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ARTICLE
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ABSTRACT—New specimens and the reassessment of many silesaurids have recently shed light on the origin and early
evolution of dinosaurs and their close relatives. Yet, the group is relatively poorly represented in South America, an area
that likely played an important role in dinosaurian origins. Since the discovery of Sacisaurus agudoensis from the Norian
Caturrita Formation, only the fragmentary Gamatavus antiquus and Amanasaurus nesbitti have been reported from the
Triassic of south Brazil. Here we describe disarticulated silesaurid remains from Waldsanga, one of the most important
tetrapod-bearing localities of the Santa Maria Formation, which represent the second Carnian occurrence of the group in
Brazil. The postcranial elements exhibit a combination of dinosauromorph symplesiomorphies and silesaurid diagnostic
traits, showing that a conservative anatomy is pervasive among early dinosauromorphs. We also conducted a set of
exploratory analyses to infer the phylogenetic relations of the new occurrence and the robustness of some of the most
recent phylogenetic hypotheses in face of the increasing diversity of Silesauridae. This revealed a rather uncertain
evolutionary scenario not only for Silesauridae, but for early dinosauromorphs in general.
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INTRODUCTION

The evolutionary radiation of dinosaurs in the Late Triassic
was a milestone event in the history of the Earth (Brusatte
et al., 2008, 2010; Benton et al., 2014; Langer et al., 2010,
2013). The group was exceptionally successful in terrestrial eco-
systems during the Mesozoic Era, and one subgroup, birds,
remain as an important component of modern ecosystems (Bru-
satte et al., 2010). Dinosaurs are part of the larger clade Dino-
sauromorpha, which includes a variety of non-dinosaurian
lineages temporally restricted to the Middle–Late Triassic (Bru-
satte et al., 2010; Langer, 2014). In this context, silesaurids play
an important role for understanding the origin and evolution of
Dinosauria and the key features that promoted their early radi-
ation and evolutionary success (Benton et al., 2014; Brusatte
et al., 2008, 2010; Langer et al., 2010, 2013; Marsola et al.
2019b; Mestriner et al., 2022).

Silesauridae is a group of gracile dinosauriforms of 1–3 meters
in length, with long hindlimbs and slender arms, known from the
Middle Triassic to the Norian of South and North America,
Africa, and Europe (Benton et al., 2014; Dzik, 2003; Irmis
et al., 2007; Langer et al., 2010, 2013; Nesbitt et al., 2010).
According to the most recent reviews, the group includes Lewi-
suchus admixtus Romer, 1972, Eucoelophysis baldwini Sullivan
& Lucas, 1999, Silesaurus opolensis Dzik, 2003, Sacisaurus agu-
doensis Ferigolo & Langer, 2007, Asilisaurus kongwe Nesbitt
et al., 2010,Diodorus scytobrachionKammerer et al., 2011, Igno-
tosaurus fragilis Martínez et al., 2012, Lutungutali sitwensis
Peecook et al., 2013, Kwanasaurus williamparkeri Martz &
Small, 2019,Gamatavus antiquus Pretto et al., 2022, and Amana-
saurus nesbitti Müller & Garcia, 2023. Controversial silesaurid
records include Pisanosaurus mertii Casamiquela, 1967, Techno-
saurus smalli Chatterjee, 1984, and Soumyasaurus aenigmaticus
Sarigul et al., 2018 (see Agnolín & Rozadilla, 2018; Irmis et al.,
2007; Sarigül et al., 2018).

Silesaurids have controversial phylogenetic relations among
Dinosauriformes; in most hypotheses they are recovered as the
sister-group of Dinosauria (Baron et al., 2017a; Benton &
Walker 2011; Bittencourt et al., 2015; Langer et al., 2010, 2017;
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Nesbitt, 2011; Nesbitt et al., 2017a), whereas others suggest its
nesting within the ornithischian lineage (Cabreira et al., 2016;
Ferigolo & Langer, 2007; Langer & Ferigolo, 2013). Recently,
Müller and Garcia (2020) and Norman et al. (2022) proposed Sile-
sauridae as a paraphyletic group leading to core-ornithischians.
Besides their phylogenetic importance, silesaurids are paleoecolo-
gically intriguing because they represent the earliest pan-avians
with cranial and dental specializations for an omnivorous and/or
herbivorous diet (Cabreira et al., 2016; Langer & Ferigolo, 2013;
Nesbitt et al., 2010; Qvarnström et al., 2019).
In the context of the origins and evolution of early dinosaurs,

South America plays a key role as the cradle of the first members
of the lineage (Langer et al., 2017; Marsola et al., 2019b; Novas
et al., 2021). Since the discovery of Sacisaurus agudoensis from
the Norian Caturrita Formation of south Brazil (Ferigolo &
Langer, 2007; Marsola et al., 2018), only two other silesaurids
were reported in the country—the unambiguous Middle Triassic
Gamatavus antiquus (Pretto et al., 2022) and the Carnian Ama-
nasaurus nesbitti (Müller & Garcia, 2023). Here, we describe dis-
articulated silesaurid remains from the Waldsanga locality
(Langer, 2005a, b), one of the most fruitful tetrapod-bearing
sites of the Santa Maria Formation. This represents the second
Carnian occurrence of the group in Brazil and the only based
on more abundant skeletal remains. We also conduct a set of
exploratory phylogenetic analyses to investigate the affinities of
those remains and the robustness of some of the most recent phy-
logenetic hypotheses for dinosauromorphs in the face of the
increasing diversity of Silesauridae.

GEOLOGICAL SETTING

The specimens described here were unearthed from deposits of
the AlemoaMember of the Santa Maria Formation, at the locality
known as Waldsanga (Fig. 1; Huene, 1942; Langer, 2005b; Langer
et al., 2007) or Cerro da Alemoa (Da Rosa, 2004, 2015). This site
also yielded the type-specimens of the early sauropodomorph
Saturnalia tupiniquim (Langer et al., 1999), the cynodonts Gom-
phodontosuchus brasiliensis (Huene, 1928; Langer, 2005a) and
Alemoatherium huebneri (Martinelli et al., 2017), and the possible
theropod dinosaur Nhandumirim waldsangae (Marsola et al.,
2019a). Yet, the most abundant fossils from this locality are
referred to the rhynchosaurHyperodapedon (Langer et al., 2007).
The main lithology of the site is composed of massive, reddish

mudstones of the AlemoaMember, overlayed by the yellowish to
orange stratified sandstones of the Caturrita Formation (Fig. 1E;
Marsola et al., 2019a, 2019b). The lower and intermediate levels
of the Alemoa Member in the site represent distal floodplain
deposits, whereas the upper level represents more proximal set-
tings (Da Rosa 2005, 2015; Marsola et al., 2019a). According to
previous stratigraphy studies (Horn et al., 2014), the strata
exposed at Waldsanga belong to the Candelária Sequence,
Santa Maria Supersequence (Santa Maria 2 Sequence of
Zerfass et al., 2003), including the upper part of the Santa
Maria Formation (Gordon, 1947) and the lower part of the
Caturrita Formation (Andreis et al., 1980). In addition, the occur-
rence of Hyperodapedon rhynchosaurs justifies correlating the
Alemoa member in the site to the Hyperodapedon AZ
(Schultz et al., 2020). Correlations with radioisotopically dated
strata from the Ischigualasto Formation (Ischigualasto–Villa
Unión Basin) in western Argentina (e.g., Desojo et al., 2020;
Martínez et al., 2011, 2012) that share a similar faunal association
(e.g., Langer, 2005b; Langer et al., 2007) indicate that theHyper-
odapedon AZ is late Carnian in age. This was corroborated by
detrital zircon radiometric dating in the Waldsanga site, which
yielded a maximum age of ca. 233 Ma (Langer et al., 2018).
Institutional Abbreviations—CRILAR-Pv, Centro Regional

de Investigaciones Científicas y Transferencia Tecnológica, Anil-
laco, Argentina; FFCLRP, Faculdade de Filosofia, Ciências e

Letras de Ribeirão Preto, Ribeirão Preto, Brazil; MCN, Museu
de Ciências Naturais, Fundação Zoobotânica do Rio Grande do
Sul, Porto Alegre, Brazil; MCP, Museu de Ciências e Tecnologia
da Pontifícia Universidade Católica do Rio Grande do Sul,
Porto Alegre, Brazil; MCZ, Museum of Comparative Zoology,
Harvard University, Cambridge, MA, U.S.A.; NHMUK PV,
Natural History Museum, London, Palaeontology Vertebrates,
London, U.K.; NMT, National Museum of Tanzania, Dar es
Salaam, Tanzania; PVSJ, División de Paleontología de Vertebra-
dos del Museo de Ciencias Naturales y Universidad Nacional de
San Juan, San Juan, Argentina; SAM, Iziko South African
Museum, Cape Town, South Africa; UFSM, Universidade
Federal de Santa Maria, Santa Maria, Brazil; ZPAL, Institute of
Paleobiology of the Polish Academy of Sciences, Warsaw, Poland.

