@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Biacchi Brust AC, Desojo JB, Schultz CL,
Paes-Neto VD, Da-Rosa AAS (2018) Osteology of
the first skull of Aetosauroides scagliai
Casamiquela 1960 (Archosauria: Aetosauria) from
the Upper Triassic of southern Brazil
(Hyperodapedon Assemblage Zone) and its
phylogenetic importance. PLoS ONE 13(8):
€0201450. https://doi.org/10.1371/journal.
pone.0201450

Editor: Thierry Smith, Royal Belgian Institute of
Natural Sciences, BELGIUM

Received: August 4, 2017
Accepted: July 16, 2018
Published: August 15, 2018

Copyright: © 2018 Biacchi Brust et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by Process
Number 1487364 (PROEX - 0487) of Coordenag&o
de Aperfeicoamento de Pessoal de Nivel Superior
to ACBB (URL: http://www.capes.gov.br/). We also
thank project PICT 2014-609 of Argentina (to J. B.

RESEARCH ARTICLE

Osteology of the first skull of Aetosauroides
scagliai Casamiquela 1960 (Archosauria:
Aetosauria) from the Upper Triassic of
southern Brazil (Hyperodapedon Assemblage
Zone) and its phylogenetic importance

Ana Carolina Biacqhi Brust'*#, Julia Brenda Desojo?, Cesar Leandro Schultz®, Voltaire
Dutra Paes-Neto', Atila Augusto Stock Da-Rosa*

1 Programa de Pds-Graduagdo em Geociéncias, Instituto de Geociéncias, Universidade Federal do Rio
Grande do Sul, Porto Alegre, RS, Brazil, 2 Division Paleontologia Vertebrados, Museo de La Plata, Facultad
de Ciencias Naturales y Museo, La Plata, Buenos Aires, Argentina, 3 Departamento de Paleontologia e
Estratigrafia, Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil,
4 Departamento de Geociéncias, Centro de Ciéncias Naturais e Exatas, Universidade Federal de Santa
Maria, Santa Maria, RS, Brazil

* anacarolinabrust@gmail.com

Abstract

Aetosauria, which includes 30 species, is a diverse group of armored pseudosuchian archo-
saurs restricted to Upper Triassic beds. Three species occur in Brazil, and one of these,
Aetosauroides scagliai Casamiquela, 1960, also occurs in Argentina. The specimen UFSM
11505, found at Faixa Nova—Cerrito | Outcrop, Santa Maria Formation (Hyperodapedon
Assemblage Zone), Santa Maria, Rio Grande do Sul State, Brazil, is here referred to as
Aetosauroides scagliai. This specimen preserves most of the skull with both hemimandibles
in association with most of the postcranium, thus representing one of the most complete
aetosaur skeletons found in Brazil. The premaxilla, one of the key elements of the cranial
morphology of aetosaurs, along with the posterior portion of the mandible, was not des-
cribed until now for A. scagliai. In contrast to the typothoracinae aetosaurs, the premaxilla of
UFSM 11505 presents a shovel-shaped tip, but it is not as prominent as the lateral expan-
sion of desmatosuchian aetosaurs, including both species of Stagonolepis, S. robertsoni
Agassiz, 1844 and S. olenkae Sulej, 2010. The retroarticular process of the mandible is
elongate and not tall, as in Stenomity huangae Small & Martz, 2013 and other typothoraci-
nae aetosaurs. Unlike previous descriptions of A. scagliai, the maxillary teeth are recurved
ziphodont-like with serrations on the entire length of both margins. Premaxillary teeth are
also present, being less recurved than the maxillary teeth and cylindrical. We recovered
Aetosauroides scagliai as the most basal taxon within Aetosauria, like previous phylogenetic
analyses. Furthermore, our analyses reinforce that recurved and unconstricted maxillary
teeth, the shovel-shaped premaxilla and the presence of a tuber on the surangular are ple-
siomorphic features of Aetosauria.
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Introduction

Aetosauria is a group of quadrupedal pseudosuchian archosaurs, covered by dorsal, ventral,
and appendicular osteoderms, and restricted to the Upper Triassic [1]. The first reported
materials were osteoderms found in the upper layers of the Old Red Sandstone, Scotland, and
mistakenly described as glenoid scales of Stagonolepis robertsoni, at the time considered a sar-
copterygian fish [2]. Huxley [3] reconsidered S. robertsoni to be a crocodilian reptile. However,
aetosaurs were only recognized in 1877, when Oscar Friedrich von Fraas described Aetosaurus
ferratus based on a block containing 24 articulated skeletons, found at the village of Kaltental,
Germany [4]. Later, Nicholson & Lydekker [5] defined “Aetosauria” to include A. ferratus [4]
and Typothorax coccinarum [6], from the Chinle Formation, New Mexico, USA. S. robertsoni,
in turn, would first be recognized as an aetosaur in 1961 [7]. In subsequent years, more speci-
mens were found worldwide and assigned to this group, including 30 species today. The diag-
nostic osteoderm morphology of aetosaurs allowed other authors to diagnose several taxa, and
propose a biostratigraphic application as an index for Upper Triassic continental strata [1, 8-
14]. However, there are similar patterns of ornamentation expressed and shared in several spe-
cies, such as Aetosauroides scagliai [15], Neoaetosauroides engaeus [16], Coahomasuchus kah-
leorum [17] and Stenomyti huangae [18], as discussed by some authors the last ten years [1, 19,
20]. Therefore, isolated osteoderms would not be sufficient to distinguish species.

In South America, five species are known: A. scagliai; N. engaeus; Chilenosuchus forttae [21];
Aetobarbakinoides brasiliensis [22]; and Polesinesuchus aurelioi [23]. Three of these occur in
Brazil, A. brasiliensis, P. aurelioi and A. scagliai, the latter being the only one also recorded in
Argentina [24]. Most of them are represented by osteoderms and postcranial material, whereas
N. engaeus is the only South American aetosaur known from several skulls [25-27].

Casamiquela first described A. scagliai in 1960 [15] and shortly afterwards improved upon
its description based on other specimens, PVL 2073, PVL 2059, PVL 2014 and PVL 2052, all of
them from the Ischigualasto Formation, Argentina, and constitute most of the axial and
appendicular skeleton as well as articulated osteoderms [15, 28, 29].

The taxonomic history of A. scalgiai in Brazil is complex. In 1982, Zacarias [30] informally
described a new Aetosauroides species, “A. subsulcatus” in her unpublished master’s thesis,
based on material from the Santa Maria Formation, Brazil. Three years later, Barberena et al.
[31] changed its name to “A. inhamandensis” with no written justification. Later, Heckert &
Lucas [11] synonymized A. scagliai with Stagonolepis robertsoni [2], based mostly on post-cra-
nial character states. Both “A. subsulcatus” and “A. inhamandensis” in subsequent studies were
considered nomina nuda and then synonymized with A. scagliai, along with the description of
apomorphies, which distinguished A. scagliai from S. robertsoni [24].

Although known by fairly complete material, most of the skull of A. scagliai is still
unknown, including the premaxilla and its teeth. As A. scagliai is recovered as the most basal
and sister-taxon of all other members of Aetosauria [22, 32, 33], it is important to identify and
clarify yet unknown cranial character states. In this contribution, we describe new skull mate-
rial of Aetosauroides scagliai from the Santa Maria Supersequence, Brazil, and for the first time
includes the anterior portion of the rostrum, which allows a more complete reconstruction of
its skull.

SYSTEMATIC PALEONTOLOGY

ARCHOSAURIA Cope, 1869 [34] sensu Gauthier & Padian, 1985 [35]
PSEUDOSUCHIA Zittel, 1887-1890 [36] sensu Gauthier, 1985 [35]
AETOSAURIA Marsh, 1884 [37] sensu Parker, 2007 [19]
AETOSAUROIDES SCAGLIAI Casamiquela, 1960 [15]
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= “Aetosauroides subsulcatus” Zacarias, 1982 [30]

= “Aetosauroides inhamandensis” Barberena et al., 1985 [31]

= Argentinosuchus bonapartei Desojo, 2005 [38]; Ezcurra, 2016 [39]

Type species: Aetosauroides scagliai Casamiquela, 1960 [15]

Diagnosis: As for type species.

Holotype: PVL 2073, incomplete and articulated postcranial skeleton: one anterior cervical
centrum (2073-40), 13 dorsal, two sacral, and seven caudal vertebrae (2073-11), eight incom-
plete ribs, including two proximal ends articulated to their corresponding anterior dorsal ver-
tebrae, almost complete right scapula (2073-14), articulated proximal portion of left scapula,
coracoid, interclavicle, and clavicle (2073-15), incomplete right humerus (2073-6), complete
left humerus (2073-3), ulna (2073-5), radius (2073-4), a pair of metacarpals (2073-33/34),
articulated and complete ilia (2073-11), pubes lacking their distal ends (2073-17/18), almost
complete and articulated ischia (2073-16), complete right femur (2073-2), fibula, astragalus,
and distal tarsal (2073-31), complete left femur (2073-1), tibia lacking its distal end (2073-7),
complete fibula (2073-8), probable proximal tarsal (2073-30), two metatarsals lacking their
distal ends (2073-9/10), two isolated metatarsals (2073-19/20), pedal non-terminal phalanges
(2073-35/37), an ungual (2073-32), paramedian and left lateral osteoderms of the cervical,
dorsal, sacral, and caudal regions (2073-38), ventral osteoderms (2073-22), several appendicu-
lar osteoderms (2073-21/43), fragments of indeterminate osteoderms (2073-39/40), and some
indeterminate fragments of bone (2073-53) [24].

