra. The squamosal in P. gradilifrons and P. major has an anterior
process that extends to the orbital margin, overlapping the postorbital bone. This process is not
present in Rugosuchus and Batrachomimus. The only other taxa that share this feature are Sha-
mosuchus djadochtaensis and the notosuchians Malawisuchus and Simosuchus. It is interesting
that the three paralligatorids from the Gobi share this feature but are not united in a clade by it.
Lastly, the two Paralligator species bear a posteromedial process on the palatal process of the
maxilla that curves posteriorly onto the palatine-formed nasopharyngeal passage (Fig. 15C).
This trait was discussed early because the loss of this process is optimized in the study as a syn-
apomorphy of the Paralligatoridae + Hylaeochampsidae + Theriosuchus clade.

Systematic paleontology

Crocodylomorpha Hay, 1930

Crocodyliformes Hay, 1930 (sensu Clark, 1986)
Neosuchia Clark in Benton and Clark, 1988
Eusuchia Huxley, 1875
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Paralligatoridae Konzhukova, 1954 [6]

Membership. Paralligator spp., Wannchampsus kirpachi, Glen Rose Form, Rugosuchus
nonganensis, Shamosuchus djadochtaensis, and Batrachomimus pastosbonensis.

Diagnosis. Vascular opening in dorsal surface of postorbital bar absent (27.0); medial
quadrate condyle expands ventrally, separated from lateral condyle by deep intercondylar
groove (170.1); olecranon process of ulna wide and rounded (260.1); anterior half of interfenes-
tral bar between suborbital fenestrae flared anteriorly (278.1); basioccipital midline crest pres-
ent on basioccipital plate (297.1).

Shamosuchus Mook, 1924 [1]

Type Species. Shamosuchus djadochtaensis Mook, 1924 [1]

Occurrence. Djadokhta Fm., Mongolia.

Diagnosis. Member of Paralligatoridae with the following combination of characters
(* denotes autapomorphies in the context of other paralligatorids; numbers following trait de-
note characters from analysis with the convention of “character.character state”): a single wave
of maxillary tooth enlargement (79.1)*; frontal with prominent midline crest and elevated orbital
margins; preorbital ridge present but weakly developed; palpebral facets form prominent de-
pressions; orbitonasal sulcus shallow on the maxilla*; postorbital-ectopterygoid contact absent
(144.1)*; long splenial symphysis*; splenials V-shaped at symphysis; fourth maxillary tooth the
largest; narrow ascending process of the quadratojugal bearing a slightly developed ridge located
close to its anterior margin®; shallow and broad squamosal groove that tapers posteriorly at the
level of the posterior edge of the otic aperture and reappears along the lateral edge of the postero-
lateral process of the squamosal; small siphoneal foramen located anteroventrally to the otic aper-
ture; well-developed crest B on ventral surface of quadrate; undivided foramen vagi; cervical
vertebrae procoelous, first dorsal vertebra procoelous with large neural canal.

Note. This diagnosis is abbreviated relative to that provided by Pol et al. [5]. Some of the
features noted by those authors now serve as synapomorphies for more inclusive clades or have
a more varied distribution than previously appreciated.

Shamosuchus djadochtaensis Mook, 1924 [1]

Holotype. AMNH FARB 6412, a partial skull.
Diagnosis. As for genus.

Paralligator Konzhukova, 1954 [6]

Type Species. Paralligator gradilifrons Konzhukova, 1954 [6]

Referred Taxa. Paralligator major Efimov, 1981 [8].

Synonymy. Shamosuchus Mook, 1924 [1] (in part).

Occurrence. Nemegt and Bayanshiree Fms., Mongolia.

Diagnosis. Member of Paralligatoridae with the following combination of characters: an-
terior edge of choanae situated near the posterior edge of suborbital fenestra (44.1); anterior
process of squamosal, in lateral view, with anterior process extending to orbital margin and
overlapping postorbital bone (288.1); palatal surface of maxilla bearing posteromedial process
curving posteriorly onto palatine-formed nasopharyngeal passage (312.1).