MATERIAL AND METHODS

Phylogenetic Analyses

UFSM 11579 was first included in the data matrix of Baron
et al. (2017a), as modified by Langer et al. (2017), Nesbitt et al.
(2019), and finally Ezcurra et al. (2019). We chose this data
matrix because of its inclusiveness and more comprehensive
data on taxa such as Asilisaurus kongwe and Lewisuchus admix-
tus. Following Agnolin & Ezcurra (2019) the taxon name Mara-
suchus was updated to Lagosuchus talampayensis. We were able
to reproduce Ezcurra et al. (2019) results only when the old
scores for Lewisuchus admixtus (LewisuchusPseudolagosuchus
in their matrix) and Asilisaurus kongwe (Asilisaurus in their
matrix) were excluded from the analysis. Hence, we considered
only the new scores (Asilisaurus_new_scores and Lewisuchus_-
new_scores in their matrix). Even though Ezcurra et al. (2019)
mentioned that they updated the scorings of those two taxa
and explored its implications for the phylogenetic analysis, they
do not explicitly state whether the old scores were excluded or
not. However, as we were only able to reproduce their topology
by excluding the old scores of both taxa, we assumed that
Ezcurra et al. (2019) considered only the new scores, although
not excluding the old ones from the NEXUS file found in the
‘supporting information’ document. Also, it is important to
mention that a warning message appears when the file is read
in TNT, communicating that character 303 for taxon 38 and char-
acter 333 for taxon 52 were converted to range. We understand
that this might be related to the fact that both characters are
ordered and coded as “0&2,” which the program might interpret
as an indication that they have three character states. We did not
explore this further because it goes beyond the scope of this
work. Moreover, we addedNhandumirim waldsangae to increase
the early dinosaur sampling of this dataset. We also modified the
scores of character 161 (corresponding to the tooth attachment
mode) from “1” to “0&1,” for Asilisaurus kongwe, Sacisaurus
agudoensis, and Eucoelophysis baldwini, given its plasticity as
shown by Mestriner et al. (2022). The final matrix (counting
the pruned taxa) has 85 taxa and 457 characters, in which charac-
ters 24, 35, 39, 60, 68, 71, 117, 145, 167, 169, 174, 180, 197, 199, 206,
214, 215, 222, 251, 269, 272, 286, 289, 303, 305, 307, 313, 322, 333,
334, 338, 353, 360, 376, 378, 387, 393, 442, and 446 were ordered.
The data matrix was analyzed under equally weighted parsimony
using TNT v.1.5 (Goloboff et al., 2008; Goloboff & Catalano,
2016), with Euparkeria capensis (Archosauriformes non-Archo-
sauria) designated as the operational outgroup. Following
Ezcurra et al. (2019) we did a new technology search with 100
hits (“find min. length, 100”) and changed the “Init. Addseqs”
default from 5 to 10. Lastly, we marked the option “collapse
trees after the search”. The rest was kept as default. Branch
support was calculated using decay indices (Bremer support
values) and a bootstrap resampling analysis (using 1000 pseudor-
eplicates and reporting both absolute and GC frequencies, which
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FIGURE 1. Geographic and geological provenance of UFSM 11579.A, map of the Paraná Basin in South America;B, simplified geological map of the
central portion of Rio Grande do Sul State (modified from Eltink et al., 2017), indicating Santa Maria; C, location of selected outcrops in the eastern
outskirts of Santa Maria (modified from Da Rosa, 2015), indicating the Waldsanga/Cerro da Alemoa site; D, sedimentary log from the Waldsanga/
Cerro da Alemoa outcrop, indicating the provenance of the studied specimen and other fossiliferous beds (modified from Da Rosa, 2005); E, photo-
graph of the outcrop, showing the channel and crevasse deposits (CH + CR) of the Caturrita Formation and the distal (FFd) and proximal (FFp)
floodplain deposits of the Santa Maria Formation, specifying the level where UFSM 11579 was found, which was near from where the early theropod
Nhandumirim waldsangae and the early sauropod Saturnalia tupiniquim were discovered. Modified from Marsola et al. (2019a). Abbreviations: CC,
Cacequi; CD, Candelária; CH, Cachoeira do Sul; CH + CR, channel and crevasse deposits; cs, coarse sand; DP, Dom Pedrito; FFd, distal floodplain
deposit; FFp, proximal floodplain deposit; FM, Formation; fs, fine sand; g, gravel; GR, Group; GT, Gravataí; JG, Jaguari; m, mud; MN, Montenegro;
ms, medium sand;MT, Mata; RP, Rio Pardo; RS, Rosário do Sul; s, silt; SC, Santa Cruz do Sul; SFA, São Francisco de Assis; SG, São Gabriel; SP, São
Pedro do Sul; SV, São Vicente do Sul; TQ, Taquara; VA, Venâncio Aires; vfs, very fine sand.
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corresponds to “Group present/Contradicted” and produces
meaningful evaluations of the support for all groups, not only
for those with absolute frequency above 0.5; Goloboff et al.,
2003). Given the scope of this paper, the results of this first analy-
sis are seen only in the Supplemental Data. We equally followed
Ezcurra et al. (2019) by rerunning the analysis with the a poster-
iori pruning of Lutungutali sitwensis, and also performed a third
analysis with the same parameters, Lutungutali sitwensis still
pruned, but excluding character 161. The results of these two
latter analyses are discussed at the end of this document.
Subsequently, UFSM 11579 was included the dataset of Müller

and Garcia (2020). In our analysis of the Müller and Garcia
(2020) dataset we modified the scores of character 100—which
corresponds to character 161 of Ezcurra et al. (2019)—as indi-
cated above. The final matrix has 63 taxa and 277 characters, in
which characters 4, 13, 18, 25, 63, 82, 84, 87, 89, 109, 142, 166,
174, 175, 184, 186, 190, 201, 203, 205, 209, 212, 225, 235, 236,
239, 250, and 256 were ordered. Euparkeria capensis (Archosaur-
iformes non-Archosauria) was also designated as the operational
outgroup. The data were analyzed under maximum parsimony in
TNT 1.5 (Goloboff et al., 2008; Goloboff & Catalano, 2016), and
only the “traditional search” was used. The heuristic search was
performed under the following parameters: 10,000 replications of
Wagner Trees (with random addition sequence); TBR (tree
bisection and reconnection) for branch swapping; hold = 20
(trees saved per replicate); and collapse of zero-length branches
according to ‘rule 1’ in TNT (Coddington & Scharff, 1994;
Goloboff et al., 2008). The resulting most parsimonious trees
(MPTs) were subject to a second round of TBR to ensure that
all MPTs were found. Branch support (Bremer support values)
and bootstrap values were calculated as for Ezcurra et al.
(2019). We also performed a second analysis with the same par-
ameters mentioned above, but excluding character 100. The
results of the two analyses of the Müller and Garcia (2020)
dataset are discussed at the end of this document. The NEXUS
files of both Ezcurra et al. (2019) and Müller and Garcia (2020)
data matrices used in our study are available in the Supplemen-
tary Material, Appendices S1 and S2, respectively.

CT Scanning

Image stacks of the UFSM 11579 left maxilla (see Fig. 5) were
acquired using a SkyScan 1172 located at Virginia Tech with the fol-
lowing parameters: 70 kV voltage, 142 μA current, and 10 W
power. The scanning of all the other materials were acquired at
“Centro para Documentação da Biodiversidade,” Universidade
de São Paulo at Ribeirão Preto, using the micro-CT scanning GE
Phoenixv|tome|x S240, with 1000 projections, exposure time of 0.3
s, voltage of 130 Kv, and a current of 150 μA, with a voxel size of
25.8 μM. We used “Avizo” (v. 7.0.0) to virtually and manually
segment the cranial bones. The raw CT scan data are available in
the following repository: https://doi.org/10.5281/zenodo.7939011.

Femoral Histology

The shaft of one left femur (UFSM 11579O) was transversely
sectioned right below the fourth trochanter so that one thin-slice
was produced to examine its histology. The material was fully
embedded in Castolite AC polyester resin in a plastic container
and then peroxide catalyst was incorporated in a ratio of 10
methyl ethyl ketone peroxide drops for 30 ml of resin. Then,
the material was vacuumed for 5 min to evacuate all air
bubbles. After cutting, the surfaces were polished using 600
and 1000 grit silicon carbide powder. The samples were left to
dry for 24 hours and mounted to plexiglass frosted slides. Once
fixed, the thick sections were cut using the Isomet 1000 at a
trim thickness of approximately 0.7 mm. The specimens were
then ground down using a grinding machine. The sections were

constantly checked under the microscope until they nearly
reached the desired optical clarity. Once the slide was reaching
the desired thickness, the final grinding was done by hand with
1-micron aluminum oxide powder.

SYSTEMATIC PALEONTOLOGY

DINOSAURIFORMES Novas, 1992, sensu Ezcurra, Nesbitt,
Fiorelli, & Desojo, 2019

SILESAURIDAE Langer, Ezcurra, Bittencourt, & Novas,
2010

UFSM 11579A-V (Figs. 2–15) is an assemblage of disarticu-
lated cranial and postcranial elements comprising multiple indi-
viduals (Fig. 2), including one right and two left maxillae, three
lower jaw fragments, one cervical vertebra, one incomplete cervi-
cal rib, one right scapula, two right ilia, three left and three right
femora, two left tibiae, two right fibulae, and one non-ungual
phalanx of uncertain position.