Horizon and locality: Cancha de Bochas Member, Ischigualasto Formation, Argentina [40].

Stratigraphic range: Upper Triassic (Carnian) [41].

Revised diagnosis: Small to medium-sized aetosaur (1 to 2.42 meter in length) distinguished
from other aetosaurs by the following apomorphies (autapomorphies with asterisk): maxilla
excluded from the margin of the external naris*; ventral margin of dentary convex and without
a sharp inflexion*; dorsal margin of the surangular with presence of a rounded tuber; recurved
tooth crowns with denticles (ca. 8 per mm) on both mesial and distal margins without either
wear facets or constriction between root and crown*; cervical and dorsal centra with oval fos-
sae ventral to the neurocentral suture on the lateral sides of the centra; mid- and posterior dor-
sals with well-developed posterior infradiapophyseal lamina directly ventral to the
diapophyses, and postzygapophyses posterolaterally divergent; ratio between the entire length
of the postzygapophyses and the width between the posterior-most tips of the postzygapo-
physes equal or lower than 0.75%; anterior tip of premaxilla slightly expanded laterally (incipi-
ent shovel-shaped), contrasting with the well laterally expanded anterior tip of Stagonolepis
and Desmatosuchus (see Discussion).

Referred material: (1) PVL 2052, a large-sized specimen with some skull elements preserved
as natural casts, with much of the posterior portion of the postcranial skeleton well preserved,
including the posterior dorsal vertebrae, pelvic girdle, fragments of the limb-bones and several
articulated and isolated dorsal paramedian osteoderms including articulated tail armor [29];
(2) PVL 2059, small to medium-sized specimen with a partially preserved skull, with the ante-
rior portion of the carapace preserved in articulation associated with correspondent region of
the axial skeleton [15, 28]; (3) MCP-13, a small-sized specimen represented by six articulated
dorsal vertebrae, partial articulated dorsal and ventral armor, several isolated lateral and ven-
tral osteoderms, and fragments of vertebrae, ribs and osteoderms [43]; (4) UFSM 11070 (=
MCP 3450 and UFRGS-PV-1302-T) a small to medium-sized specimen with most of the pos-
terior portion of the postcranium [24, 44]; (5) UFSM 11505, skull with both hemimandibles,
associated postcranium, including dorsal and caudal vertebrae, right pubis, an almost complete
right hind-limb, and dorsal trunk paramedian osteoderms and ventral osteoderms (see below).
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Fig 1. Locality and horizon of UFSM 11505. Map of the Brazilian region showing the Faixa Nova-Cerrito I Outcrop (arrow) in the Santa Maria Formation (modified
from Desojo et al. [22]) and chronostratigraphic diagram for the Triassic of southern Brazil (modified from Da-Rosa [47]). Ages according to Cohen et al. [36], and
sequence stratigraphy according to Horn et al. [45].

https://doi.org/10.1371/journal.pone.0201450.9001

UFSM 11505 horizon and locality: massive red beds from the Santa Maria Formation, as
part of the Candelaria Sequence, Santa Maria Supersequence, Rio Grande do Sul, Brazil [45],
found at the Faixa Nova-Cerrito I outcrop [46, 47] (Fig 1).

Materials & methods

The material studied here is registered under the number UFSM 11505 and hosted at the fossil
collection of the Laboratorio de Estratigrafia e Paleobiologia of Universidade Federal de Santa
Maria (UFSM), Santa Maria, Rio Grande do Sul State, Brazil. No permits were required for the
described study according to Brazilian’s Federative Constitution of 1988 and Law 11.738/02 of
December 13th of 2001 of Rio Grande do Sul State, Brazil.

The specimen was found in 2009 by a team of researchers of the Universidade Federal de
Santa Maria and Universidade Federal do Oeste do Parand at Faixa Nova-Cerrito I Outcrop
[44], at the meeting point between BR-287 and BR-158 roads, in the city of Santa Maria, Rio
Grande do Sul State, Brazil (Figs 2—4). This outcrop is characterized by medium to fine-
grained mudstones typical of the base of the Candelaria Sequence (Upper Triassic, Carnian),
one of the four third-order sequences of the Santa Maria Supersequence [45, 48, 49] (Fig 1).
Several specimens of the rhynchosaur Hyperodapedon were also previously collected from this
outcrop (UFRGS-PV-0408-T and UFRGS-1302-T, personally identified by VDPN and CLS),
linking Faixa Nova-Cerrito I Outcrop to the Hyperodapedon Assemblage Zone [24, 50].
UFSM 11505 was divided in the field into several blocks to be moved and, unfortunately, the
skull was broken in half and had to be reassembled.

UFSM 11505 consists of a skull with both hemimandibles (Figs 2-4) andassociated postcra-
nial material. Here we concentrated on the cranial description because it preserves unknown
elements for the species. Unfortunately, parts of postcranial material are yet unprepared and
we used available postcranial information based on the description of [51] for the diagnosis
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Fig 2. Skull of referred specimen of Aetosauroides scagliai (UFSM 11505), right lateral view. Abbreviations: a,
angular; aof, antorbital fenestra; d, dentary; en, external naris; f, frontal; 1, lacrimal; ma, maxilla; maf, mandibular
fenestra; n, nasal; of, orbital fenestra; p, parietal; pf, postfrontal; pm-pr, dorsal projection of premaxilla; pmx,
premaxilla; prf, prefrontal; q, quadrate; sa, surangular; sa-pr, dorsal tuber of surangular; sp, splenial.

https://doi.org/10.1371/journal.pone.0201450.9002

and phylogenetic analysis only. All of the postcranial information will be used in a future study
focusing on the biomechanics of the species.

Results
General remarks

The specimen is referred to Aetosauroides scagliai based on the following character states
shared between UFSM 11505 and the holotype of A. scagliai: maxilla excluded from the margin
of the external naris (see discussion); ventral margin of dentary convex and without sharp
inflexion; tooth crowns with straight distal margins and without constriction between root
and crown, denticles (see discussion), and no wear facets on the teeth; dorsal centra with oval
fossae ventral to the neurocentral suture on the lateral sides of the centra; mid dorsals with
well-developed posterior infradiapophyseal lamina directly below the diapophyses, and postzy-
gapophyses posterolaterally divergent, ratio between the entire length of the postzygapophyses
and the width between the distal-most tips of the postzygapophyses equal or lower than 0.75
[24].

Desojo & Ezcurra [24] described a lack of denticles on tooth crowns of A. scagliai. However,
one of the authors, J. B. Desojo, noted them on the dentary teeth of PVL 2059 after a more
detailed examination. Denticles were also observed in UFSM 11505 and are herein described.
The tooth description is based on the proposed terminology by Hendrickx et al. [52].

Based on the presence of closed and partially closed neurocentral sutures on the available
dorsal and caudal vertebrae [53, 54], UFSM 11505 is more skeletally mature than MCP-13 and
PVL 2070, both A. scagliai specimens with an estimated age of 2 and 5 years old respectively
[43, 55]. UFSM 11505 is probably a mature specimen based on its estimated size (1.45 meters
in length) in comparison with the one-meter long MCP-13 [43] and the holotype (PVL 2073:
1.39 meters estimated length) [43].

Most of the cranial sutures in UFSM 11505 are unfused. Notwithstanding, according to
Bailleul & Horner [56], cranial sutures may not fuse progressively during ontogeny in all
archosaurs, being able to become even wider. Therefore, the presence of unfused cranial
sutures does not imply that UFSM 11505 was an immature individual. Since paleohistological
analyses are under way, it is not possible yet to estimate the age of UFSM 11505.

Description of UFSM 11505

The skull is medio-laterally compressed. The right side of the skull was displaced forward, the
mid-anterior left side displaced towards the broken mid-anterior right side, so the left hemi-
mandible slid towards the midline, ending up between the maxilla and the right hemimand-
ible. In dorsal view, there is a rupture situated diagonal to the midline beginning from the
suture between the right frontal and the right nasal to the medial portion at the left nasal, and
separating the skull from side to side. This fracture was repaired and both parts were glued
together during preparation.

The posterior part of the skull preserves the occiput, but the braincase is lost. However, it is
still possible to observe some elements of the posterior region which were displaced, e.g. quad-
rate, and elements of the palatal complex, e.g. pterygoids. The latter are displaced, on the left
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50 mm

Fig 3. Skull of referred specimen of Aetosauroides scagliai (UFSM 11505), left lateral view. Abbreviations: same as
Fig 2.

https://doi.org/10.1371/journal.pone.0201450.9003
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Fig 4. Skull of referred specimen of Aetosauroides scagliai (UFSM 11505), dorsal view. Abbreviations: same as Fig 2.

https://doi.org/10.1371/journal.pone.0201450.9004

side, between the jugal and the posterior part of the left mandible. Measurements of elements
are in Table 1.

The teeth are well preserved. Maxillary teeth are present on both sides, albeit incomplete,
and all premaxillary teeth are present only on the right side.