Paralligator gradilifrons Konzhukova, 1954 [6]
Holotype. PIN 554-1, a nearly complete skull lacking most of the secondary palate.
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Synonymy. Paralligator ancestralis Konzhukova, 1954 [1]; Shamosuchus ancestralis
(Konzhukova, 1954) [1]; Paralligator ulgicus Efimov, 1981 [8]; Shamosuchus ulgicus (Efimov,
1981) [8]; Shamosuchus ulanicus Efimov, 1983 [11]; Shamosuchus tersus Efimov, 1983 [11].

Diagnosis. Member of Paralligatoridae with the following combination of characters: nar-
row antero-posterior running groove through postorbital near postorbital-frontal contact;
large crest A on ventral aspect of quadrate extending anteriorly above trigeminal foramen
(may be fusion of crest A with A’; shares with P. major fifth maxillary tooth as largest; short
mandibular symphysis ending near sixth mandibular tooth; choanal septum robust (compared
to Shamosuchus djadochtaensis); groove runs through preorbital crest; majority of specimens
possess small boss on anterolateral corner of postorbital; majority of specimens possess orbital
crests on frontal similar in size to median frontal crest.

Paralligator major Efimov, 1981 [8]

Holotype. PIN 3726/501, a nearly complete but heavily reconstructed skull.

Synonymy. There are currently no known synonyms.

Diagnosis. A member of Paralligator in which the premaxillae meet posterior to the exter-
nal naris*.

Discussion

The purpose of this study was to revise Shamosuchus and Paralligator taxonomy and provide a
more comprehensive look at their phylogenetic history. Perhaps naively, I thought this would
be a relatively straightforward task of sorting through the history of what was appreciated for
some time as a likely over-split set of species [14]. The tasks, particularly the phylogenetic com-
ponent, proved to be more complicated. Increased taxonomic and character sampling, as well
as new discoveries such as Paluxysuchus [35], Wannchampsus [33], and Batrachomimus [36],
and reevaluations of other derived eusuchians such as Acynodon [66] or putative eusuchians
such as Isisfordia have begun to alter our understanding of the geographic and morphological
variation within advanced neosuchians.

In assessing the morphological similarities among, and variation between, the numerous
specimens of named Shamosuchus and Paralligator species, it became apparent that a host of
morphological features are shared among the Bayanshiree and Nemegt Fms. specimens. While
there are degrees of variation present between some specimens (particularly in the skull roof),
establishing a nomenclatural framework that relies on apomorphy-based diagnoses [67,68,69]
provides the most stable and precise taxonomy for Shamosuchus and Paralligator. Any attempt
to separate a Nemegt taxon from a Bayanshiree taxon would have be driven strictly by a priori
priority of temporal data and would necessarily have relied on hedges and poorly quantifiable
distinctions, and thus diminished the diagnostic value of the material. Extant crocodylians can
exhibit high degrees of variation [70], and one should not fear such variation in the
fossil record.

The Paralligatoridae clade recovered here is similar in taxonomic content but not topology
to the clade recovered by two other recent analyses [33,57]. Adams recovered the Glen Rose
Form and Wannchampsus in the most derived position within the clade. Here I find them as
the sister taxon to the remainder of paralligatorid diversity. The difference in the rooting of the
paralligatorid clade between the two analysis appears to stem from the increase sampling of
Theriosuchus in my analysis, the reevaluation of the posterior squamosal flange as a trait shared
between Theriosuchus and other paralligatorids, and the discovery of additional morphological
traits linking the group (e.g., the orbitonasal sulcus). Additionally, detailed comparison across
neosuchians revealed that traits such as an open cranioquadrate canal, which formerly served
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to unite neosuchian subclades, is in fact the widespread condition for the group until you reach
the crown. Similarly, the orbitonasal sulcus present in paralligatorids and Theriosuchus had
been noted by Konzhukova [6] and Efimov [8] and recently identified in Theriosuchus species
[47,51]. But these observations had yet to be translated into phylogenetic character data. Two
of the synapomorphies Adams [35] recovered as diagnostic of paralligatorid (a midline ridge
along the dorsal surface of the frontal and parietal; and a sharp ridge along the lateral surface of
the angular) are optimized here as Paralligatoridae + Theriosuchus synapomorphies. Both of
these traits had by identified as possible paralligatorid synapomorphies by Pol et al. [5] but
their resolution was ambiguous in part because of the distribution of the traits in the Glen Rose
Form and Theriosuchus pusillus.