The bones were found in close association and have matching
taphonomic signatures. As the specimens share a similar phylo-
genetic signal and duplicated elements have a close morphology
(when present, variations are mentioned accordingly) they are
tentatively described as part of a single taxonomic unit. The
material is housed at Laboratório de Estratigrafia e Paleobiolo-
gia, Universidade Federal de Santa Maria, Brazil. All the
measurements were made manually using a caliper (listed in
Table 1).

RESULTS

Osteological Description

Maxilla—There are three incomplete maxillae (two left and
one right), each preserving different parts (Figs. 3–6). The
alveoli numbers serve here only for descriptive purposes and
do not reflect their original positions in the bones. The
better-preserved element (UFSM 11579A) is from the left
side, preserving the antorbital fenestra and five tooth positions
(Figs. 3, 4A). One of the right maxillae (Fig. 5; UFSM 11579B)
lacks most of the antorbital fenestra, preserving only its ventral
margin. This is represented by an anteroposteriorly elongated
piece of bone containing eight tooth positions (Fig. 5C). The
third maxilla is a small fragment from the left side (UFSM
11579C), which has four tooth positions preserved, with two
broken tooth fragments at the first and third alveoli
(Fig. 6A). This specimen was mentioned in a previous survey
(Mestriner et al., 2022).

The only fully erupted tooth of UFSM 11579A is at the
second preserved position (Fig. 3), just ventral to the anterior
margin of the external antorbital fenestra. It is firmly
implanted in the alveolus, leaving no apparent space around
the dentine. The four empty alveoli are better identified in
the 3D model reconstruction (Fig. 3). The third alveolus has
a rounded socket in ventral view. The first alveolus is located
at the anterior-most preserved portion, and only its posterior
edge is preserved (Fig. 3E). The sockets of the fourth and
fifth alveoli are not well preserved, but outlines and shallow
excavations indicate their positions. UFSM 11579B shows
eight tooth positions, preserving erupted teeth at the first,
third, fifth, sixth, and eighth alveoli. Its anterior end is
dorsoventrally flattened (Fig. 5C).

As only preserved in the flat lateral surface of UFSM 11579A,
there are two foramina immediately ventral to the antorbital
fossa and a distinct depression excavating the bone anteriorly
to that fossa. The ventral edge of this depression is marked by
a ridge (Fig. 3A1–A3, B1, B2). This ridge extends subparallel
to the alveolar margin, but strongly curves ventrally anterior to
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the first foramen (Fig. 3B1, B2), as seen in Lewisuchus admixtus
(Ezcurra et al., 2019), but not in other silesaurids (e.g., Asili-
saurus kongwe: NMT RB159; Silesaurus opolensis: ZPAL Ab
III/361/26; Sacisaurus agudoensis: MCN PV10050—Ezcurra
et al., 2019) and Teleocrater rhadinus (Nesbitt et al., 2017b).
The boundary between the lateral surface of the maxilla and
the antorbital fossa has an expanded ridge defining the margin
of the external antorbital fenestra. Only its anterior end is pre-
served, dorsal to and posterior to the second foramen. A
similar ridge was reported for Eoraptor lunensis (PVSJ 512)
and Coelophysis bauri (MCZ 4326, 4327), but is unseen in most
archosauriforms (e.g., Euparkeria capensis, SAM PK- K6047),
including Teleocrater rhadinus (Nesbitt et al., 2017b).
The antorbital fossa excavates both the posterior and the

dorsal rami of the maxilla. In the latter, the margin of the exter-
nal antorbital fenestra is subtle (Figs. 3A, 4A), differing from the
more abrupt edge seen in Sacisaurus agudoensis and Silesaurus
opolensis (Dzik, 2003; Ferigolo & Langer, 2007; Langer & Feri-
golo, 2013; Fig. 4B, C). In its anterior portion, the ventral
margin of the external antorbital fenestra is subparallel to that
of the maxilla, as typical of other silesaurids (e.g., Sacisaurus agu-
doensis; Fig 4B).
The anterior portion of the antorbital fossa is lateromedially

deeper (Figs. 3F, 4A) than that of Sacisaurus agudoensis (Fig.
4B) and Silesaurus opolensis (Fig. 4C), but similar to that of Tele-
ocrater rhadinus (Nesbitt et al., 2017a, 2017b). The antorbital
fossa wall is formed by a lateromedially flattened sheet of
bone, which seems to extend more posteriorly than those of
other silesaurids such as Sacisaurus agudoensis and Silesaurus
opolensis (Fig. 4). The anterior margin of the antorbital fossa is

perforated as in various dinosaurs (Fig. 3F—Butler et al., 2008;
Langer & Ferigolo, 2013; Martinez et al., 2011; Rauhut, 2003;
Tykoski, 2005; Witmer, 1997), diverging from the condition in
most silesaurids (Fig. 4B, C—Langer & Ferigolo, 2013). The ante-
rodorsal margin of the maxilla is slightly concave (Fig. 3A),
whereas the lateral margin of its anteromedial process is
concave and anteroposteriorly outlined by a diagonal crest
(‘pmac’ in Fig. 3A), likely for the articulation of the premaxilla.

On the medial surface, a well-developed palatal process forms
a protruding shelf that parallels the alveolar margin. It has a well-
defined ventral surface and is dorsoventrally thicker anteriorly,
near the preserved tooth (Fig. 3C). Interdental plates are seen
surrounding the teeth medially (Fig. 3C2, C3, D2), as is typical
of crocodiles, silesaurids, and dinosaurs (LeBlanc et al., 2017;
Mestriner et al., 2022).

Dentary—Three lower jaw fragments were recovered (UFSM
11579D-F; Fig. 6B–D). The dentary slightly tapers toward the
anterior portion, with an evident Meckelian canal seen in
medial view paralleling the ventral margin of the bone (Fig.
6B2). Two ovoid foramina are seen in the lateral surface of the
bone, near the first and third tooth positions as preserved (Fig.
6B1). Interdental plates are present laterally, medially, and
between the teeth (Fig. 6B2, B3). Medially, there is an edge deli-
miting the interdental plate/jaw bone contact (Fig. 6B2). A con-
spicuous ridge extends along the lateral/medial? surface of the
dentary, right at the contact between the interdental plate and
the jaw bone (‘r’ in Fig. 6D1).

Dentition—All preserved teeth are firmly embedded in the
alveoli, leaving no space around the dentine (Figs. 3, 5, 6).
The tooth emerging from the left maxilla (UFSM 11579A)

FIGURE 2. A, silhouette depicting the preserved bones of UFSM 11579, individual bones referred to UFSM 11579; B, right maxilla piece (UFSM
11579B) in medial view; C, left maxilla in lateral view (UFSM 11579A); D, right lower jaw piece in lateral view (UFSM 11579E); E, cervical vertebra
(UFSM 11579G) in lateral view; F, cervical rib piece in lateral view (UFSM 11579H); G, right scapula (UFSM 11579I) in lateral view; H, right ilium
(UFSM 11579J) in lateral view; I, right femur (UFSM 11579M) in anterior view; J, left tibia (UFSM 11579S) in lateral view; K, left fibula (UFSM
11579 T) in lateral view; L, indeterminate non-ungual pedal phalanx (UFSM 11579 V) in lateral/medial? view. Reconstruction of skeleton completed
by Scott Hartman and figure extracted and modified from Nesbitt et al. (2019). Scale bars from B to L equal 0.5 cm. Abbreviations: ac, acetabulum;
afo, antorbital fossa; at, anterior trochanter; cc, cnemial crest; pra, preacetabular ala; prz, prezygapophysis.
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has the typical Silesauridae sub-triangular and leaf-shaped mor-
phology in labial/lingual views (Fig. 3B1, B2, C3, D). Its crown
base is mesio-distally expanded and bears labial and lingual

cinguli (Fig. 3B1, B2, C3, D, E). These are continuous to longi-
tudinal prominent ridges that extend apicobasally along the
center of both the lingual and labial surfaces of the crown

TABLE 1. Postcranial measurements (Note: values are given in centimeters).