Premaxilla. Both premaxillae are well preserved. Each one is very narrow compared to
the maximum width of the skull. The anterior and posterodorsal processes encircle the
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External naris
Antorbital fenestra
Antorbital fossa
Orbital fenestra

Mandibular fenestra

Nasal
Frontal
Parietal

Lacrimal
Dentary
Angular

Surangular

TOTAL

https://doi.org/10.1371/journal.pone.0201450.t001

Length
39
32,9
422
28,8
37,2
Width
12,5
16
22
30,45
15
4,8
12,1

RIGHT

WIDTH
44

Height
9
12
24
33
13,8
Length
81,5
40

20
72,8
52,1

42

Length
39,8
32,3
45,8
28,5

Width

11
16,7
20,5*
21,5

%

LEFT

LENGTH
136*

Table 1. Maximum measurements (in mm) of the individual elements, fenestrae and fossae of the skull of UFSM 11505. Asterisk: incomplete; dash: not preserved.

Height
11
10,8
25,5
32

Length
82
38,5

31,2
74,9*

external naris as in other aetosaurs (Figs 2-4). The posterodorsal process contacts and is over-
lapped by the anterior process of the nasal. The anterior process of the premaxilla continues

anteriorly to form, in lateral view, an anteroposteriorly expanded tip to the contact between
the nasal and the premaxilla. In dorsal view, the anterior tip of the premaxilla slightly expands
laterally, forming a weakly developed shovel-shape, contrasting with the well-developed
shovel-shaped expansion of Stagonolepis robertsoni [7] and Desmatosuchus smalli [42, 57]. This
conditioncontrasts with the snout of Aetosaurus ferratus [58], Paratypothorax andressorum

[32] and Stenomyti huangae [18] which all lack a lateral expansion. The posterior process of

the premaxilla outlines the ventral margin of the external naris. Although broken, it contacts
the ventral process of the nasal and excludes the maxilla from the margin of the external naris,
as in PVL 2073 and UFSM 11505, respectively the holotype and referred specimens of Aeto-
sauroides scagliai.On the dorsal surface of the posterior process of the premaxilla, within the
external naris, a small tubercle is present at the level of the third premaxillary tooth. This tuber-

cle is present in several species of aetosaurs, such as Stagonolepis olenkae [59], Paratypothorax

andressorum [32] and Desmatosuchus smallii [42, 57], although being taller in these species
than in UFSM 11505. The right premaxilla is broken and it bears, in its mid-posterior portion,
five slender teeth. These teeth are smaller in size than the maxillary teeth. The left premaxilla
teeth have been broken, and therefore only three alveoli are seen. The anteriormost portion of
the premaxilla is edentulous, as in A. ferratus [58], P. andressorum [32] and S. robertsoni [7].
Maxilla. The maxilla is the most anteroposteriorly extensive bone in the lateral view of the
skull, anteriorly extending to the mid-point of the external naris, posteriorly to the posterior
end of the antorbital fenestra and dorsally bounds the anterior part of the antorbital fenestra
(Figs 2 and 3). There is a well-marked antorbital fossa surrounding the antorbital fenestra, as
in Stagonolepis olenkae [59] and Paratypothorax andressorum [32], and its boundary is marked
by a fine continuous crest. This fossa is bounded anteriorly by the descending process of the
nasal and the maxilla, dorsally by the ventral region of the nasal, ventrally by the maxilla and
posteriorly by the lacrimal. The ventral margin of the maxilla is slightly convex and bears five
foramina along its anterior portion, whereas along its mid-posterior portion it is marked by a
longitudinal crest that borders the posteroventral end of the antorbital fossa. The anterior
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process is dorsoventrally tall, reducing its height anteriorly and ending up in a labiolingually
depressed tip at the midpoint of the external naris. The dorsal surface of this process contacts
the ventral surface of the posterior process of the premaxilla. The ascending process is short,
contacting dorsally and anteriorly the nasal, and posteriorly the lacrimal. This process also
forms the anterior portion of the antorbital fenestra. The posterior process is elongate and
somewhat rectangular at its posterior end. It forms the entire ventral margin of the antorbital
fenestra and forms the posterior end of this fenestra where it contacts the ventral process of
the lacrimal. The antorbital fenestra is triangular in lateral view as in Stagonolepis robertsoni
[7] and S. olenkae [59], although proportionally longer. The anterior margin of the antorbital
fenestra is also oval as in these latter species, contrasting with the round condition present in
Aetosaurus ferratus (SMNS 5770 S-16), Stenomyti huangae [18], Paratypothorax andressorum
(SMNS 19003) and Desmatosuchus [42, 57].

Nasal. The nasal is a slim but long bone that forms the dorsal margin of the external naris.
It tapers anteriorly until the contact with the anterior process of the premaxilla (Figs 2-4).
There is a ventral projection on its middle portion, which forms the posterior margin of the
external naris, and contacts the posterior process of the premaxilla as in most aetosaurs. In
dorsal view, the nasal becomes wider posteriorly, contacting the maxilla and the lacrimal ven-
trally, and posteriorly the prefrontal and the frontal. In dorsal view, a triangular depression is
observed, which starts at the midpoint of the nasal, on its midline. This feature continues pos-
teriorly, diverging to the lateral sides, extending through the middle portion of the prefrontal,
ending parallel to the posterior margin of the antorbital fenestra.

Prefrontal. The prefrontal is a triradiate element, with no ridges (Figs 2-4). Posteriorly it
forms the upper anterior margin of the orbital fenestra. The dorsal process extends to form a
small portion of the anterior margin of the orbital fenestra, also contacting the ventral margin
of the frontal. The ventral process is short and, descending, contacts the upper posterior mar-
gin of the lacrimal. The anterior process extends to contact a small portion of the posterior
portion of the nasal, and laterally the dorsal margin of the lacrimal. Parallel to the dorsal mar-
gin of the lacrimal, as mentioned above, the depression that started at the midpoint of the
nasal continues, terminating before the ventral process of the prefrontal starts.

Frontal. The frontal is a rectangular bone, longer than wide, as in other aetosaurs. The
frontal is two-thirds the length of the nasal,is poorly ornamented (as only three or four grooves
are seen per cm), forming most of the superior portion of the orbit and is unfused (Figs 2-4).
A depression in this bone surrounds the orbit. It also tapers anteriorly towards the nasal, form-
ing a Z-shaped suture, laterally with the anterior tip of the prefrontal, and posteriorly with the
parietal. The right frontal is broken at its anterior portion, overlapping the left frontal and
nasal elements. Near the suture between this bone and the nasal, the continuation of the trian-
gular depression that started at the midline of the nasal is seen, fitting the anterior tip of the
frontal into this depression.

Postfrontal. The postfrontal is a triradiate bone, like the prefrontal. It is only preserved
on the right side of the skull, where it forms, posterodorsally, a tiny portion of the orbit. It
tapers posterodorsally to the ventral margin of the parietal, and anterodorsally to the postero-
ventral margin of the frontal.

Parietal. The parietals are unfused and broken transversally at their posterior portion,
showing a semi-circular convex and thick shape, not flat, in occipital view. In this view, it is
possible to see the posterior region of the endocranial cavity, completely displaced below the
parietals and towards the right side. In dorsal view (Fig 4), it is possible to measure its width,
although not at the midpoint, which is wider than the frontal (see Table 1). The parietal is
more ornamented than the frontals, with three crests on the left parietal, and a few grooves

(Fig 4).
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Lacrimal. The lacrimal is an extensive three-pronged bone that forms most of the margin
of the antorbital fenestra. Its posterior end forms the anterior margin of the orbit, dorsally
tapering to the ventral margin of the prefrontal (Figs 2 and 3). It also tapers dorsally to the very
anterior ventral portion of the frontal and the very posterior ventral portion of the nasal. Its
ventral branch forms the posterior end of the antorbital fenestra, contacting the tip of the pos-
terior process of the maxilla. The ventral branch also has a ridge along its length, near the
suture with the prefrontal, which forms the posterior margin of the antorbital fossa. The ante-
rior branch tapers to the dorsal margin of the antorbital fenestra, reaching the posterior mar-
gin of the ascending process of the maxilla. The ridge along the ventral branch continues on
the anterior branch, following the suture with the ventral margin of the prefrontal and the
nasal, forming the dorsal margin of the antorbital fossa.

Jugal. Excluded from the margin of the antorbital fenestra and fossa by the contact of the
lacrimal with the maxilla, the jugal forms the ventral margin of the orbit (Figs 2 and 3). It
antero-dorsally contacts a tiny portion of the lacrimal and anteriorly the posterior end of the
maxilla. Despite the posterior portion of jugal being broken, the ridge that is present along the
lateral surface of the maxilla continues along the jugal, and it is not dorsoventrally constricted.
There is no ventral inclination of the jugal that is present in Desmatosuchus [42].

Quadrate. Only the right quadrate is preserved (Fig 5). In spite of being partially dis-
placed, the quadrate is still articulated with the corresponding hemimandible. The quadrate
body is bell-shaped in posterior view, and bears no projections, whereas the quadrate head is
missing. The mandibular articulation has two condyles, one ventrally and the other anteriorly
oriented, bounded by a thin ridge along the quadrate body and perpendicular to the ventral
condyle. Moreover, a concave surface for the quadratojugal contact is present between the
body ridge and the anterior condyle. It is not possible to observe either the synovial basal, the
optical joints or the quadrate foramen.