A derived position for Theriosuchus is strongly supported in my analysis. Seven morpholog-
ical traits unambiguously support the Paralligatoridae + Theriosuchus node. Support metrics
are varied; a bootstrap analysis does not recover the node, jackknife support is low (GC = 22),
and the Bremer support is 3. The monophyly of the core of Paralligatoridae (the node including
Shamosuchus and Paralligator) is strongly supported with six unambiguous synapomorphies
and moderate jackknife (GC = 31) and Bremer values (Bremer = 4).

Perhaps the most surprising result of the analysis was recovering a sister group relationship
between Hylaeochampsidae and Paralligatoridae + Theriosuchus. As far as I can tell no such re-
lationship has previously been proposed and it is not immediately obvious what would unite
paralligatorids and Theriosuchus (which are all quite similar morphologically) with a clade so
apomorphic and seemingly ecologically-specialized as hylacochampsids. Indeed, the support
for this grouping is very weak. All the diagnostic characters are all reversals from more wide-
spread neosuchian traits. They are optimized as diagnostic for the clade based on observations
from only a few taxa that are widely distributed within the clade. No support metric (Bremer,
Jackknife, Bootstrap) recovered any support for the group. Constraining hylacochampsids to
be the sister taxon to the crown group to the exclusion of Paralligatoridae and Theriosuchus re-
sults in optimal trees that are only 2 steps longer than the most parsimonious trees in the un-
constrained analysis (Fig. I in SI Document). Bayesian inference of the morphological dataset
supports the sister group relationships between Paralligatoridae and a Theriosuchus clade with
over 90% posterior probability. It, however, recovers a traditional monophyletic Eusuchia with-
out the odd result of paralligatorids nesting with hylaeochampsids (Fig. I in S1 Document).

If the current topology holds, the taxonomic content of Eusuchia will be greatly altered
from our present understanding. In fact, things that do not have a “eusuchian” palate will
nonetheless be eusuchians! Based on the present tree structure, the formation of a complete
secondary palate is ambiguously optimized. It is equally most parsimonious to infer the deriva-
tion of a pterygoid-bound choanae at the Paralligatoridae + Crocodylia + Hylacochampsidae
node with a reversal at Paralligatoridae + Theriosuchus, or to infer the independent origin of
the trait in Crocodylia and Hylaeochampsidae. I am skeptical of the placement of Paralligatori-
dae within Eusuchia proper. Resolution of this question ultimately rests with further taxonomic
and character sampling. However, the non-existent clade support suggests this strange topolo-
gy may be an artifact given that the only character transformations supporting it are in the
form of reversals shared by two highly apomorphic clades. This notion is further indicated by
the fact that the Bayesian inference tree does not recover the unexpected grouping of paralliga-
torids with hylaeochampsids. Unlike maximum parsimony, the Mkv model is sensitive to re-
versals occurring along long branches (like those that Paralligatoridae and Hylaeochampsidae
sit on) and could be correctly identifying the shared reversals as convergence [71].

Likewise, another question unaddressed in the present study is how the repositioning of
Theriosuchus and Alligatorium to a more derived neosuchian position effects notions of Atopo-
sauridae monophyly. Pachycheilosuchus nests with Allodaposuchus in my analysis here, but
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prior versions of the data did recovery it near Atoposauridae [52]. Additionally, taxa such as
Unasuchus reginae [72] and Montsecosuchus depereti [39] need to be reassessed in light of the
new data arising from an increased focus on neosuchians.