Measurement info: Specimen:

Cervical Vertebra: UFSM 11579G:

Centrum anteroposterior length 2.2
Centrum maximum dorsoventral length 0.9
Centrum lateromedial width 1.2
Prezygapophysis length 1.2

Scapula: UFSM 11579I:

Maximum anteroposterior length 5.5
Maximum lateromedial width 1.5
Maximum width of the blade axis 1.0
Minimal anteroposterior width of the blade axis 0.7

Ilia: UFSM 11579J: UFSM 11579K:

Maximum anteroposterior length 7.0 NA
Maximum dorsoventral height 3.5 NA
Iliac blade maximum length 5.5 NA
Iliac blade maximum height 1.5 NA
Acetabulum width 1.5 1.5
Acetabulum dorsoventral height 2.1 NA
Acetabulum anteroposterior length 2.7 2.6
Length of the pubic peduncle 2.2 NA
Brevis fossa width NA 0.9

Right Femora: UFSM 11579L: UFSM 11579M: UFSM 11579N:

Dorsoventral length 11.2 NA NA
Maximum width of the head (lateromedially) 1.9 1.8 1.8
Anteroposterior length of the head 1.0 0.7 0.7
Mediolateral width of the distal end 2.5 NA NA
Anteroposterior length of the distal end 1.6 NA NA
Popliteal fossa proximodistal extension 4.4 NA NA
4th trochanter proximodistal length 1.1 1.7 NA
4th trochanter lateromedial width 0.5 0.5 NA
Anterior trochanter proximodistal length 1.0 1.2 1.2
Anterior trochanter lateromedial width 0.4 0.4 0.4
Dorsolateral trochanter proximodistal length 1.3 1.1 NA
Dorsolateral trochanter lateromedial width 0.4 0.3 NA

Left Femora: UFSM 11579O: UFSM 11579P: UFSM 11579Q:

Dorsoventral length 10 NA NA
Maximum width of the head (lateromedially) 1.7 2.3 NA
Anteroposterior length of the head 0.6 1.2 NA
Mediolateral width of the distal end NA NA 2.7
Anteroposterior length of the distal end NA NA 2.0
Popliteal fossa proximodistal extension 4.2 NA 3.9
4th trochanter proximodistal length NA NA NA
4th trochanter lateromedial width NA NA NA
Anterior trochanter proximodistal length 1.2 1.6 NA
Anterior trochanter lateromedial width 0.4 0.6 NA
Dorsolateral trochanter proximodistal length NA 0.9 NA
Dorsolateral trochanter lateromedial width NA 0.4 NA

Tibiae: UFSM 11579R: UFSM 11579S:

Proximal end maximum lateromedial width 1.8 1.2
Anteroposterior length of the proximal end 2.8 1.8
Proximodistal length of the cnemial crest 1.6 1.6
Anteroposterior length of the cnemial crest 0.7 0.6

Fibula: UFSM 11579T: UFSM 11579U:

Proximal end maximum lateromedial width 0.8 0.5
Anteroposterior length of the proximal end 1.7 1.5

Phalanx: UFSM 11579V:

Maximum anteroposterior length 2.2
Minimum anteroposterior length 1.8
Maximum lateromedial length 1.6
Minimum lateromedial length 1.1
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FIGURE 3. UFSM 11579A, left maxilla: A1, lateral view. A2, drawing highlighting the structures of A1; A3, UFSM 11579 digitally reconstructed by
CT-scan segmentation, lateral view; B1, lateral view proximate and focusing on details of the preserved tooth and the ventral portion of the antorbital
fenestra; B2, drawing highlighting the structures of B1; B3, the digital image of the CT-scan segmentation focusing on details of the ventral portion of
the antorbital fenestra;C1, medial view;C2, drawing highlighting the structures of C1;C3, medial view of the UFSM 11579A digitally reconstructed by
CT-scan segmentation;D1, proximate image of the tooth in medial view;D2, tooth digitally reconstructed by CT-scan segmentation, medial view;D3,
tooth digitally reconstructed by CT-scan segmentation, lateral view; E1, dorsomedial view; E2, drawing highlighting the structures of E1; E3, UFSM
11579 digitally reconstructed by CT-scan segmentation, dorsomedial view; F, posterolateral view showing the wide antorbital fossa and the rostral
aperture. Abbreviations: afo, antorbital fossa; afc, crest of antorbital fenestra; cin, cingulum; d, depression; de, denticles; den, dentine; dm, dorsal
margin; fo, foramen; inp, interdental plate; ld, longitudinal depression; lr, longitudinal ridge; palp, palatal process. pmac, premaxilla contact;
pmace, premaxilla contact excavation; r, ridge; rap, rostral aperture. Numbers indicate the alveoli position, from the anterior to the posterior
portion. Arrows indicate the anterior direction.
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FIGURE 4. Comparison of the silesaurid antorbital fenestra. A, UFSM 11579A; B, Sacisaurus agudoensis (MCN PV10050); C, Silesaurus opolensis
(ZPAL, Institute of Paleobiology of the Polish Academy of Sciences in Warsaw, Poland): B was purposely flipped (mirrored on Photoshop), so the
three materials could face the same direction.Abbreviations: afc, crest of antorbital fenestra; afo, antorbital fossa; dr, dorsal margin. Arrows indicate
the anterior direction.
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FIGURE 5. UFSM 11579B, right maxilla piece. A1, lateral view; A2, approximated view of the lateral view; A3, the digital image of the CT-scan
segmentation, lateral view; B1, medial view; B2, the digital image of the CT-scan segmentation, medial view; C1, dorsal view; C2, the digital image
of the CT-scan segmentation, dorsal view. Abbreviations: afvm, ventral margin of the anterior fenestra; cin, cingulum; ld, longitudinal depression;
lr, longitudinal ridge. Numbers indicate the alveoli position from anterior to posterior.
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(Fig. 3B1, B2, C3, D, E). The ridges are flanked mesially and
distally by longitudinal depressions, which more smoothly exca-
vate the crown base (Fig. 3A, B1, B2, D, E3). This longitudinal
ridge is similar to that seen in Sacisaurus agudoensis (see
Langer & Ferigolo 2013:fig. 7F, K) and may correspond to
the “central primary ridge” of some ornithischians (Butler
et al., 2008).
Many denticles measuring on average 0.015 cm apicobasally

and 0.020 cm mesiodistally are seen along both carinae of
UFSM 11579A (Fig. 3B1, B2, D). Because the carinae are
incomplete, it is not possible to define the exact number of den-
ticles per side of the tooth, but it is possible to distinguish at
least nine mesially and three distally (the distal carina is badly
preserved, Fig. 3D). The tooth ends dorsally as a thin tip (Fig.
3B1, B2, C3, D), differing from the more rounded tooth tips
of Sacisaurus agudoensis, Silesaurus opolensis, and Diodorus
scytobrachion (Dzik, 2003; Langer & Ferigolo, 2013; Kammerer

et al., 2011). In general, UFSM 11579 seems to present a “foli-
dont” tooth crown morphology (Fig. 3D), where the teeth are
lanceolate instead of recurved, possess a midline ridge extend-
ing from the base to the apex on the lingual and labial surfaces,
and have relatively large denticles projecting from the edges
(sensu Hendrickx et al., 2015; Martz & Small, 2019). This is
the same condition seen in Sacisaurus agudoensis and Kwana-
saurus williamparkeri, but differs from those of Asilisaurus
kongwe, Lewisuchus admixtus, and some specimens of Sile-
saurus opolensis, in which the teeth are either peg-like
(Nesbitt et al., 2010, 2019), recurved (Ezcurra et al., 2019), or
more conical (Dzik, 2003).

Even though the teeth of the right maxilla (UFSM 11579B) are
damaged (Fig. 5), the 3D model (derived from CT data) allowed
us to access the overall morphology of the eighth preserved
tooth. It is generally like that of UFSM 11579A, but with a less
protuberant cingulum, especially on the labial surface of the

FIGURE 6. UFSM 11579.A, left maxilla piece (UFSM 11579C) inA1, lateral view;A2, medial view;A3, dorsal view. B, right lower jaw piece UFSM
11579D with a digitally reconstructed 3D model for each view: B1, lateral view; B2, medial view; B3, dorsal view. C. Right lower jaw piece UFSM
11579E with a digitally reconstructed 3D model for each view: C1, lateral view; C2, medial view. D. Lower jaw piece UFSM 11579F: D1, lateral/
medial? view; D2, dorsal view. ‘A’ and ‘B’ were used in a previous Silesauridae tooth attachment survey (see Descriptions section), as can be
found in Mestriner et al. (2022), Figures 5–9 and Supplementary Material, Figures S6 and S7. Abbreviations: de, denticles; e, edge; fo, foramen;
inp, interdental plate; La, labial; ld, longitudinal depression; Li, lingual; lr, longitudinal ridge; mc, Meckelian canal; r, ridge. Numbers indicate the
alveoli position, from the anterior to the posterior portion. Arrows indicate the anterior direction.
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FIGURE 7. UFSM 11579G, cervical vertebra, and UFSM 11579G, cervical rib.A, lateral view; B, posterior view; C, the other lateral view;D, anterior
view;E, dorsal view; F, ventral view;G, lateral view.Abbreviations: cap, capitulum; d, diapophysis; ex, excavation; fos, fossa; ns, neural spine; pa, para-
pophysis; prdl, prezygodiapophyseal lamina; prz, prezygapophysis; rfav, rib fragment of another vertebra; sdf, spinodiapophyseal fossae; sprl, spino-
prezygapophyseal lamina; tba, tuberculum area.
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tooth (Fig. 5A3, B2). Its crown is also more posteriorly curved at
the distal tip. Fully erupted teeth in the dentary are known only
for UFSM 11579E (Fig. 6C). These are leaf-shaped like the
maxillary teeth (Fig. 6E, F), but the lingual side is damaged, ham-
pering the identification of a cingulum. The more posterior tooth
is broken at its mesiobasal portion, whereas the other tooth is
more complete. UFSM 11579E teeth (Fig. 6C) have at least
seven denticles in both the mesial and distal carinae (damage
precludes assessing their exact number), with sizes that do not
differ from those of UFSM 11579A (ca. 0.015 cm apicobasally
and 0.020 cm mesiodistally). The tooth has a smooth labial
surface, as well as a longitudinal smooth depression excavating
the crown base (‘ld’ in Fig. 6C1).
Axial Skeleton—An isolated partial cervical vertebra was

recovered from the bone accumulation (UFSM 11579G; Fig.
7). It is not well-preserved, missing both postzygapophyses
and most of the neural spine (Fig. 7A). Only the 1.2 cm long
left prezygapophysis is preserved (Fig. 7C). The position of
the diapophysis is inferred from the incomplete base on the
left element, whereas the parapophysis corresponds to a low
bump (Fig. 7). The centrum measures 2.2 cm in length and is
parallelogram-shaped in lateral view (Fig. 7A, C), as in anterior
cervical vertebrae of other early Pan-Aves (Nesbitt et al., 2019),
with the anterior articular facet placed dorsal to the posterior
(Fig. 7A, C). The lateral surface of the centrum possesses a
shallow and poorly defined anteroposteriorly elongated exca-
vation (Fig. 7A).