Fig 5. Right quadrate in dorsal-lateral view. Abbreviations: gb, quadrate body; gjc, quadratejugal contact; vc, ventral condyle; ac, anterior condyle; qr,
quadrate ridge.

https://doi.org/10.1371/journal.pone.0201450.g005
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Dentary. The dentary is gently convex along its ventral margin and posterodorsally it par-
ticipates in the anterior margin of the oval external mandibular fenestra, and branches off at its
posterior end (Fig 2). The upper branch contacts the surangular, forming the anterodorsal
margin of the mandibular fenestra; the lower branch contacts the angular, forming the anterior
and part of the ventral margins of the external mandibular fenestra, where a slight inflexion of
the splenial on the ventral margin occurs, as in Aetosaurus ferratus [58]. The anterior portion
of the dentary is edentulous, and only two teeth are preserved posteriorly in this region. At
least two alveoli are present, and both are located alongside the preserved teeth.

Angular. The angular extends anteriorly forming the ventral margin of the mandibular
fenestra (Fig 2). It is a narrow bone and slightly bowed on its ventral margin, maintaining its
width throughout its length. On its posterior third, the angular contacts the ventral margin of
the surangular, thickening and terminating in a small projection under the surangular.

Surangular. The surangular frames the mandibular fenestra dorsally and posteriorly. A
rounded tuber on the dorsal margin of this bone is present (Fig 2), as in both Stagonolepis spe-
cies, although it is shorter, as in Stenomyti [18]. The surangular sutures with the angular along
its ventral margin on its posterior end, as in A. ferratus, in an oblique suture, and forms a pos-
teroventral projection that expands dorsoventrally, where it houses a surangular foramen close
to the glenoid fossa.

Splenial. The splenial is a thin and anteriorly sharp bone, observed in left medial view on
the right side of the lower jaw. The displaced left lower jaw covers its posterior portion, and it
is only possible to affirm that the splenial covers its medial surface. In right lateral view, the
medial ventral margin of the splenial is visible right below the suture between the angular and
the surangular, and it is visible only in this region (Fig 2). In ventral view, the splenial follows
the dentary anteriorly in length, having a straight suture with it. Because the medial anterior
tip of the splenial is broken, the mylohyoid foramen is not observable.

Dentition

UFSM 11505 preserves homodont posteriorly recurved teeth with thecodont implantation,
and with crown measuring 5-6 mm tall. Most teeth are preserved and were found in situ, with
one tooth found isolated near the skull, which is most likely to be a dentary tooth based on its
morphology. None of the teeth has constriction or swelling at the base of the crown, and all are
distally recurved. The presence of serrations and the cross-section form vary depending on the
position of tooth.

Premaxillary teeth. The right premaxilla bears five elongate teeth mid-posteriorly located,
slightly recurved, without any constrictions and with the same width from crown base to apex
(cylindrical-shaped). There is no evidence of wear facets, serrations or ornamentation. No
teeth of the left premaxilla are preserved.

Maxillary teeth. The maxillary teeth are labiolingually compressed, distally recurved with
an oval cross-section. In lateral view, the maxillary tooth crowns possess similar edge morphol-
ogy, being convex on the mesial margin and concave on the distal margin. There is a straight
and serrated carina along the mesial and distal crown margins, with 8 denticles per mm (Fig
6). There are no fluting or ridges along the crown.

Dentary teeth. The dentary teeth are lanceolate in cross-section, with a pronounced distal
carina along the crown. The crown is strongly distally recurved from its middle to apex, form-
ing a “bent knee” at the base-apex midline. The teeth are smooth, without grooves or ridges,
and are smaller than the maxillary teeth.

The amount of new information allowed us to reconstruct a model of the skull of Aetosaur-
oides scagliai, based on the models of Casamiquela [15, 28] and Desojo & Ezcurra [24]. This
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Fig 6. Teeth of referred specimen of Aetosauroides scagliai (UFSM 11505). (A-B) First two preserved teeth of the left maxilla. (C-D) Isolated dentary tooth. (E-F) Last
three preserved teeth of the left maxilla. Arrows indicate serrations. Abbreviations: as Fig 2.

https://doi.org/10.1371/journal.pone.0201450.9006

reconstruction is shown in Fig 7 along with reconstructions of Aetosaurus ferratus [58], Para-
typothorax andressorum [32], Stagonolepis robertsoni [7] and Desmatosuchus smalli [42, 57].

Phylogenetic analysis

The present description of the skull in UFSM 11505 has provided a set of previously unknown
cranial traits of Aetosauroides scagliai (e.g. premaxilla, tooth morphology; including new infor-
mation on eight characters of the data matrix) and on aetosaur skull anatomy in general.
These features provide the necessary information to update existing cladistic analyses and,
therefore, answer some questions about aetosaur phylogeny (see discussion).

For our phylogenetic analysis, we use the most recent data matrix [60], which was originally
composed of 83 characters and 28 taxa. We combine the scorings of the specimen SMSN
19003, kept by Parker [60] as a separate OTU (Operational Taxonomic Unit), with Paraty-
pothorax andressorum following the assignment made by Schoch & Desojo [32]. Thus the
resulting matrix contains 83 characters and 28 taxa by the addition of UFSM 11505 as a sepa-
rate OTU to test the specimen position.

Parker [60] ordered seven characters, and we kept the same characters as additive (ordered).
The rauisuchid Postosuchus kirkpatricki Chatterjee [61] was used to root the recovered most
parsimonious trees (MPTs) and Revueltosaurus callenderi [62], a pseudosuchian, was used as a
second outgroup, as R. callenderi is consistently found as the sister-group of Aetosauria [63].

The data matrix was analyzed under equally weighted maximum parsimony using TNT 1.5
[64]. Zero-length branches among any of the recovered MPT's were collapsed according to
rule 1 of Coddington & Scharff [65].
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Fig 7. Skull reconstructions of some aetosaur species and, in detail, the referred snout in dorsal view of each species. (A) Aetosaurus ferratus (modified from Schoch
[58]). (B) Paratypothorax andressorum (modified from Schoch & Desojo [32]). (C) Stagonolepis robertsoni (modified from Walker [7]). (D) Desmatosuchus smalli
(modified from Small [42]). (E) Aetosauroides scagliai (modified from Desojo & Ezcurra [24]). Dotted lines represent unpreserved bones. Abbreviations: a, angular; aof,
antorbital fenestra; ar, articular; d, dentary; f, frontal; j, jugal; 1, lacrimal; m, maxilla; maf, mandibular fenestra; n, nasal; p, parietal; pf, postfrontal; pmx, premaxilla; pm-
pr, dorsal projection of premaxilla; po, postorbital; prf, prefrontal; q, quadrate; qj, quadratojugal; sp, splenial; sq, squamosal.

https://doi.org/10.1371/journal.pone.0201450.9007

Five previously unknown characters for A. scagliai were scored for UFSM 11505 (1:1; 12:0;
13:0; 31:1, 35:0) and four characters were modified from the previous matrix for the holotype
(5:0—1, 19:1—0, 30:0—1, 35:0—?). For more details, see Discussion.

We ran our analysis of the adapted matrix from Parker [60] using traditional search of 100
replications of Wagner trees (with random addition sequence), followed by TBR branch swap-
ping algorithm (holding 10 trees per replicate). The analysis resulted in 34 MPTs with 205
steps. The strict consensus of this tree is provided in Fig 8A, featuring a large polytomy at the
base of Aetosauria. To resolve this polytomy, we ran positional congruence (reduce) index
(PCR) according to methodology presented in Pol & Escapa [66], aiming to measure the stabil-
ity of used taxa. This analysis recovered Aetobarbakinoides brasiliensis [22], Stenomyti huangae
[18], and Polesinesuchus aurelioi [23] as the most unstable taxa in the analysis. We excluded
these three taxa a posteriori, resulting in a matrix of 83 characters and 25 taxa, and ran an anal-
ysis with the same configuration as the first analysis. This analysis resulted in 6 MPTs with 193
steps. The strict (= Nelsen) consensus tree is showed in Fig 8B. As Coahomasuchus kahleorum
[17] formed a trichotomy with both the unnamed group formed by UFSM 11505 + A. scagliai
and the Stagonolepididae (sensu Parker [60]), and an examination of the 6 MPT's demon-
strated that this taxon occurs in 2 possible positions, it was pruned a posteriori. The strict (=
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Fig 8. Strict (= Nelsen) consensus of 34 (A) and 6 (B) MPTs. (A) Strict consensus of the 34 MPTs with large polytomy. (B) Strict consensus of the 6 MPTs after a
priori pruning of Aetobarbakinoides brasiliensis, Stenomyti huangae and Polesinesuchus aurelioi.

https://doi.org/10.1371/journal.pone.0201450.9008

Nelsen) consensus tree of these 6 MPTs with Bremer support after pruning of Coahomasuchus
kahleorum is provided (Fig 9).