Conclusions

What once appeared to be a highly endemic Asian clade, Paralligatoridae now has a nearly
global occurrence spanning the Late Jurassic of Brazil [36] through the Early Cretaceous of
North America [33,35] into the Early through Late Cretaceous of Asian [1,6,8]. This temporal
occurrence mirrors the temporal longevity of the paralligatorid sister taxon Theriosuchus,
which is known from the Late Jurassic into the Late Cretaceous [47,48,54]. By corroborating
the paralligatorid status of Batrachomimus pastosbonensis, this study contributes to the grow-
ing diversity of advanced Neosuchia that appear in the Southern Hemisphere. Although bio-
geographic conclusions for the transition to the crown group distribution are premature, there
is certainly a new picture arising that is more complicated than a series of geographically re-
stricted clades along the stem of Crocodylia. This ongoing rearrangement and clarification of
the sister groups to Crocodylia are important for questions of basal crocodylian relationships
including the placement of Borealosuchus, Planocraniidae [73], and perhaps even Gavialis. As
sampling expands outside of Crocodylia, we are beginning to understand the extent to which
alligator-like morphology pervades advanced neosuchians [66,74].

Supporting Information

S1 Document. Taxon list, phylogenetic dataset and sensitivity analysis results.
(PDF)

Acknowledgments

I thank A. Pritchard, J. Nestler, S. Werning, and D. Pol for helpful discussions and information.
I'm especially grateful for the insights and access to unpublished data provided by C. Brochu. I
thank Andrey Sennikov, Yuri Gubin, and Mikhail Efimov and the staff of the Paleontological
Institute in Moscow for their assistance and hospitality during the visit to Moscow. Access to
comparative specimens was possible thanks to S. Apesteguia, B. Battail, ]. Bonaparte, J. Calvo,
S. 1. Carvalho, Chapman, S. Cocca, J. Cocca, M. Efimov, A. Garrido, Y. Gubin, A. Kramarz, D.
Krause, J. Maisey, A. Milner, M. Norell, F. Novas, A. Osi, A. Rasoamiaramanana, A. Resetar, L.
Salgado, S. Salisbury, P. Sereno, W. Simpson, and X. Xu. A. Pritchard, J. Nestler, S. Werning
provided careful reviews that improved the quality of the manuscript. T. Herbert assisted with
translation of Russian text. C. Brochu and S. Salisbury are thanked for their detailed and
thoughtful reviews. Any mistakes that remain are my own.

Author Contributions

Conceived and designed the experiments: AHT. Performed the experiments: AHT. Analyzed
the data: AHT. Contributed reagents/materials/analysis tools: AHT. Wrote the paper: AHT.

References
1. Mook CC (1924) A new crocodilian from Mongolia. American Museum Novitates 117: 1-5.

2. Dashzeveg D, Novacek MJ, Norell MA, Clark JM, Chiappe LM, et al. (1995) Unusual preservation in a
new vertebrate assemblage from the Late Cretaceous of Mongolia. Nature 374: 446-449.

3. Dashzeveg D, Dingus L, Loope DB, Swisher CC, Dulam T, et al. (2005) New stratigraphic subdivision,
depositional environment, and age estimate for the Upper Cretaceous Djadokhta Formation, Southern
Ulan Nur Basin, Mongolia. American Museum Novitates 3498: 1-31.

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 36/39


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118116.s001

@’PLOS | ONE

Review of Shamosuchus and Paralligator

11.

12

13.

14.

15.

16.
17.
18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

Dingus L, Loope DB, Dashzeveg D, Swisher CC, Minjin C, et al. (2008) The Geology of Ukhaa Tolgod
(Djadokhta Formation, Upper Cretaceous, Nemegt Basin, Mongolia). American Museum Novitates
3616: 1-40.

Pol D, Turner AH, Norell MA (2009) Morphology of the Late Cretaceous crocodylomorph Shamosuchus
djadochtaensis and a discussion of neosuchian phylogeny as related to the origin of Eusuchia. Bulletin
of the American Museum of Natural History 324: 1—103.

Konzhukova ED (1954) [New fossil crocodilian from Mongolia]. Trudy Paleontologicheskogo Instituta
ANSSSR 48:171-194.