The ventral surface of the centrum is badly preserved, but
seems to lack the ventral keel (Fig. 7F) seen in some silesaurids
(Nesbitt et al., 2019), such as Asilisaurus kongwe (Nesbitt
et al., 2010, 2019) and Silesaurus opolensis (ZPALAb III/unnum-
bered—Nesbitt et al., 2019). The anterior and posterior articular
facets are both slightly concave (Fig. 7B, D). The prezygapophy-
sis projects beyond the anterior rim of the centrum (Fig. 7A, C, E,
F) and two distinct laminae extend along its dorsal and lateral
surfaces. Laterally, the prezygodiapophyseal lamina (prdl—
Wilson 1999; Wilson et al., 2011) extends anterodorsally from
the diapophysis toward the tip of the prezygapophysis, flanking
this structure laterally (Fig. 7A). More dorsally, the spinoprezy-
gapophyseal lamina (sprl—Wilson 1999; Wilson et al., 2011)
extends along the prezygapophysis dorsal surface to meet the
anterior end of the broken neural spine (Fig. 7A, C). The area
between both laminae is well marked by the spinodiapophyseal
fossa (sdf—Wilson et al., 2011).

An incomplete cervical rib was recovered from the bone
accumulation (UFSM 11579H). It is badly preserved, with the
material still associated to the matrix (Fig. 7G). The rib is
slender, proximally bifurcated into capitulum and tuberculum,
the latter of which is missing. The former is rounded and forms
a 90° angle to the shaft. The narrower and rod-like shaft is dis-
tally incomplete, so that its length cannot be assessed. The
shaft curves gently from the point where the tuberculum and
capitulum diverge, and it is nearly straight distal to that. A
piece of another rib was preserved next to that shaft (Fig. 7G).

FIGURE 8. UFSM 11579I, right scapula.A, lateral view; B, digitally reconstructed lateral view.Abbreviations: aa, acromion area; db, dorsal blade; gl,
glenoid; pgf, preglenoid fossa.
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Scapula—An isolated, incomplete, and damaged right scapula
is the only recovered element of the pectoral girdle (UFSM
1579I; Fig. 8). It is partially embedded in the matrix and
exposed in lateral view (Fig. 8). The scapula measures 5.5 cm dor-
soventrally and is mediolaterally flattened, bowing medially at its
dorsal portion. The posterior margin of the blade is straight, but
the anterior gradually projects anteriorly towards its dorsal
margin. As in Sacisaurus agudoensis (Langer & Ferigolo, 2013),
the scapular blade reaches its minimal and maximal anteropos-
terior width respectively near the base (0.7 cm) and at the
dorsal margin. The dorsal expansion coupled with the well-devel-
oped acromion, confers to the anterior margin of the blade a
concave aspect. The glenoid is posteroventrally and slightly later-
ally oriented, forming an angle of approximately 45° in lateral
view respective to the scapular main axis. On the lateral
surface, a subtle preglenoid fossa is present between the
glenoid and the acromion area, resembling the condition in
early pan-avians, such as Silesaurus opolensis (Dzik, 2003), Saci-
saurus agudoensis (Ferigolo & Langer, 2007), and Teleocrater
rhadinus (Nesbitt et al., 2017b). The distal end surface is nearly
flat, and thicker posteriorly than anteriorly, resembling the con-
dition in Silesaurus opolensis (Dzik, 2003), Sacisaurus agudoensis
(Langer & Ferigolo, 2013), and Teleocrater rhadinus (Nesbitt
et al., 2017a, 2017b).
Ilium—Two isolated and incomplete right ilia are preserved

(Fig. 9). The more complete element is only exposed laterally
(11579J; Fig. 9A), given that its medial side is still embedded in

matrix. Its maximum anteroposterior length is 7.0 cm, whereas
the maximum dorsoventral height is 3.5 cm. Most of the iliac
blade, including the pre- and postacetabular alae are only acces-
sible by their impressions in the rock matrix. The other ilium is
mostly represented by its acetabular region and brevis fossa
(UFSM 11579 K; Fig. 9B).

The preacetabular ala is subtriangular in lateral view and does
not extend anterior to the pubic peduncle (Fig. 9A). Its anterior
portion is gently rounded and arches laterally as it extends ante-
riorly. The acetabular antitrochanter is set at the posteroventral
corner of the acetabulum, as a planar and barely differentiated
surface (Fig. 9). The anterior edge of the acetabular medial
wall merges with the posteromedial portion of the pubic pedun-
cle, which is 2.2 cm long, has a columnar aspect and an antero-
ventrally facing articulation for the pubis (Fig. 9A). There is a
subtle ridge extending from the middle of the supraacetabular
crest to the lateral edge of the preacetabular ala (Fig. 9B),
which is also seen in Asilisaurus kongwe (Nesbitt et al., 2019:
fig. 36A, labeled “r”). The ischiadic peduncle is continuous
with the distal portion of the acetabular wall and it is mainly ver-
tical in lateral view.

The supracetabular crest is missing in both ilia, but its position
is indicated by the outline of its base (Fig. 9). It lies in the middle
of the dorsoventral height of the ilium and covers the entire ante-
roposterior extent of the acetabulum. Even though breakages
hamper evaluation of its shape, the supracetabular crest of
UFSM 11579 K (‘sac’ in Fig. 9B) is gently projected ventrally.

FIGURE 9. Two right ilia: A, UFSM 11579J in lateral view; B, UFSM 11579 K in lateral view. Abbreviations: ac, acetabulum; brfo, brevis fossa; ip,
ischiadic peduncle; mr, medial ridge; poa, postacetabular ala; pp, pubic peduncle; pra, preacetabular ala; r, ridge; sac, supracetabular crest. Dashed
area indicates the missing portion of the ilium.
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FIGURE 10. UFSM 11579L, right femur:A, anterior view;B, lateral view;C, posterior view;D, medial view;E, proximal view; F, distal view.Abbrevi-
ations: alt, anterolateral tuber; amt, anteromedial tuber; at, anterior trochanter; cl, cleft; dlt, dorsolateral trochanter; faa, facies articularis antitrochan-
terica; gt, great trochanter; lc, lateral condyle; mc, medial condyle; mt, medial tuber; pf, popliteal fossa; pg, proximal groove; tfc, tibiofibular condyle;
4th, fourth trochanter.
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The ventral margin of the ilium is convex, with the acetabular
medial wall closing the entire iliac acetabulum (Fig. 9A), as
typical for most non-dinosaurian archosaurs (Gauthier, 1986;
Langer & Benton, 2006; Nesbitt, 2011), including silesaurids
(Dzik, 2003; Ezcurra et al., 2019; Langer & Ferigolo, 2013; Mar-
tinez et al., 2011; Nesbitt, 2011; Nesbitt et al., 2019; Peecook et al.,
2013). The acetabulum is anteroposteriorly longer (2.7 cm) than
dorsoventrally tall (1.5 cm), the ventral margin of the medial wall
is subtriangular and extends ventral to the pubic and ischiadic
peduncles, resembling the condition of Asilisaurus kongwe
(Nesbitt et al., 2019).
The postacetabular ala bears an anteroposteriorly elongated

and ventrally oriented subtriangular fossa, with 0.9 cm of
maximal width, the lateral margin of which extends as a ridge
that connects to the supracetabular crest (Fig. 9B). This corre-
sponds to the brevis fossa (Langer & Benton, 2006; Novas,
1996), which also occurs in several dinosauriforms such asLewi-
suchus admixtus (Ezcurra et al., 2019), Asilisaurus kongwe
(Nesbitt et al., 2019), Silesaurus opolensis (ZPAL Ab III/907/
8, 404/1), Sacisaurus agudoensis (Langer & Ferigolo, 2013),

Lutungutali sitwensis (Peecook et al., 2013), Eucoelophysis
baldwini (GR 225), and Ignotosaurus fragilis (Martínez et al.,
2012). In contrast, some other pan-avians such as Lagerpeton
chanarensis, Ixalerpeton polesinensis, and Lagosuchus lilloensis,
lack such a fossa (Ezcurra et al., 2019; Novas, 1996; Sereno &
Arcucci, 1994). A ridge extends anteroposteriorly flanking the
brevis fossa laterally (Fig. 9B), forming the ventral margin of
the posterior portion of the postacetabular ala, where the
fossa is partially exposed laterally. This differs from the con-
dition of the silesaurids Lutungutali sitwensis (Peecook et al.,
2013), Sacisaurus agudoensis (Langer & Ferigolo, 2013),
Silesaurus opolensis (Dzik, 2003), and a specimen referred to
Lewisuchus admixtus (CRILAR-Pv 552), in which the fossa is
more laterally directed.