Discussion

Both the osteology description and phylogenetic analysis revealed some interesting traits for
Aetosauroides scagliai. Here we discuss the new character states recognized for this taxon.
Teeth have a variable morphology within Aetosauria. Taxa with plesiomorphic character

states [60], such as Aetosaurus ferratus, Norian age, presents bulbous and not recurved crowns
[58], as in Stenomyti huangae [18] and Paratypothorax andressorum [32]. None of them have
serrated teeth. This contrasts with tooth morphology of Stagonolepis robertsoni [7], of Carnian
age, which has a “leaf-like” shape in labial/lingual view, mediolaterally compressed and with a
denticulate mesial margin [7]. UFSM 11505 teeth, as mentioned in the description, are oval in
occlusal view and posteriorly recurved in labial/lingual view, without a constriction between
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Fig 9. Strict (= Nelsen) consensus of the 6 MPTs used for this study after a posteriori pruning of Coahomasuchus kahleorum. Bremer support values are

shown for all nodes.

https://doi.org/10.1371/journal.pone.0201450.g009

root and crown, and possess denticles on both the mesial and distal regions. In Parker contri-
bution [60], tooth morphology is described for A. scagliai, because PVL 2059, its referred mate-
rial, has one maxillay tooth and poorly preserved dentary teeth. Nonetheless, it is not possible
to know if the only maxillary tooth of PVL 2059 is recurved or not, as its crown is broken.
Accordingly, we modified the state of the character 35 of Parker [60] for A. scagliai from fully
recurved (state 0) to unknown (?). Within Archosauriformes, tooth serrations are present in
nearly all in-group clades and considered a plesiomorphic condition, as in Postosuchus kirkpa-
tricki and Revueltosaurus callenderi [39, 67], used here as outgroup and second outgroup,
respectively. As A. scagliai is herein recovered as the sister-taxon of all other members of Aeto-
sauria, confirming previous studies [22, 32, 60, 68], and both UFSM 11505 and PVL 2059 hav-
ing serrations on their teeth, these could indicate the presence of denticles as a plesiomorphic
characteristic within Aetosauria.

The variation of morphology between premaxillary and maxillary teeth is also another fea-
ture present in UFSM 11505. As mentioned before, premaxillary teeth are cylindrical in shape,
and slightly recurved, in contrast with the oval shape in occlusal view and recurved maxillary
teeth. Variation between premaxillary and maxillary teeth is also seen in Aetosaurus, in which
maxillary teeth are “more bulbous and slightly longer than those of the premaxilla” [58].
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Another peculiarity within Aetosauria is the shape of premaxilla, which is one of the key
elements to understand [Aetosauria phylogeny more completely. Two general shapes of the
premaxilla in dorsal view are known for aetosaurs: an anteromedially tapering and a laterally
expanded premaxilla, known as “shovel-shaped” [60, 69]. Desmatosuchus smalli [42, 57] and
Stagonolepis robertsoni [7] both posses a laterally expanded premaxilla, maintaining a nearly
constant width until the apex [60]. In Aetosaurus ferratus [58], Stenomyti huangae [18] and
Paratypothorax andressorum [32], the premaxilla tapers anteromedially. Neither the holotype
of A. scagliai, PVL 2073, and referred materials in previous studies [15, 28, 29, 38, 60] had
the premaxilla preserved, so it was not possible to tell which shape it had. However, UFSM
11505 preserves a premacxilla that is gently laterally expanded, herein described as having a
“smooth shovel-shape”, more similar to Desmatosuchus than to Aetosaurus. In the phylogeny
proposed by Parker [60] and herein corroborated, Aetosauroides scagliai is a non-stagonolopi-
didae aetosaur sister with all Stagonolepididae aetosaurs. Two branches form Stagonolepidi-
dae: Desmatosuchia and Aetosaurinae. Desmatosuchus and Stagonolepis are branched within
Desmatosuchia, and A. ferratus, S. huangae and P. andressorum are branched within Aetosaur-
inae. As Aetosauroides scagliai is a basal taxon within Aetosauria, the character presented by
UFSM 11505 supports the plesiomorphic condition for the clade, and could indicate that the
expansion of the premaxilla may have a tendency to disappear in Aetosaurinae, as in Aefo-
saurus, Stenomyti and Paratypothorax, or expand more, as defined by Parker [60] in Desmato-
suchia, as in Stagonolepis and Desmatosuchus.

The premaxilla also has, in some taxa, its dorsal surface with a prominent dorsal tubercle
that extends into the external naris. This feature was not described for A. scagliai (PVL 2059)
because the exact portion where this tubercle is located is broken, and therefore the tubercle is
not preserved. However, it is possible to observe a small tubercle on UFSM 11505, less promi-
nent than that of Stagonolepis and Desmatosuchus, and similar to that of Stenomyti.

The jugal, according to Nesbitt [67], in most archosauriforms, its ventral margin is horizon-
tally oriented. This is also seen in Paratypothorax andressorum, and is in contrast with other
aetosaurs, such as Desmatosuchus, Stagonolepis robertsoni and Neoaetosauroides engaeus Bona-
parte [16], which have a posteroventrally inclined ventral margin of the jugal. The jugal was
not preserved either in the holotype of A. scagliai or in the referred materials [15, 28, 29, 38,
60]. In lateral view, the jugal of UFSM 11505 appears to have a nearly horizontal ventral mar-
gin, with no inclination in any direction. Additionally, the anterior process of the jugal is
excluded from the border of the antorbital fenestra by the contact between the lacrimal and
maxilla in UFSM 11505, as seen in other pseudosuchians such as Postosuchus kirkpatricki and
Revueltosaurus [67], both used as outgroups. The jugal is also excluded from the antorbital
fenestra in Stenomyti, Aetosaurus, Paratypothorax and Coahomasuchus kahleorum [17], con-
trasting with the character state present in Desmatosuchia (sensu Parker [60]), where the jugal
participates in the formation of the antorbital fenestra margin, as in Desmatosuchus and Stago-
nolepis. Therefore, A. scagliai retains basal plesiomorphic character states of the jugal.

UFSM 11505 presents, on the dorsal margin of the surangular, a prominent rounded tuber
(state 1 of character 5). This character state is seen in both Stagonolepis species, S. olenkae Sulej
[59], S. robertsoni and also in Stenomyti huangae. As the posterior portion of the mandible was
previously unknown for A. scagliai, the prominent rounded tuber was here assigned as present
(state 1) for this species.

Regarding the parietals and frontals, Parker [60], in his data matrix, assigned to character
19 (comparison of transverse width between frontals and parietals at anteroposterior mid-
points) a frontal element wider than the parietal (state 1), as in Desmatosuchus and Stagonole-
pis, without a description or comment on the characters list. On the first descriptions of Aeto-
sauroides skull [15, 28, 29], no observations of the size of these elements were taken, as the
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parietals were not preserved. On UFSM 11505, although the parietals are broken at their poste-
rior portion, it is possible to verify that their widths at the anterior portion are wider than the
midpoint of frontals (see Table 1). Hence, it was assigned here as parietals wider than the fron-
tals (state 0), as occur in Aetosaurus ferratus and Stenomyti.

On the “slipper-shaped” mandible of aetosaurs, Parker [60] modified a character on the
data matrix of Heckert & Lucas [17] (character 15) in two different characters (29 and 30 of
Parker [60]). Character 29 was described as the ventral margin of the mandibular ramus in lat-
eral view, which is gradually convex in A. scagliai (state 0), an autapomorphy for this species
[24], and with an inflexion of the splenial or the dentary in other Stagonolepidid (sensu Parker
[60]) aetosaurs. Character 30 was described as the anterior end of the dentary in lateral view,
which, as described by Parker [60], has a rounded termination in A. scagliai, as the author
observed in PVL 2059, and tapers to an acute point in all other aetosaurs, as contributing to
the “slipper-shape” of the mandibular ramus. However, this character is not preserved in PVL
2059, and it is not possible to tell if the anterior end is indeed rounded, contradicting the affir-
mation. In UFSM 11505, the anterior end tapers to an acute point (state 1), as all other Aeto-
sauria taxa. However, it does not contribute to the “slipper-shaped” mandible, as A. scagliai
has a gradually convex mandibular ramus. Therefore, the state of character 30 was modified
from state 0 (dentary with rounded anterior end) to 1 (anterior end of dentary tapers to an
acute point) for A. scagliai.

We also discuss some specific questions regarding the new states of characters. Here we
summarize and discuss briefly two questions we found relevant to be answered in this study.

1) Is the exclusion of the maxilla from the external naris a case of intraspecific variation?

In archosaurs, the skull exhibits a trend to exclude the maxilla from the formation of the
external naris, and it is preserved to a variable degree in the descendent groups [70], such as in
Pseudosuchia where the maxilla participates in the external naris margin [67]. The character
state of the maxilla excluded from the external naris is present in A. scagliai and the outgroup
Postosuchus kirkpatricki but not in all other Aetosauria. In both referred materials of A. scagliai
in Desojo & Baez [26] and Parker [60] (PVL 2059 and PVL 2052), this autapomorphy is pre-
served. Considering the trend in archosaurs to exclude the maxilla from the external naris and
the place occupied by UFSM 11505 in this phylogeny as an early diverging aetosaur taxon, in a
dichotomy with A. scagliai, confirms this condition as a plesiomorphic state of this character.
On the other hand, in Stagonolepidid aetosaurs, this character is modified until the maxilla
participates in the margin of the external naris [7, 24, 32, 58, 59].

Additionally, in UFSM 11505, the descending process of nasal and ascending process of
premaxilla are covering the maxilla and fractured in their tips, which makes the maxilla
appears to be participating of the external naris margin. Thereby, this could be an intraspecific
variation of this character, implying the tendency in Aetosauria of the participation of the
maxilla in the external naris margin.

2) The smooth shovel-shaped premaxilla: are this and other characters states in A. scagliai
plesiomorphic?