Efimov MB (1975) Late Cretaceous crocodiles of Soviet Central Asia and Kazakhstan. Paleontologi-
cheskii Zhurnal 9: 417-420.

Efimov MB (1981) New paralligatorids from the Upper Cretaceous of Mongolia. Trudy Sovmestnoi
Sovetsko-Mongol'skoi Paleontologicheskoi Ekspeditsii 15: 26—28.

Sun AL (1958) A new species of Paralligator from Sungarian Plain. Vertebrata Palasiatica 2: 277-280.

Efimov MB (1982) New fossil crocodiles from the territory of the USSR. Paleontologicheskii Zhurnal 2:
146-150.

Efimov MB (1983) Review of fossil crocodiles of Mongolia. Trudy Sovmestnoi Sovetsko-Mongol'skoi
Paleontologischeskoi Ekspeditsii 24: 76-96.

Nesov LA, Kaznyshkina LF, Cherepanov GO (1989) Dinosaurs-Ceratopsidae and crocodiles from the
Mesozoic of Soviet Central Asia, p. 144—154, Sessii Vsesoyuznogo Paleontologicheskogo
Obshchestva Trudy. Volume 33, St. Petersburg: Nauka.

Efimov MB (1988) Fossil crocodiles and champsosaurs of Mongolia and the USSR. Trudy Sovmestnoi
Sovetsko-Mongol'skoi Paleontologicheskoi Ekspeditsii 36: 1—108.

Storrs GW, Efimov MB (2000) Mesozoic crocodyliforms of north-central Eurasia. The Age of Dinosaurs
in Russia and Mongolia: 402—419.

Turner AH, Brochu CA (2011) Fleshing out the neosuchian tree: a reevaluation of the crocodyliform
Shamosuchus from the Cretaceous of Asia. Journal of Vertebrate Paleontology 31(suppl. 3): 110A.

Mook CC (1934) The evolution and classification of the Crocodilia. Journal of Geology 42:295-304.
Kélin J (1955) Crocodilia. Traité de Paleontologie Tome V: 695-784.

Steel R (1973) Handbuch der Paleoherpetologie, Vol. 16: Crocodilia. Fischer-Verlag, Portland, Ore-
gon, 116 pp.

Buffetaut E (1982) Radiation evolutive, paleoecologie et biogeographie des crocodiliens mesosu-
chiens. Memoires de la Societe Geologique de France 142: 1-88.

Clark JM (1986) Phylogenetic relationships of the crocodylomorph archosaurs. PhD dissertation, Uni-
versity of Chicago, Chicago, lllinois, 556 pp.

Benton MJ, Clark JM (1988) Archosaur phylogeny and the relationships of the Crocodylia. In Benton
MJ, editor. The Phylogeny and Classification of Tetrapods, Volume 1: Amphibians, Reptiles, Birds.
Clarendon Press, Oxford. pp. 295-338.

Wu XC, Cheng ZW, Russell AP (2001) Cranial anatomy of a new crocodyliform (Archosauria: Crocody-
lomorpha) from the Lower Cretaceous of Song-Liao Plain, northeastern China. Canadian Journal of
Earth Sciences 38: 1653—-1663.

lordansky NN (1973) The skull of the Crocodylia. In Gans C, Parsons TS, editors. Biology of the Repti-
lia, Volume 4. Academic Press, London. pp. 201-264.

Sun AL, LiJL, Ye XK, Dong ZM, Hou LH (1992) The Chinese fossil reptiles and their kins. Science
Press, Beijing, China, 102 pp.

Averianov A, Sues HD (2012) Skeletal remains of Tyrannosauroidea (Dinosauria: Theropoda) from the
Bissekty Formation (Upper Cretaceous: Turonian) of Uzbekistan. Cretaceous Research 34:284-297.

Halliday TJ, Andrade M, Benton MJ, Efimov MB. (2013) A re-evaluation of goniopholidid crocodylo-
morph material from Central Asia: Biogeographic and phylogenetic implications. Acta Palaeontologica
Polonica. doi: 10.4202/app.2013.0018

Nesov LA (1995) The Dinosauria of North Eurasia: new data on composition, complex, ecology and
paleobiogeography. St. Petersburg: Nauka.