Femur—Three right (UFSM 11579L-N; Figs. 10, 11A–D) and
three left (UFSM 11579O-Q; Figs. 11E, F, 12) femora are pre-
served, most of them fragmentary. The two more complete
femora are 10.0 and 11.2 cm long (Figs. 10, 11E; Table 1). All
femora are nearly identical, although taphonomic distortions
modified their overall shape in some parts, especially the

FIGURE 11. UFSM 11579M, right femur: A, anterior view; B, medial view. UFSM 11579N, right femur: C, anterior view; D, lateral view. UFSM
11579O, left femur: E, anterior view; F, close-up on its posterodistal portion showing the well-excavated popliteal fossa. Abbreviations: at, anterior
trochanter; dlt, dorsolateral trochanter; pf, popliteal fossa; 4th, fourth trochanter.
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proximal and distal articulations. The bone is sigmoid in lateral/
medial views, given the medial and lateral curvatures of its prox-
imal and distal portions (Figs. 10–12). The proximal outline of the
femoral head is subtriangular, with clear anteromedial and ante-
rolateral tubers (Figs. 10C–E, 12B). Its maximum lateromedial
width varies from 1.8–2.3 cm and the anteroposterior length
from 0.6–1.2 cm (see Table 1). The anterior margin of the
femoral head, connecting the anterolateral and anteromedial
tubera, is flat, forming part of the triangular shaped head
typical of Silesauridae (Dzik, 2003; Ferigolo & Langer, 2007;
Kammerer et al., 2011; Langer & Ferigolo, 2013; Müller &
Garcia, 2023; Nesbitt, 2011; Nesbitt et al., 2019). This condition
differs from that of most archosauriforms, in which the femur
has a rounded anterior margin in proximal view (Nesbitt,
2011). The anteromedial tuber is not as developed as that of
most early dinosaurs, e.g., Nhandumirim waldsangae, Saturnalia
tupiniquim (Langer, 2003; Marsola et al., 2019a), but it is
rounded, medially projected, and larger than the medial tuber,
as seen in Sacisaurus agudoensis, Asilisaurus kongwe, and early
dinosaurs (Langer, 2003; Langer & Ferigolo, 2013; Marsola
et al., 2019a; Nesbitt et al., 2019). The medial tuber is low and
rounded, occupying less than one-third of the medial edge of
the femoral head. The “ligament sulcus” (Novas, 1996) is very
subtle and separates the anteromedial and medial tubera (Fig.
12B), differing from the better developed excavation seen in

several Sacisaurus agudoensis individuals (see Langer & Feri-
golo, 2013:fig. 16A, B). The elevated profile of the posterior
corner of the femoral head is given by the “great trochanter,”
which forms a nearly right angle in posterior view. Additionally,
its posteromedial edge forms the ‘facies articularis antitrochan-
terica,’ which is not depressed, as also seen in Sacisaurus agu-
doensis and Silesaurus opolensis (Dzik, 2003; Langer &
Ferigolo, 2013). In proximal view, the femur bears a distinct
and straight groove (Figs. 10E, 12B).

There is a notch distal to the anteromedial projection of the
femoral head, as better seen in UFSM 11579P (Fig. 12A) and
considered typical of silesaurids (Irmis et al., 2007; Kammerer
et al., 2011; Langer & Ferigolo, 2013; Nesbitt et al., 2010).
Indeed, the distal margin of the UFSM 11579P femoral head
does not form a distally continuous curve, as in lagerpetids
(Nesbitt et al., 2009) and Lagosuchus lilloensis (PVL 3870), but
it is instead angled relative to the shaft, as in silesaurids and dino-
saurs (Langer & Benton, 2006; Langer & Ferigolo, 2013). Also,
the femoral head is not medially expanded as in those lagerpetids
and dinosaurs, better matching the typical silesaurid condition
(Dzik, 2003; Ezcurra, 2006; Irmis et al., 2007; Kammerer et al.,
2011; Nesbitt et al., 2007, 2010).

The dorsolateral trochanter is proximodistally elongated and
does not reach the proximal margin of the femur. It is located
slightly proximal to the anterior trochanter, matching the position

FIGURE 12. UFSM 11579P, left proximal femur: A, posterior view; B, proximal view. UFSM 11579Q, left distal femur: C, posterior view; D, distal
view. Abbreviations: alt, anterolateral tuber; amt, anteromedial tuber; faa, facies articularis antitrochanterica; gt, great trochanter; lc, lateral
condyle; ls, ligament sulcus; mc, medial condyle; mt, medial tuber; n, notch; pf, popliteal fossa; pg, proximal groove; tfc, tibiofibular condyle.
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and morphology commonly found in early dinosauriforms
(Langer & Benton, 2006; Novas, 1996), such as silesaurids (Dzik,
2003; Ferigolo & Langer 2007; Nesbitt et al., 2019) and the dino-
saur Nhandumirim waldsangae (Marsola et al., 2019a). On the
other hand, the dorsolateral trochanter of most other early dino-
saurs is positioned well proximal to the level of the anterior tro-
chanter (Figs. 10A, 11A, E), e.g., Saturnalia tupiniquim (Langer,
2003), Liliensternus liliensterni (Langer & Benton, 2006; Nesbitt,
2011), Staurikosaurus pricei (Bittencourt & Kellner, 2009). As in
Sacisaurus agudoensis, the dorsolateral trochanter is crenulated
and scarred, revealing muscle insertion sites. The anterior trochan-
ter is prominent (see Table 1 for measurements), positioned
anterior to the dorsolateral trochanter. In UFSM 11579L-O, it is
ovoid in cross section, with the spike-like morphology (Figs.
10A, B, 11) typical of silesaurids (Dzik, 2003; Langer & Ferigolo,
2013; Nesbitt, 2011), such as Silesaurus opolensis (Dzik, 2003),
Sacisaurus agudoensis (Ferigolo & Langer, 2007; Langer & Feri-
golo, 2013), Diodorus scytobrachion (Kammerer et al., 2011),
Eucoelophysis baldwini (Sullivan & Lucas, 1999), Lewisuchus
admixtus (Ezcurra et al., 2019), and Amanasaurus nesbitti
(Müller & Garcia, 2023). It is also proximodistally striated and
projected laterally from the femoral shaft, differing from the
more subtle anterior trochanter of Asilisaurus kongwe (Nesbitt
et al., 2019) and some early dinosaurs (e.g., Saturnalia tupiniquim,
Nhandumirim waldsangae; Langer, 2003; Marsola et al., 2019a).
The proximal portion of the anterior trochanter of UFSM
11579L-O is separated from the shaft by a subtle cleft. This con-
dition is found more pronounced in Sacisaurus agudoensis
(Langer & Ferigolo, 2013:fig. 16E).
The fourth trochanter is located at the posteromedial portion

of the proximal third of the femur (Figs 10, 11B, D). It is sym-
metric proximodistally, as for other non-dinosaur dinosauriforms
(Ezcurra et al., 2019; Nesbitt et al., 2010; Nesbitt, 2011), forming
obtuse angles to the shaft. The UFSM 11579L-O fourth trochan-
ter (Figs. 10, 11) is not as expanded as that of Lewisuchus admix-
tus (Ezcurra et al., 2019), resembling more the condition of other
silesaurids such as Sacisaurus agudoensis (Ferigolo & Langer,
2007; Langer & Ferigolo, 2013), Silesaurus opolensis (Dzik,
2003), Eucoelophysis baldwini (Sullivan & Lucas, 1999), andAsi-
lisaurus kongwe (Griffin & Nesbitt, 2016; Nesbitt et al., 2019).
Medial to the fourth trochanter, a proximodistally elongated
scar marks the attachment of M. caudofemoralis longus
(Langer & Ferigolo, 2013).
The anatomy of the distal end of the femur can be partially

accessed via the preserved parts of UFSM11579 L, O, and N
(Figs. 10C, D, F, 11F, 12C, D). The bone gradually expands
toward the distal end (Fig. 10C; Table 1), the posterior surface
of which seems to lack the proximodistally oriented “caudome-
dial groove” and the “caudomedial ridge” seen in Sacisaurus
agudoensis (Langer & Ferigolo, 2013:figs. 12C, 17I), but bears a
proximodistally oriented and well-developed popliteal fossa
(Yates, 2003), or “intercondylar groove” (Butler, 2010). It
extends for the whole distal third of the femur (Figs. 10C, D, F,
11F, 12C, D), a condition shared among silesaurids, such as Saci-
saurus agudoensis (Langer & Ferigolo, 2013),Diodorus scytobra-
chion (Kammerer et al., 2011), and Silesaurus opolensis (Dzik,
2003).
The distal outline of the femur is rounded and laterome-

dially broader than anteroposteriorly long (Figs. 10F, 12D).
The tibiofibular crest (lateral condyle of Langer & Ferigolo,
2013) is posterolaterally pointed and continuous with the
lateral condyle (fibular condyle of Langer & Ferigolo, 2013).
The lateral condyle has its anterior margin subtly more
convex than the medial condyle, whereas the tibiofibular
crest is subtly more posteriorly extended than the medial
condyle (Figs. 10F, 12D). The lateral condyle and the tibiofib-
ular crest are separated by a shallow cleft that culminates in a
central fossa.