To understand the position occupied by Aetosauroides, first it is necessary to understand
the problem of the phylogenetic placement of Aetosaurus ferratus within Aetosauria.

In a revision of Aetosaurus ferratus, Schoch [58] recognized for this taxon a shorter premax-
illa with an edentulous and very short anterior portion, and the anterior end of premaxilla
without lateral expansion. The author defined them as plesiomorphic characters states in
accordance to other phylogenetic studies that placed Aetosaurus at the base of Aetosauria (e.g.
[17, 69]), and Aetosauroides as a sister taxon of Stagonolepis [69]. However, recent phylogeny
studies recovered not only A. ferratus nested within Stagonolepididae [19] but also in a polyt-
omy with Coahomasuchus kahleorum and Typothoracinae [60], in contrast with studies
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mentioned above and others that pulled Aetosaurus to the base of the tree, along with Aeto-
sauroides scagliai [22, 24, 68].

It is considered here that the Aetosaurus ferratus characters mentioned above as plesio-
morphic are unique within Aetosauria. For Cerda & Desojo [71] and Schoch & Desojo [32],
these traits regarded as plesiomorphic are more likely to be interpreted as of a juvenile form.
Notwithstanding, Aetosaurus ferratus presents another set of characters that seem to show
trends among derived taxa within the group. In this regard, Aetosauroides scagliai possesses
features that resemble both with characters of the outgroup and with early characters of Aeto-
sauria, independent of ontogenetic states: (1) the exclusion of the maxilla from the margin of
the external naris, present in Aefosauroides but not in Aetosaurus nor in any other Aetosauria
taxon; (2) smoothly expanded premaxilla may indicate a state of character in which the expan-
sion could disappear, as in Aetosaurus and Stenomyti, or expand more, as in Stagonolepis and
Desmatosuchus; (3) the presence of conical teeth, not bulbous, is a characteristic within Pseu-
dosuchia [36] and present in Aetosauroides, but not in other Aetosauria taxa, which bear bul-
bous teeth (Aetosaurus, Stagonolepis, Stenomyti, Desmatosuchus); (4) the presence of
premaxillary teeth is a “primitive” characteristic in tetrapods [70] and is present in Aetosaur-
oides and Typothoracinae (sensu Parker [60]), but absent in derived taxa as Desmatosuchus.

As the herein presented phylogenetic analysis strongly supports Aetosauroides scagliai at the
base of the tree, the state of characters mentioned above could be considered plesiomorphic
for Aetosauroides, corroborating previous studies [22, 32, 60].

Conclusions

The recognition of hitherto unknown skull character states for Aetosauroides scagliai, like the
smooth shovel-shaped premaxilla, the recurved and unconstricted teeth, and the presence of a
tuber on the surangular allows greater knowledge on the anatomy of this species and the iden-
tification of plesiomorphic characters states within Aetosauria. Additionally, the result of our
phylogenetic analysis confirms A. scagliai at the base of Aetosauria and reinforces the former
as the earlier species within this group.

Our analysis, along with other studies (e.g. [24, 32, 58, 60, 68, 72]) emphasizes the impor-
tance of detailed descriptions and phylogeny reviews to define the characters, aiming to recog-
nize them as plesiomorphic or as characteristics of juveniles that may vary with ontogeny.
Hence, the obtainment of a more accurate phylogeny and a better knowledge of Aetosauria in
general can be achieved in future studies.

Supporting information

S1 Supporting Information. Character/Taxon matrix.
(TXT)

Acknowledgments

We thank Luiz Flavio P. Lopes (UFRGS) for the photographies, Claudio Bortolaz (Museu
Padre Daniel Cargnin, Mata, RS, Brazil) for the earlier preparation of the skull, Marcel Lacerda
and Belén von Baczko for the discussions. Thanks to Bryan Small, Bruna Cielo Cabrera and
Maira da Silva Otaran for English revisions, and PLOS ONE editor Thierry Smith and review-
ers for the comments.

Author Contributions

Conceptualization: Ana Carolina Biacchi Brust.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201450  August 15, 2018 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201450.s001
https://doi.org/10.1371/journal.pone.0201450

@° PLOS | ONE

Skull osteology and phylogeny of Aetosauroides scagliai Casamiquela 1960

Data curation: Ana Carolina Biacchi Brust, Julia Brenda Desojo, Cesar Leandro Schultz, Vol-
taire Dutra Paes-Neto, Atila Augusto Stock Da-Rosa.

Formal analysis: Ana Carolina Biacchi Brust.

Investigation: Ana Carolina Biacchi Brust, Julia Brenda Desojo, Cesar Leandro Schultz, Vol-
taire Dutra Paes-Neto, Atila Augusto Stock Da-Rosa.

Methodology: Ana Carolina Biacchi Brust, Julia Brenda Desojo, Cesar Leandro Schultz, Vol-
taire Dutra Paes-Neto, Atila Augusto Stock Da-Rosa.

Writing - original draft: Ana Carolina Biacchi Brust, Julia Brenda Desojo, Cesar Leandro
Schultz, Voltaire Dutra Paes-Neto, Atila Augusto Stock Da-Rosa.

Writing - review & editing: Ana Carolina Biacchi Brust, Julia Brenda Desojo, Cesar Leandro
Schultz, Voltaire Dutra Paes-Neto, Atila Augusto Stock Da-Rosa.

References

1. Desojo JB, Heckert AB, Martz JW, Parker WG, Schoch RR, Small BJ, et al. Aetosauria: a clade of
armoured pseudosuchians from the Upper Triassic continental beds. In: Nesbitt SJ, Desojo JB, Irmis
RB, eds. Anatomy, Phylogeny, and Palaeobiology of Early Archosaurs and their Kin. Geol Soc Spec
Publ. 2013; 379:203-239. https://doi.org/10.1144/sp379.17

2. Agassiz L. Monographie des poissons fossiles du Vieux Grés Rouge ou Systéme Dévonien (Old Red
Sandstone) des lles Britanniques et de Russie. Neuchatel: Jent et Gassman. 1844. https://doi.org/10.
5962/bhl.title.5752 French.

3. Huxley TH. On the Stagonolepis robertsoni (Agassiz) of the Elgin Sandstone; and on the recently dis-
covered footmarks in the Sandstones of Cummingstone. Proceedings of the Geological Society. 1859;
15:440-460. https://doi.org/10.1144/GSL.JGS.1859.015.01-02.54

4. Fraas O. Aetosaurus ferratus Fr. Die gepanzerte Vogel-Echse aus dem Stubensandstein bei Stuttgart:
Festschrift zur Feier des vierhundertjahrigen Jubildums der Eberhard-Karls-Universitat zu Tubingen.
Waurttembergische Naturwissenschaftliche Jahreshefte. 1877; 33:1-22. German.

5. Nicholson HA, Lydekker RA. Manual of Palaeontology for the Use of Students, with a General Introduc-
tion on the Principles of Paleontology. Edinburgh: William Blackwood & Sons. 1889.

6. Cope ED. Report on the geology of that part of northwestern New Mexico examined during the field sea-
son of 1874. In: Wheeler GM, ed. Annual report upon the geographical explorations west of the one hun-
dredth meridian in California, Nevada, Nebraska, Utah, Arizona, Colorado, New Mexico, Wyoming and
Montana. United States Government Printing Office. 1875;981-1017.

7. Walker AD. Triassic reptiles from the Elgin area: Stagonolepis, Dasygnathus and their allies. Philos
Trans R Soc Lond B Biol. 1961; 244(709):103-204. https://doi.org/10.1098/rstb.1961.0007

8. LongRA, Ballew KL. Aetosaur dermal armor from the Late Triassic of southwestern North America,
with special reference to material from the Chinle Formation of Petrified Forest National Park. In: Col-
bert EH, Johnson RR, eds. The Petrified Forest Through the Ages, 75th Anniversary Symposium.
1981. Mus North Ariz Bull. 1985;54.

9. Lucas SG, Hunt AP, Kahle R. Late Triassic vertebrates from the Dockum Formation near Otis Chalk,
Howard County, Texas. In: Love DW, Hawley JW, Kues BS, Adams JW, Austin GS, Barker JM, eds.
Carlsbad Region, New Mexico and West Texas. 44th Field Conference. 1993;237-244. Albuquerque:
New Mexico Geological Society.

10. Heckert AB, Lucas SG. First occurrence of Aetosaurus (Reptilia: Archosauria) in the Upper Triassic
Chinle Group (USA) and its biochronological significance. Neues Jahrb Geol Palaontol Abh. 1998:604—
612.

11. Heckert AB, Lucas SG. Taxonomy, phylogeny, biostratigraphy, biochronology, paleobiogeography, and
evolution of the Late Triassic Aetosauria (Archosauria: Crurotarsi). Zentralblatt fir Geologie und
Paldontologie Teil . 2000; 1539—-1587.

12. Lucas SG, Heckert AB, Huber P. Aetosaurus (Archosauromorpha) from the Upper Triassic of the New-
ark Supergroup, eastern United States, and its biochronological significance. Palaeontology. 1998;
41:1215-1230.