Langston W (1973) The crocodilian skull in historical perspective. In Gans C, Parsons TS, editors. Biol-
ogy of the Reptilia, Volume 4. Academic Press, London. pp. 263-284.

Langston W (1974) Nonmammalian Comanchean tetrapods. Geoscience and Man 8: 77-102.

Brochu CA (1997) Morphology, fossils, divergence timing, and the phylogenetic relationships of Gavia-
lis. Systematic Biology 46:479-522. PMID: 11975331

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 37/39


http://dx.doi.org/10.4202/app.2013.0018
http://www.ncbi.nlm.nih.gov/pubmed/11975331

@’PLOS | ONE

Review of Shamosuchus and Paralligator

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Brochu CA (1999) Phylogeny, systematics, and historical biogeography of Alligatoroidea. Society of
Vertebrate Paleontology Memoir 6: 9—100.

Buscalioni AD, Ortega F, Weishampel DB, Jianu CM (2001) A revision of the crocodyliform Allodaposu-
chus precedens from the Upper Cretaceous of the Hateg Basin, Romania. Its relevance in the phyloge-
ny of Eusuchia. Journal of Vertebrate Paleontology 21: 74-86.

Adams TL (2014) Small crocodyliform from the Lower Cretaceous (Late Aptian) of Central Texas and
its systematic relationship to the evolution of Eusuchia. Journal of Paleontology 88: 1031—1049.

Rogers JV (2003) Pachycheilosuchus trinquei, a new procoelous crocodyliform from the Lower Creta-
ceous (Albian) Glen Rose Formation of Texas. Journal of Vertebrate Paleontology 23: 128—145.

Adams TL (2013) A new neosuchian crocodyliform from the Lower Cretaceous (Late Aptian) Twin
Mountains Formation of North-Central Texas. Journal of Vertebrate Paleontology 33: 85-101.

Montefeltro FC, Larsson HCE, de Franga MAG, Langer MC (2013) A new neosuchian with Asian affini-
ties from the Jurassic of northeastern Brazil. Naturwissenschaften 100: 835-841. doi: 10.1007/
s00114-013-1083-9 PMID: 23893176

Owen R (1879) Monograph on the fossil Reptilia of the Wealden and Purbeck Formations. Supplement
IX: Crocodilia (Goniopholis, Brachydectes, Nannosuchus, Theriosuchus, and Nuthetes) Palaeontogra-
phical Society Monographs 33: 1-19.

Joffe J (1967) The 'dwarf' crocodiles of the Purbeck Formation, Dorset: a reappraisal. Palaeontology
10: 629-639.

Buscalioni AD, Sanz JL (1990) Montsecosuchus depereti (Crocodylomorpha, Atoposauridae), new de-
nomination for Alligatorium depereti Vidal, 1915 (Early Cretaceous, Spain): redescription and phyloge-
netic analysis. Journal of Vertebrate Paleontology 10: 244-254.

Norell MA, Clark JM (1990) A Reanalysis of Bernissartia fagesii, with Comments on its Phylogenetic
Position and its Bearing on the Origin and Diagnosis of Eusuchia. Bulletin van Het Koninklijk Belgisch
Instituut Voor Natuurwetenschappen, Aardwtenschappen Bulletin de L'Institut Royal des Sciences Nat-
urelles de Belgique, Sciences de la Terre 60: 115-128.

Clark JM (1994) Patterns of Evolution in Mesozoic Crocodyliformes. In Fraser NC, Sues HD, editors. In
the Shadow of the Dinosaurs: Early Mesozoic Tetrapods. Cambridge University Press, New York. pp.
84-97.

Pol D, Ji S, Clark JM, Chiappe LM (2004) Basal crocodyliforms from the Lower Cretaceous Tugulu
Group (Xinjiang, China), and the phylogenetic position of Edentosuchus. Cretaceous Research 5:
603-622.