Tibia—Two incomplete and damaged left tibiae were recov-
ered, one represented only by the proximal end (UFSM
11579R; Fig. 13A) and a more complete one missing only its
distal end (UFSM 11579S; Fig. 13B). The proximal outline of
the bone has a convex medial margin, whereas the lateral
margin is concave. The medial condyle is more posteriorly
extended than the fibular condyle, as in other non-dinosaur dino-
sauriforms (Lagosuchus lilloensis, Sereno &Arcucci, 1994; Lewi-
suchus admixtus, Ezcurra et al., 2019), sauropodomorphs
(Saturnalia tupiniquim MCP 3845-PV), and ornithischians (e.g.,
Lesothosaurus diagnosticus, NHMUK PV RU B17; Baron
et al., 2017b). This contrasts with the condition of neotheropods,
in which the two condyles are located at the same level at the pos-
terior margin (Ezcurra et al., 2019; Langer & Benton, 2006). The
separation of the two condyles is not clear because of poor
preservation.

A medially kinked and straight cnemial crest is present (Fig.
13A3, B3), although it is not as pronounced as in various early
dinosaurs, e.g., Heterodontosaurus tucki (Luca & Luca, 1980),
Herrerasaurus ischigualastensis (Novas, 1994), Saturnalia tupini-
quim (Langer, 2003), and Dilophosaurus wetherilli (Tykoski,
2005). Instead, it is more like the cnemial crest of many silesaur-
ids such as Asilisaurus kongwe (Nesbitt et al., 2010, 2019),
Lewisuchus admixtus (Ezcurra et al., 2019), Sacisaurus agudoen-
sis (Langer & Ferigolo, 2013), and Silesaurus opolensis (Dzik,
2003). The proximalmost portion of the lateral surface of the
tibia has a proximodistally extended excavation, which seems
to be related to the reception of the fibular head (Fig. 13A1,
B1). The tibial shaft is nearly straight (Fig. 15B), lateromedially
flattened proximally, but gradually turning more ovoid towards
the distal portion.

Fibula—Two proximal portions of left fibulae were recovered
(UFSM 11579T-U; Fig. 13C, D), both very damaged and disso-
ciated from the tibiae. UFSM 11579 T is sigmoidal in lateral/
medial views (Fig. 13C), whereas UFSM 11579U is thinner and
straighter. Both are less robust than the tibia and UFSM
11579 T bears an anteroposteriorly expanded proximal end.
Both fibulae are mediolaterally compressed, generally three
times anteroposteriorly longer than mediolaterally wide in
cross section (Table 1). The proximal end of UFSM11579U is
medially bowed, anteriorly expanded, and more than twice
wider than the shaft, whereas that of UFSM 11579U is straight,
not expanded, and has the same thickness of its shaft. They
bear a proximodistally oriented scar on the medial face (Fig.
13C1), as in Silesaurus opolensis (Dzik 2003—specimen ZPAL
Ab III-361 and 362).

Pedal Phalanx—The pedal digits are represented only by one
non-ungual phalanx (UFSM11579V; Fig. 14). Even though the
phalanx is not articulated, it is tentatively associated to the
right fourth phalanx of the fourth digit, based on a direct com-
parison with the pes of Nhandumirim waldsangae (Marsola
et al., 2019a). The proximal articulation is about as high as
wide and has a very subtle ventral ridge (Fig. 14E) separating
the concave articular surface into a broader medial and a
smaller lateral facet. The difference in size between the two con-
dyles (lateral and medial) seems to be related to the lateral dis-
placement of the phalanx/digit.

The phalanx is proximodistally elongated (maximum length of
2.21 cm), with a distinctly concave proximal surface (Fig. 14C).
Both ventral and dorsal “proximal intercondylar processes” are
well developed, with a waning crescent moon aspect in lateral
and medial views (Fig. 14A, B). As in Sacisaurus agudoensis
(Langer & Ferigolo, 2013), the ventral intercondylar process is
twice longer than the dorsal (Fig. 14A–C). The proximal half of
the ventral surface is flattened for the insertion of the flexor liga-
ment. The ventral area separating the proximal half from the
distal articulation of the phalanx is delimited by an extensive
excavation (Fig. 14D). This region marks the middle of the
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phalanx and has its lateral andmedial extremities flanked by con-
strictions (Fig. 14A, B, D). The distal condyles are laterally, medi-
ally, and ventrally expanded compared with the shaft (Fig. 14C,
F). A dorsoventral depression is seen in the distal half of the

shaft, separating the well-developed distal condyles. Pits for col-
lateral ligaments are seen at the lateral margin of the distal
condyle (Fig. 14A, B). An oval foramen is seen at the center of
the lateral surface (Fig. 14B).

FIGURE 13. UFSM 11579. UFSM 11579R, left tibia:A1, lateral view;A2, medial view;A3, proximal view. UFSM 11579S, left tibia: B1, lateral view;
B2, medial view; B3, proximal view. UFSM 11579 T, left fibula: C1, lateral view; C2, medial view; C3, proximal view. UFSM 11579U, left fibula: D1,
lateral view; D2, medial view; D3, proximal view. Abbreviations: cc, cnemial crest; exc, excavation; fc, fibular condyle; mc, medial condyle; sc, scar.
Arrows indicate the anterior direction.
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FIGURE 14. UFSM 11579 V, fourth right non-ungual phalanx, possibly from the fourth digit: A, lateral view; B, medial view; C, dorsal
view; D, ventral view; E, proximal view; F, distal view. Abbreviations: cp, collateral pit; da, distal articulation; dic, dorsal intercondylar
process; e, excavation; f, foramen; lc, lateral condyle; mc, medial constriction; mec, medial condyle; vic, ventral intercondylar process;
vr, ventral ridge.
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Femoral Histology

The left femoral shaft of UFSM11579O was transversely sec-
tioned (Fig. 15), near midshaft. The medullary cavity is infilled
by calcite crystals. The cortex is densely vascularized (Fig. 15D,
E) and the bone tissues exhibit longitudinally oriented primary
osteons and occasional anastomoses, a condition typically seen
in silesaurids (Fostowicz-Frelik & Sulej, 2010; Griffin &
Nesbitt, 2016; Veiga et al., 2018). The microstructure of the
cortex is nearly uniform, with no discontinuities such as lines of
arrested growth (LAGs—Fig. 15C). It means that UFSM 11579
did not deposit annual LAGs during ontogeny, a feature that
may be common for silesaurids (Fostowicz-Frelik & Sulej,
2010; Griffin & Nesbitt, 2016; Veiga et al., 2018). Therefore,
UFSM 11579 exhibits a continuous and multi-year growth
instead of depositing annual LAGs. As in Silesaurus opolensis
(Fostowicz-Frelik & Sulej, 2010), Asilisaurus kongwe (Griffin &
Nesbitt, 2016), Sacisaurus agudoensis (Veiga et al., 2018), and
Lewisuchus admixtus (Ezcurra et al., 2019), UFSM 11579 has
no indication of having slowed or stopped its growth before
death, differing from the early dinosaur condition, in which
LAGs are recorded in the outer cortex of “Syntarsus” rhodesien-
sis (Chinsamy, 1990; Chinsamy-Turan, 2008), Saturnalia tupini-
quim (Stein, 2011), and Nhandumirim waldsangae (Marsola
et al., 2019a).

The cortex is composed of uninterrupted woven-fibered matrix
(i.e., fibrolamellar bone tissue), with more circumferentially
oriented fibers at the outermost cortex than at the middle and
inner cortices (Fig. 15C). The presence of this type of tissue indi-
cates relatively high rates of bone deposition and, consequently,
growth (Amprino, 1947; Francillon-Vieillot et al., 1990; Margerie
et al., 2002; Prondvai et al., 2014; Veiga et al., 2018). The entire
cortex is well vascularized by primary osteons, which have a long-
itudinally distributed radial arrangement (Fig. 15C). The tissue
shows extensive primary deposition events, as indicated by a
thin band of lamellar bone encircling some of the osteons (Fig.
15D, E), which are also surrounded by osteocytes lacunae. As
in other dinosauriforms, such as Asilisaurus kongwe (Griffin &
Nesbitt, 2016), Lewisuchus admixtus (Marsà et al., 2017), and
Silesaurus opolensis (Fostowicz-Frelik & Sulej, 2010), a highly
dense array of osteocyte lacunae is present throughout the
cortex, with no apparent shape and distribution patterns. Second-
ary osteons were not observed.