13. Small BJ. The occurrence of Aetosaurus in the Chinle Formation (Late Triassic, USA) and its biostrati-
graphic significance. Neues Jahrb Geol Palaontol Abh. 1998;285-296.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201450  August 15, 2018 20/23


https://doi.org/10.1144/sp379.17
https://doi.org/10.5962/bhl.title.5752
https://doi.org/10.5962/bhl.title.5752
https://doi.org/10.1144/GSL.JGS.1859.015.0102.54
https://doi.org/10.1098/rstb.1961.0007
https://doi.org/10.1371/journal.pone.0201450

@° PLOS | ONE

Skull osteology and phylogeny of Aetosauroides scagliai Casamiquela 1960

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Parker WG, Martz JW. The Late Triassic (Norian) Adamanian—Revueltian tetrapod faunal transition in
the Chinle Formation of Petrified Forest National Park, Arizona. In: Butler RJ, Irmis RB, Langer MC,
Smith AB, eds. Late Triassic Terrestrial Biotas and the Rise of Dinosaurs. Earth Environ Sci Trans R
Soc Edinb. 2011;231-260.

Casamiquela RM. Noticia preliminar sobre dos nuevos estagonolepoideos Argentinos. Ameghiniana.
1960; 2:3-9. Spanish.

Bonaparte JF. Dos nuevas ‘faunas’ de reptiles tridsicos de Argentina. Gondwana Stratigraphy, 1.U.G.S.
Symposium. 1969;283-306. Spanish.

Heckert AB, Lucas SG. A new aetosaur (Reptilia: Archosauria) from the Upper Triassic of Texas and
the phylogeny of aetosaurs. J Vertebr Paleontol. 1999; 19:50-68.

Small BJ, Martz JW. A new basal aetosaur from the Upper Triassic Chinle Formation of the Eagle
Basin, Colorado, USA. In: Nesbitt SJ, Desojo JB, Irmis RB, eds. Anatomy, Phylogeny and Palaeobiol-
ogy of Early Archosaurs and their Kin. Geol Soc Spec Publ. 2013; 379:393-412.

Parker WG. Reassessment of the aetosaur ‘Desmatosuchus’ chamaensis with a reanalysis of the phy-
logeny of the Aetosauria (Archosauria: Pseudosuchia). J Syst Palaeontol. 2007; 5:41-68.

Parker WG, Martz JW. Using positional homology in aetosaur (Archosauria: Pseudosuchia) osteo-
derms to evaluate the taxonomic status of Lucasuchus hunti. J Vertebr Paleontol. 2010; 30(4):1100—
1104. https://doi.org/10.1080/02724634.2010.483536

Casamiquela, RM. Nota sobre restos de un reptil aetosauroideo (Thecodontia, Aetosauria) de Quimal,
Cordillera de Domeyko, Antofagasta. Prueba de la existencia del Neotriasico continental en los Andes
del Norte de Chile. In: Congreso Latinoamericano de Paleontologia. 1980;1:135-142. Spanish.

Desojo JB, Ezcurra MD, Kischlat EE. A new aetosaur genus (Archosauria: Pseudosuchia) from the
early Late Triassic of southern Brazil. Zootaxa. 2012; 3166:1-33.

Roberto-da-Silva LC, Desojo JB, Cabreira SRF, Aires ASS, Milller RT, Pacheco CP, et al. A new aeto-
saur from the Upper Triassic of the Santa Maria Formation, southern Brazil. Zootaxa. 2014; 3764:240—
278. https://doi.org/10.11646/zootaxa.3764.3.1 PMID: 24870635

Desojo JB, Ezcurra MD. A reappraisal of the taxonomic status of Aetosauroides (Archosauria, Aeto-
sauria) specimens from the Late Triassic of South America and their proposed synonymy with Stagono-
lepis. J Vertebr Paleontol. 2011; 31:596-609.

Desojo JB. New data on the Late Triassic aetosaur Neoaetosauroides Bonaparte, 1969 from the Los
Colorados Formation, west-central Argentina. J Vertebr Paleontol. 2002; 22(3).

Desojo JB, Baez AM. ; Es Aetosauroides Casamiquela, 1960 (Amniota: Aetosauria) sinénimo junior de
Stagonolepis?. In: Reunion Anual de Comunicaciones de la Asociacion Paleontoldgica Argentina. Ame-
ghiniana. 2005; 42(4):24-25. Spanish.

Desojo JB, Baez AM. Cranial morphology of the Late Triassic South American archosaur Neoaetosaur-
oides engaeus: evidence for aetosaurian diversity. Palaeontology. 2007; 50(1):267-276. https://doi.org/
10.1111/j.1475-4983.2006.00608.x

Casamiquela RM. Dos nuevos estagonolepoideos Argentinos (de Ischigualasto, San Juan). Revista de
la Asociacion Geoldgica Argentina. 1961; 16:143-203. Spanish.

Casamiquela RM. Materiales adicionales y reinterpretacion de Aetosauroides scagliai (de Ischigual-
asto, San Juan). Revista del Museo de La Plata, Paleontologia Serie 5. 1967; 33:173—-196. Spanish.

Zacarias JD. Uma nova espécie de tecodonte aetossauro (Aetosauroides subsulcatus, sp. nov.) da
Formagao Santa Maria, Tridssico de Rio Grande do Sul, Brasil. MS thesis. Brazil: Federal University of
Rio Grande do Sul, Porto Alegre. 1982. Portuguese.

Barberena MC, Araujo DC, Lavina EL. Late Permian and Triassic tetrapods of southern Brasil. Natl
Geogr Res. 1985; 1:5-20.

Schoch RR, Desojo JB. Cranial anatomy of the aetosaur Paratypothorax andressorum Long & Ballew,
1985, from the Upper Triassic of Germany and its bearing on aetosaur phylogeny. Neues Jahrb Geol
Palaontol Abh. 2016; 279(1):73-95.

Parker WG. Revised phylogenetic analysis of the Aetosauria (Archosauria: Pseudosuchia); assessing
the effects of incongruent morphological character sets. Peerd. 2016; 4:e1583. https://doi.org/10.7717/
peer].1583 PMID: 26819845

Cope ED. Synopsis of the extinct batrachia, reptilia and aves of North America. Transactions of the
American Philosophical Society. 1869; 14(1):1-252.

Gauthier J, Padian K. Phylogenetic, functional, and aerodynamic analyses of the origin of birds and
their flight. In: Jhomk H, Viohl G & Wellnhofer P editors. The Beginning of Birds. Eichstatt: Freunde des
Jura Museums. 1985;185-197.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201450  August 15, 2018 21/23


https://doi.org/10.1080/02724634.2010.483536
https://doi.org/10.11646/zootaxa.3764.3.1
http://www.ncbi.nlm.nih.gov/pubmed/24870635
https://doi.org/10.1111/j.1475-4983.2006.00608.x
https://doi.org/10.1111/j.1475-4983.2006.00608.x
https://doi.org/10.7717/peerj.1583
https://doi.org/10.7717/peerj.1583
http://www.ncbi.nlm.nih.gov/pubmed/26819845
https://doi.org/10.1371/journal.pone.0201450

@° PLOS | ONE

Skull osteology and phylogeny of Aetosauroides scagliai Casamiquela 1960

36.

37.
38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zittel KA. Handbuch der Paléontologie. Abteilung 1: Paldozoologie Band Ill. Vertebrata (Pisces,
Amphibia, Reptilia, Aves). Munich and Liepzig, Oldenbourg. 1887-1890. German.

Marsh OC. The classification and affinities of dinosaurian reptiles. Nature. 1884; 31:68—69.

Desojo JB. Los aetosaurios (Amniota, Diapsida) de América del Sur: sus relaciones y aportes a la bio-
geografia y bioestratigrafia del Tridsico continental. PhD thesis, Universidad de Buenos Aires. 2005.
Spanish

Ezcurra MD. The phylogenetic relationships of basal archosauromorphs, with an emphasis on the sys-
tematics of proterosuchian archosauriforms. Peerd. 2016; 4:e1778. https://doi.org/10.7717/peerj. 1778
PMID: 27162705

Martinez RN, Apaldetti C, Alcober OA, Columbi CE, Sereno PE, Fernandez E, et al. Vertebrate succes-
sion in the Ischigualasto Formation. In: Sereno PC, ed. Basal Sauropodomorphs and the Vertebrate
Fossil Record of the Ischigualasto Formation (Late Triassic: Carnian-Norian) of Argentina. J Vertebr
Paleontol. 2013; 32:10-30.

Cohen K.M., Finney S.C., Gibbard P.L. & Fan J.-X. (updated). The ICS International Chronostrati-
graphic Chart. 2017; 36:199-204.

Small BJ. Cranial anatomy of Desmatosuchus haplocerus (Reptilia: Archosauria: Stagonolepididae).
Zool J Linn Soc. 2002; 136(1):97—111. https://doi.org/10.1046/j.1096-3642.2002.00028.x

Taborda JRA, Cerda IA, Desojo JB. Growth curve of Aetosauroides scagliai Casamiquela 1960 (Pseu-
dosuchia: Aetosauria) inferred from osteoderm histology. In: Nesbitt SJ, Desojo JB, Irmis RB, eds.
Anatomy, Phylogeny and Palaeobiology of Early Archosaurs and their Kin. Geol Soc Spec Publ. 2013;
379:413-424. https://doi.org/10.1144/sp379.19

Da-Rosa AAS, Waichel BL, Peixoto DV, Del-Mouro L, Rogério DW, Pazzinato GO. Primeiro registro de
cranio de aetossauro para o Neotriassico do sul do Brasil. In: Martello AR, Kotzian CB. Boletim de
Resumos da Reunido Anual da Sociedade Brasileira de Paleontologia “Paleo”, Sociedade Brasileira de
Paleontologia. 2009. Portuguese.