Jouve S, larochéne M, Bouya B, Amaghzaz M (2006) A new species of Dyrosaurus (Crocodylomorpha,
Dyrosauridae) from the early Eocene of Morocco: phylogenetic implications. Zoological Journal of the
Linnean Society 148: 603—656.

Larsson HCE, Sues HD (2007) Cranial osteology and phylogenetic relationships of Hamadasuchus
rebouli (Crocodyliformes: Mesoeucrocodylia) from the Cretaceous of Morocco. Zoological Journal of
the Linnean Society 149: 533-567. PMID: 18784798

Turner AH, Buckley GA (2008) Mahajangasuchus insignis (Crocodyliformes: Mesoeucrocodylia) cranial
anatomy and new data on the origin of the eusuchian-style palate. Journal of Vertebrate Paleontology
28: 382-408.

Jouve S (2009) The skull of Teleosaurus cadomensis (Crocodylomorpha; Thalattosuchia), and phylo-
genetic analysis of Thalattosuchia. Journal of Vertebrate Paleontology 29: 88—102.

Martin JE, Rabi M, Csiki Z (2010) Survival of Theriosuchus (Mesoeucrocodylia: Atoposauridae) in a
Late Cretaceous archipelago: a new species from the Maastrichtian of Romania. Naturwissenschaften
97: 845-854. doi: 10.1007/s00114-010-0702-y PMID: 20711558

Schwarz D, Salisbury SW (2005) A new species of Theriosuchus (Atoposauridae, Crocodylomorpha)
from the Late Jurassic (Kimmeridgian) of Guimarota, Portugal. Geobios 38: 779-802.

Lauprasert K, Laojumpon C, Saenphala W, Cuny G, Thirakhupt K, et al. (2011) Atoposaurid crocodyli-
forms from the Khorat Group of Thailand: first record of Theriosuchus from Southeast Asia. Palaéonto-
logische Zeitschrift 85: 37-47.

Wu XC, Sues HD, Brinkman DB (1996) An atoposaurid neosuchian (Archosauria: Crocodyliformes)
from the Lower Cretaceous of Inner Mongolia (People's Republic of China) Canadian Journal of Earth
Science 33: 599-605.

Martin JE, Rabi M, Csiki Z, Vasile S (2014) Cranial morphology of Theriosuchus sympiestodon
(Mesoeucrocodylia, Atoposauridae) and the widespread occurrence of Theriosuchus in the Late Creta-
ceous of Europe. Journal of Paleontology 88: 444—456.

Turner AH, Sertich JJW (2010) Phylogenetic history of Simosuchus clarki (Crocodyliformes: Notosu-
chia) from the Late Cretaceous of Madagascar. Journal of Vertebrate Paleontology 30: 177-236.

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 38/39


http://dx.doi.org/10.1007/s00114-013-1083-9
http://dx.doi.org/10.1007/s00114-013-1083-9
http://www.ncbi.nlm.nih.gov/pubmed/23893176
http://www.ncbi.nlm.nih.gov/pubmed/18784798
http://dx.doi.org/10.1007/s00114-010-0702-y
http://www.ncbi.nlm.nih.gov/pubmed/20711558

@’PLOS | ONE

Review of Shamosuchus and Paralligator

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Pritchard AC, Turner AH, Allen ER, Norell MA (2013) Osteology of a North American Goniopholidid
(Eutretauranosuchus delfsi) and Palate Evolution in Neosuchia. American Museum Novitates 3783: 1—
56.

Salisbury S (2002) Crocodilians from the Lower Cretaceous (Berriasian) Purbeck Limestone Group of
Dorset, Southern England. Special Papers in Palaeontology 68: 121-144.

O'Leary MA, Kaufman SG (2007) MorphoBank 2.5: Web application for morphological phylogenetics
and taxonomy. http://www.morphobank.org.

Goloboff PA, Farris JS, Nixon KC (2008a) TNT: a free program for phylogenetic analysis. Cladistics 24:
774-786.