Compared with the osteohistological features of other sile-
saurid femora, i.e., Asilisaurus kongwe (Griffin & Nesbitt,
2016), Lewisuchus admixtus (Ezcurra et al., 2019), Sacisaurus
agudoensis (Veiga et al., 2018), Silesaurus opolensis (Fostowicz-
Frelik & Sulej, 2010), UFSM 11579O has the same simple vascu-
lar arrangement, with longitudinally oriented primary osteons
containing few anastomoses, as well as a similar osteocyte

FIGURE 15. Paleohistology of a left femur, UFSM 11579O (Fig. 11E, F), approximately at its mid-length:A, lateral view indicating the sampled area
of the bone; B, cross section of the femur with the square areas detailed in C–E; C, view of the complete transect showing the osteohistological pattern
of the cortical area of the femur; D, approximated view of the cortical area showing the pattern of longitudinally oriented primary osteons with few
anastomoses; E, close-up of an area of D showing details of the primary osteons, anastomoses, and resorption areas. Scale bars from C to E equal
100 µm. Abbreviations: flb, fibrolamellar bone; mc, medullar cavity; po, primary osteon; gray arrows, resorption area; white arrows, osteocytes
lacunae; black arrows, anastomoses.
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lacunae distribution. Yet, UFSM 11579O differs from Saci-
saurus agudoensis (Veiga et al., 2018) in having fewer anasto-
moses connecting the longitudinal primary osteons (Fig. 15D,
E), resembling more the condition of Silesaurus opolensis (Fos-
towicz-Frelik & Sulej, 2010) and Lewisuchus admixtus (Ezcurra
et al., 2019). Moreover, the simple vascular arrangement of
longitudinally oriented primary osteons of UFSM 11579O and
other silesaurids differs from that of most early dinosaurs, the
vascular arrangements of which tend to include much more
complex anastomoses, i.e., Massospondylus carinatus (Klein &
Sander, 2007), Nhandumirim waldsangae (Marsola et al.,
2019a), Herrerasaurus ischigualastensis (Padian et al., 2004).
In contrast, as pointed out by Veiga et al. (2018), the vascular
patterns of Silesauridae seems to approach that of some early
ornithischians, such as the Fruitadens haagarorum and Scutello-
saurus lawleri (Butler et al., 2010), which include predominantly
longitudinally oriented vascular canals with few anastomoses
(Butler et al., 2010; Padian et al., 2004; Veiga et al., 2018). Con-
sidering that more complex vascular patterns are associated
with higher growth rates (Margerie et al., 2002; Padian &
Lamm, 2013; Veiga et al., 2018), the simple vascular pattern
of UFSM 11579O implies that, just like other silesaurids, this
animal grew relatively slower than most early dinosaurs
(Cerda et al., 2014; Klein & Sander, 2007; Marsola et al.,
2019a; Padian et al., 2004).

DISCUSSION

Assignment to Silesauridae or Closely Related Silesaurus-like
Taxa

The taxonomic arrangement of Silesauridae as either a mono-
phyletic group outside Dinosauria or a paraphyletic group
within Ornithischia is currently under debate. In any case,
UFSM 11579 can be generally assigned to Silesauridae by pos-
sessing the following typical traits of the clade/grade in combi-
nation: marginal leaf-shaped teeth in the dentary and maxilla,
delayed ankylosis tooth attachment mode (presence of “anky-
lothecodonty”), closed ventral margin of the acetabulum,
notch ventral to femoral head, femoral head triangular in prox-
imal view, spike-like anterior trochanter in smaller specimens,
popliteal fossa extending the distal third of the femur, and a
proximodistally elongated dorsolateral trochanter (Ezcurra
et al., 2019; Langer & Ferigolo, 2013; Martz & Small, 2019; Mes-
triner et al., 2022; Nesbitt, 2011; Nesbitt et al., 2019). Addition-
ally, the bone histology of UFSM 11579 exhibits longitudinally
oriented primary osteons and occasional anastomoses, a con-
dition typically seen in other silesaurids (Griffin & Nesbitt,
2016; Veiga et al., 2018), and UFSM 11579 did not deposit
annual LAGs during ontogeny, a feature that also happens to
be common for silesaurids (Fostowicz-Frelik & Sulej, 2010;
Griffin & Nesbitt, 2016; Veiga et al., 2018). Although the com-
bination of character states highlighted above clearly validates
the UFSM 11579 as a unique silesaurid, regardless of the mono-
phyly or paraphyly of the group, this set of fossils will not be
given a new species name. We decided for such a conservative
approach mainly because of the incompleteness of the speci-
men, composed of disarticulated skeletal parts representing
several individuals.

Phylogenetic Analyses and Implications

Scoring UFSM 11579 in the data-matrix of Ezcurra et al.
(2019) resulted in 425 most parsimonious trees (MPTs) of
1976 steps, consistency index of 0.267, and retention index of
0.627. As in Ezcurra et al. (2019), the strict consensus of our
MPTs shows a large Silesauridae polytomy, here composed by

UFSM 11579 and all other members of the group (Ignotosaurus
fragilis, Sacisaurus agudoensis, Diodorus scytobrachion,
Lewisuchus admixtus, Eucoelophysis baldwini, Lutungutali sit-
wensis, Silesaurus opolensis, and Asilisaurus kongwe—see
Supplementary Material, Appendix S1, Fig. S3). Following
Ezcurra et al. (2019), we a posteriori pruned Lutungutali sit-
wensis, resulting in 424 most parsimonious trees (MPTs) of
1973 steps, consistency index of 0.268 and retention index of
0.618. In this way, we found a partially resolved Silesauridae,
with Lewisuchus admixtus as the sister taxon of the other
species of the group and Asilisaurus kongwe as the sister
taxon of all silesaurids except Lewisuchus admixtus (Fig. 16A
—also see Supplementary Material, Appendix S1, Fig. S1).
All silesaurids except for Lewisuchus admixtus and Asilisaurus
kongwe form a polytomy containing UFSM 11579. Branch sup-
ports for Silesauridae and for the clade including Asilisaurus
kongwe and other silesaurids are very low (Bremer support =
1; bootstrap frequencies <20%). Among the synapomorphies
recovered here for Silesauridae, UFSM 11579 shares only the
presence of “ankylothecodonty” (condition “1” of character
161, scored “0&1” for UFSM 11579). Yet, given the complex
nature of this feature (Mestriner et al., 2022), its simple
scoring on the characters formulations so far proposed can
lead to misleading support. When the previous analysis scores
(keeping Lutungutali sitwensis pruned) is rerun without charac-
ter 161, the clade Silesauridae is dismantled, with UFSM 11579,
Ignotosaurus fragilis, Sacisaurus agudoensis, Diodorus scyto-
brachion, Lewisuchus admixtus, Eucoelophysis baldwini, Sile-
saurus opolensis, and Asilisaurus kongwe forming a polytomy
outside a monophyletic Dinosauria (Fig. 16B—also see
Supplementary Material, Appendix S1, Fig. S2). This analysis
resulted in 575 most parsimonious trees (MPTs) of 1971 steps,
consistency index of 0.267 and retention index of 0.627. In
any case, in the analysis with character 161, UFSM 11579 is
found within Silesauridae also because it shares with all
members of the group, except Lewisuchus admixtus, a femur
with a transverse groove on the proximal surface and a popli-
teal fossa extending proximal to the distal 1/4 of the bone
(Fig. 16A). It is worth mentioning that Nhandumirim waldsan-
gae scores were added into the data-matrix of Ezcurra et al.
(2019) in order to increase the early dinosaurs sampling of
this dataset (see Material and methods), and the taxa was
recovered within Theropoda (see Supplementary Data,
Appendix S1, Fig. S1).

Our analysis including UFSM 11579 in the Müller & Garcia
(2020) matrix resulted in 11,321 most parsimonious trees
(MPTs) of 989 steps, with a consistency index of 0.316, and a
retention index of 0.661. In the strict consensus, UFSM 11579
was found in a huge polytomy outside of the Sauropodomor-
pha–Theropoda dichotomy (Fig. 16C). We also conducted an
exploratory analysis excluding the tooth attachment character
100, which resulted in 3640 most parsimonious trees (MPTs) of
986 steps, with a consistency index of 0.316, and a retention
index of 0.662. This partially resolved the topology, with UFSM
11579 found at the base of Ornithischia in another polytomic
rearrangement, including most other silesaurids, Pisanosaurus
mertii, and a clade including all other scored ornithischians
(Fig. 16D). Asilisaurus kongwe, Soumyasaurus aenigmaticus,
and Lewisuchus admixtus, on the other hand, were recovered
in a polytomy with many dinosauriform species and clades
(Fig. 16D).

The results of these analyses (Fig. 16) show how unstable the
inner relationships of Silesauridae are, in which the addition of
one taxon and/or the exclusion of one character is enough to col-
lapse most of the topology. Accordingly, this shows that it is time
to investigate new anatomical aspects of the group, paving the
way for future studies on their evolutionary relations.
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FIGURE 16. Phylogenetic relationships of UFSM 11579 among early dinosauromorphs.A, B, UFSM 11579 scored in the Ezcurra et al. (2019) matrix,
ornithischians, sauropodomorphs, and theropods were merged into single supraspecific terminals in the figure for the sake of simplicity; A, strict
reduced consensus tree after a posteriori pruning of Lutungutali sitwensis; B, exploratory analysis (strict reduced consensus tree) excluding the
tooth attachment character 161. C, D, UFSM 11579 scored in the Müller & Garcia (2020) matrix: C, strict consensus tree; D, exploratory analysis
(strict reduced consensus tree) excluding the tooth attachment character 100. Numbers at the nodes are Bremer support and GC bootstrap frequen-
cies, respectively.
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CONCLUSION

The new discovery represents the second silesaurid record in
the Carnian of Brazil, and the first based on a significant
amount of skeletal parts. Although still relatively incomplete,
UFSM 11579 provides further information concerning the ana-
tomical diversity of Silesauridae. Its postcranium bears a combi-
nation of dinosauromorph symplesiomorphies and silesaurid
diagnostic features. The phylogenetic analyses reveal labile evol-
utionary patterns not only for Silesauridae, but for early Dino-
sauromorpha in general.
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