Horn BLD, Melo TM, Schultz CL, Philipp RP, Kloss HP, Goldberg K. A new third-order sequence strati-
graphic framework applied to the Triassic of the Parana Basin, Rio Grande do Sul, Brazil, based on
structural, stratigraphic and paleontological data. J South Am Earth Sci. 2014; 55:123-132.

Da-Rosa AAS. Sitios fossiliferos de Santa Maria, RS. Ciéncia & Natura. 2004; 26(2):75-90.
Portuguese.

Da-Rosa AAS. Geological context of the dinosauriform-bearing outcrops from the Triassic of Southern
Brazil. J South Am Earth Sci, 2015; 61:108—119. https://doi.org/10.1016/j.jsames.2014.10.008

Zerfass H, Lavina EL, Schultz CL, Garcia AJV, Faccini UF, Chemale JF. Sequence stratigraphy of con-
tinental Triassic strata of southernmost Brazil: a contribution to Southwestern Gondwana paleogeogra-
phy and paleoclimate. Sediment Geol. 2003; 161:85-105. https://doi.org/10.1016/S0037-0738(02)
00397-4

Horn BLD, Schultz CL, Figueiredo AEQ, Motta FA. Recognition of the Hyperodapedon Assemblage
Zone (Late Triassic) in a relictual occurrence over the Sul-Rio-grandense Shield. Revista Brasileira de
Paleontologia. 2015; 18(1):91-96.

Da-Rosa AAS, Leal LA. New elements of an armored archosaur from the Middle to Upper Triassic,
Santa Maria Formation, south of Brazil. Arquivos do Museu Nacional. 2002; 60(3):149-154.

Brust ACB. Descrigao anatdmica e andlise sistematica preliminar de um aetossauro da Formagéo-
Santa Maria (Membro Alemoa, Zona de Assembleia Hyperodapedon), Triassico Superior do Sul do
Brasil. Undergraduate thesis. Brazil: Federal University of Santa Maria, Santa Maria. 2014.
Portuguese.

Hendrickx C, Mateus O, Araujo R. A proposed terminology of Theropod teeth (Dinosauria, Saurischia).
J Vertebr Paleontol. 2015; 35(5).

Brochu CA. Closure of neurocentral sutures during crocodilian ontogeny: implications for maturity
assessment in fossil archosaurs. J Vertebr Paleontol. 1996; 16(1):49-62. https://doi.org/10.1080/
02724634.1996.10011283

Irmis RB. Axial skeleton ontogeny in the Parasuchia (Archosauria: Pseudosuchia) and its implications
for ontogenetic determination in archosaurs. J Vertebr Paleontol. 2007; 27(2):350-361.

Taborda JRA, Heckert AB, Desojo JB. Intraspecific variation in Aetosauroides scagliai Casamiquela
(Archosauria: Aetosauria) from the Upper Triassic of Argentina and Brazil: an example of sexual dimor-
phism? Ameghiniana. 2015; 52(2):173-187. https://doi.org/10.5710/AMGH.05.01.2015.2824

Bailleul AM, Horner Jr. Comparative histology of some craniofacial sutures and skull-base synchon-
droses in non-avian dinosaurs and their extant phylogenetic bracket. J Anat. 2016; 229:252-285.
https://doi.org/10.1111/joa.12471 PMID: 27111332

PLOS ONE | https://doi.org/10.1371/journal.pone.0201450  August 15, 2018 22/23


https://doi.org/10.7717/peerj.1778
http://www.ncbi.nlm.nih.gov/pubmed/27162705
https://doi.org/10.1046/j.1096-3642.2002.00028.x
https://doi.org/10.1144/sp379.19
https://doi.org/10.1016/j.jsames.2014.10.008
https://doi.org/10.1016/S0037-0738(02)00397-4
https://doi.org/10.1016/S0037-0738(02)00397-4
https://doi.org/10.1080/02724634.1996.10011283
https://doi.org/10.1080/02724634.1996.10011283
https://doi.org/10.5710/AMGH.05.01.2015.2824
https://doi.org/10.1111/joa.12471
http://www.ncbi.nlm.nih.gov/pubmed/27111332
https://doi.org/10.1371/journal.pone.0201450

@° PLOS | ONE

Skull osteology and phylogeny of Aetosauroides scagliai Casamiquela 1960

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

Parker WG. A new species of the Late Triassic aetosaur Desmatosuchus (Archosauria:Pseudosuchia).
Compte Rendus Paleovol. 2005; 4(4):327-340. https://doi.org/10.1016/j.crpv.2005.03.002

Schoch RR. Osteology of the small archosaur Aetosaurus from the Upper Triassic of Germany. Neues
Jahrb Geol Palaontol Abh. 2007; 246(1):1-35. https://doi.org/10.1127/0077-7749/2007/0246-0001

Sulej T. The skull of an early Late Triassic aetosaur and the evolution of the stagonolepidid archosau-
rian reptiles. Zool J Linn Soc. 2010; 158(4):860-881. https://doi.org/10.1111/j.1096-3642.2009.00566.x

Parker WG. Revised phylogenetic analysis of the Aetosauria (Archosauria: Pseudosuchia); assessing
the effects of incongruent morphological character sets. Peerd. 2016; 4:e1583. https://doi.org/10.7717/
peerj.1583 PMID: 26819845

Chatterjee S. Postosuchus, a new Thecodontian reptile from the Triassic of Texas and the origin of
Tyrannosaurs. Philosophical transactions. 1985; 309(1139):395-460. https://doi.org/10.1098/rstb.
1985.0092

Hunt AP. A new ?ornithischian dinosaur from the Bull Canyon Formation (Upper Triassic) of east-cen-
tral New Mexico. In: Lucas SG, Hunt AP, eds. Dawn of the Age of Dinosaurs in the American Southwest.
1989;355-358.

Brusatte SL, Benton MJ, Desojo JB, Langer MC. The higher-level phylogeny of Archosauria (Tetra-
poda: Diapsida). J Syst Palaeontol. 2010; 8:3—47. https://doi.org/10.1080/14772010903537732

Goloboff P, Farris J, Nixon K. TNT, a free program for phylogenetic analysis. Cladistics. 2008; 24:774—
786. https://doi.org/10.1111/j.1096-0031.2008.00217.x

Coddington J, Scharff N. Problems with zero-length branches. Cladistics. 1994; 10(4):415-423. https://
doi.org/10.1111/j.1096-0031.1994.tb00187.x

Pol D, Escapa IH. Unstable taxa in cladistic analysis: identification and the assessment of relevant char-
acters. Cladistics. 2009; 25:1-13.

Nesbitt SJ. The early evolution of archosaurs: Relationships and the origin of major clades. Bull Am
Mus Nat Hist. 2011; 352:1-292. https://doi.org/10.1206/352.1

Heckert AB, Schneider VP, Fraser NC, Webb RA. A new aetosaur (Archosauria: Suchia) from the
Upper Triassic Pekin Formation, Deep River Basin, North Carolina, U.S.A., and its implications for early
aetosaur evolution. J Vertebr Paleontol. 2015; 35(1):e881831. https://doi.org/10.1080/02724634.2014.
881831

Parrish JM. Cranial osteology of Longosuchus meadei and the phylogeny and distribution of the Aeto-
sauria. J Vertebr Paleontol. 1994; 14:196-209.

Romer AS. Osteology of Reptiles. Chicago: University of Chicago Press. 1956.

Cerda |A, Desojo JB. Dermal armour histology of aetosaurs (Archosauria: Pseudosuchia), from the
Upper Triassic of Argentina and Brazil. Lethaia. 2011; 44(4):417-428. https://doi.org/10.1111/j.1502-
3931.2010.00252.x

Heckert AB, Fraser NC, Schneider VP. A new species of Coahomasuchus (Archosauria, Aetosauria)
from the Upper Triassic Pekin Formation, Deep River Basin, North Carolina. J Paleontol. 2017; 91
(1):162—-178. https://doi.org/10.1017/jpa.2016.130

PLOS ONE | https://doi.org/10.1371/journal.pone.0201450  August 15, 2018 23/23


https://doi.org/10.1016/j.crpv.2005.03.002
https://doi.org/10.1127/0077-7749/2007/0246-0001
https://doi.org/10.1111/j.1096-3642.2009.00566.x
https://doi.org/10.7717/peerj.1583
https://doi.org/10.7717/peerj.1583
http://www.ncbi.nlm.nih.gov/pubmed/26819845
https://doi.org/10.1098/rstb.1985.0092
https://doi.org/10.1098/rstb.1985.0092
https://doi.org/10.1080/14772010903537732
https://doi.org/10.1111/j.1096-0031.2008.00217.x
https://doi.org/10.1111/j.1096-0031.1994.tb00187.x
https://doi.org/10.1111/j.1096-0031.1994.tb00187.x
https://doi.org/10.1206/352.1
https://doi.org/10.1080/02724634.2014.881831
https://doi.org/10.1080/02724634.2014.881831
https://doi.org/10.1111/j.1502-3931.2010.00252.x
https://doi.org/10.1111/j.1502-3931.2010.00252.x
https://doi.org/10.1017/jpa.2016.130
https://doi.org/10.1371/journal.pone.0201450