Goloboff PA, Farris JS, Nixon KC (2008b) TNT: Tree Analysis Using New Technology, vers. 1.1 (Willi
Hennig Society Edition). Program and documentation available at http://www.zmuc.dk/public/
phylogeny.html.

Coddington J, Scharff N (1994) Problems with zero-length branches. Cladistics 10: 415-423.

Farris JS, Albert VA, Kallersj6 M, Lipscomb D, Kluge AG (1996) Parsimony jackknifing outperforms
neighbor-joining. Cladistics 12: 99-124.

Bremer K (1988) The limits of amino acid sequence data in angiosperm phylogenetic reconstruction.
Evolution 42: 795-803.

Bremer K (1994) Branch support and tree stability. Cladistics 10: 295-304.

Goloboff PA, Farris JS, Kallersjo M, Oxelman B, Ramirez MJ, et al. (2003) Improvements to resampling
measures of group support. Cladistics 19: 324-332.

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, et al. (2012) MrBayes 3.2: Efficient
Bayesian phylogenetic inference and model choice across a large model space. Systematic Biology
61: 539-542. doi: 10.1093/sysbio/sys029 PMID: 22357727

Puértolas-Pascual E, Canudo JI, Moreno-Azanza M (2013) The eusuchian crocodylomorph Allodapo-
suchus subjuniperus sp. nov., a new species from the latest Cretaceous (upper Maastrichtian) of
Spain. Historical Biology, doi: 10.1080/08912963.2012.763034

Brochu CA (2003) Phylogenetic approaches toward crocodylian history. Annual Review of Ecology and
Systematics 31: 357-397.

Turner AH, Brochu CA. 2010. A reevaluation of the crocodyliform Acynodon from the Late Cretaceous
of Europe. Journal of Vertebrate Paleontology 30(supp. 3): 179A.

Bever GS (2005) Variation in the ilium of North America Bufo (Lissamphibia; Anura) and its implications
for species-level identification of fragmentary anuran fossils. Journal of Vertebrate Paleontology 25:
548-560.

Nesbitt SJ, Stocker MR (2008) The vertebrate assemblage of the Late Triassic Canjilon Quarry (north-
ern New Mexico, USA), and the importance of apomorphy-based assemblage comparisons. Journal of
Vertebrate Paleontology 28: 1063-1072.

Macrini TE (2009) Description of a digital cranial endocast of Bathygenys reevesi (Merycoidodontidae;
Oreodontoidea) and implications for apomorphy-based diagnosis of isolated, natural endocasts. Jour-
nal of Vertebrate Paleontology 29: 1199-1211.

Nestler JH (2012) A geometric morphometric analysis of Crocodylus niloticus: evidence for a cryptic
species complex. Masters Thesis, University of lowa, lowa City, lowa, 70 pp.

Lewis PO (2001) A likelihood approach to estimating phylogeny from discrete morphological character
data. Systematic Biology 50:913-925. PMID: 12116640

Brinkmann W (1992) Die Krokodilier-Fauna aus der Unter-Kreide (Ober-Barremium) von Ufa (Provinz
Cuenca, Spanien) Berliner geowissenschaftliche Abhandlungen 5: 1-123.

Brochu CA (2013) Phylogenetic relationships of Palaeogene ziphodont eusuchians and the status of
Pristichampsus Gervais, 1853. Earth and Environmental Science Transactions of the Royal Society of
Edinburgh 103: 521-550.

Brochu CA, Turner AH, Allen ER, Wilberg E (2011) The myth of the living fossil: basal crown group rela-
tionships, reversing polarities, and restoration of the ancestral crocodylian. Journal of Vertebrate Pale-
ontology 31(supp. 3): 78A.

PLOS ONE | DOI:10.1371/journal.pone.0118116  February 25, 2015 39/39


http://www.morphobank.org
http://www.zmuc.dk/public/phylogeny.html
http://www.zmuc.dk/public/phylogeny.html
http://dx.doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://dx.doi.org/10.1080/08912963.2012.763034
http://www.ncbi.nlm.nih.gov/pubmed/12116640


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


