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Abstract Carnian (Late Triassic) deposits of South America provide the oldest
unequivocal dinosaur records worldwide, most of which has been assigned
to the sauropodomorph lineage. This includes Eoraptor lunensis, Panphagia
protos, and Chromogisaurus novasi, from the Ischigualasto Formation, Argentina,
and Saturnalia tupiniquim, Pampadromaeus barberenai, Buriolestes schultzi, and
Bagualosaurus agudoensis, from the Santa Maria Formation, Brazil. Here, we
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demonstrate that their holotypes anatomically differ from one another, supporting
the taxonomic validity of the species. In addition, a morphological disparity anal-
ysis, with significant statistical support, clustered some of the better-known spec-
imens of E. lunensis, Sat. tupiniquim, and Bu. schultzi, with the respective holo-
types. For the latter two taxa, this was corroborated by a specimen-level phyloge-
netic analysis that also found Ba. agudoensis as the sister taxon to post-Carnian
sauropodomorphs. Our results also suggest that Bu. schultzi and E. lunensis are the
earliest branching sauropodomorphs and that Sa. tupiniquim and Pam. barberenai
are closer to Bagualosauria. A species-level phylogenetic analysis further suggests
that Bu. schultzi and E. lunensis form a clade, that Sa. tupiniquim is the sister taxon
to Bagualosauria, and that Pan. protos and Ch. novasi are also more highly nested,
forming a clade with Pam. barberenai.

Keywords Dinosauria · Sauropodomorpha · Bagualosauria · Ischigualasto
formation · Santa Maria formation

1 Introduction

Research on Carnian (early Late Triassic) sauropodomorphs started about twenty
years ago with the description of Saturnalia tupiniquim from south Brazil (Langer
et al. 1999). Because coeval dinosaurs known at the time were either assigned to
Ornithischia (Pisanosaurus mertii) or Theropoda (Eoraptor lunensis), or had unclear
affinities (herrerasaurids), Sauropodomorpha was until then the only of the three
major dinosaur lineages lacking an Ischigualastian (≈Carnian; Langer 2005; Langer
et al. 2018) record. Funny enough, the present knowledge reveals that the most
abundant Carnian dinosaurs were sauropodomorphs (including the ‘ex-theropod’ E.
lunensis), whereas the record of coeval ornithischians and theropods is meagre. In
fact, the Carnian diversity of the latter clades may have been even reduced, as neither
group has currently undisputed representatives of that age (see Novas et al. 2021).
This is because the putative theropod affinity of herrerasaurs continues under debate
(e.g. Pacheco et al. 2019), as it is also the case for the affinities of Nhandumirim
waldsangae and Eodromaeus murphi to that group (e.g. Langer et al. 2017; Pacheco
et al. 2019) and the ornithischian affinity of Pi. mertii (e.g. Agnolin and Rosadilla
2018; Baron et al. 2017a).

Carnian sauropodomorphs recognised after Sat. tupiniquim (Fig. 1) were
described in the last ten years or so (Martínez and Alcober 2009; Ezcurra
2010; Cabreira et al. 2011, 2016; Pretto et al. 2019), namely Panphagia protos,
Chromogisaurus novasi, Buriolestes schultzi, Pampadromaeus barberenai, and
Bagualosaurus agudoensis. The latter three were found in the Alemoa Member of
the Santa Maria Formation, in south Brazil, which also yielded Sat. tupiniquim. The
former two came from the Ischigualasto Formation, north-western Argentina, along
with E. lunensis, a taxon that since the proposal of Martínez et al. (2011) has been
most frequently accepted as belonging to Sauropodomorpha. Both stratigraphic units
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Fig. 1 Sauropodmorph diversity on the Carnian of South America. a Buriolestes schultzi (modi-
fied from artwork of MS Garcia following Cabreira et al. 2016). b Panphagia protos (modi-
fied from Martínez and Alcober 2009). c Saturnalia tupiniquim (modified from artwork of MS
Garcia following Langer 2003). d Eoraptor lunensis (modified from artwork of MS Garcia
following Sereno et al. 2012). e Pampadromaeus barberenai (modified from artwork of MS Garcia
following Langer et al. 2019). f Chromogisaurus novasi (modified from artwork of DH Heman
following Müller et al. 2020). g Bagualosaurus agudoensis (modified from artwork of MS Garcia
following Pretto et al. 2019)
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have been dated based on radioisotopic studies (Rogers et al. 1993; Martínez et al.
2011, 2012a; Langer et al. 2018; Desojo et al. 2020; Colombi et al. 2021), all of
which agree on a late Carnian age for their main dinosaur-bearing beds; 231–229Ma
for the lower Ischigualasto Formation and ca. 233 Ma for the upper Santa Maria
Formation.

Following an original proposal by Salgado et al. (1997), some authors (e.g. Langer
2003; Langer et al. 2010; see also Sereno 1998) employed node-based definitions for
Sauropodomorpha that, based on most phylogenetic arrangements so far proposed,
would exclude the Carnian members of the lineage. The alternative maximal-clade
(i.e. stem-based) definitions (Upchurch 1997; Galton and Upchurch 2004) better
fit the most common usage of the term (Sereno et al. 2005), including such early
branching Carnian taxa, and this was fixed by Fabbri et al. (2020) in Phylonyms.
Indeed, as current phylogenetic studies mostly concur in placing the seven taxa
that form the core of this revision closer to Saltasaurus loricatus than to either
Allosaurus fragilis or Iguanodon bernissartensis, they should, by definition, be
referred to as sauropodomorphs. In fact, the understanding that such Carnian taxa
belong to Sauropodomorpha broke some paradigms about the paleobiology of the
early representatives of the group, hitherto inferred based on ‘prosauropod-grade’
taxa, as relatively large-sized, small-headed, long-necked, omnivore/herbivore, and
facultatively quadruped animals. The Carnian forms revealed that none of those typi-
cally sauropodomorph traits was present in the earliest radiation of the group, which
was represented by small, lightly build animals that had larger heads and shorter
necks, and were most probably faunivorous and fully biped (Bronzati et al. 2017).

After an original suggestion by Bonaparte et al. (1999), Ezcurra (2010) proposed
that the Norian dinosaur Guaibasaurus candelariensis nested, along with some
Carnian taxa, into a clade of early sauropodomorphs named Guaibasauridae. In addi-
tion, Ezcurra (2010) proposed that Sat. tupiniquim and Ch. novasi formed a minimal
clade named Saturnaliinae. These suggestions were followed by some authors (e.g.
Novas et al. 2011; Baron et al. 2017b; Cau 2018), whereas others allied Gu. cande-
lariensis to theropods (Yates 2017a, b; Langer et al. 2011; Marsh et al. 2019). This
gave rise to the notion that at least some Carnian sauropodomorphs form a clade,
either including Gu. candelariensis or not, exclusive of most younger members of
the group (e.g. Martínez et al. 2011; Langer et al. 2017; Baron et al. 2017b; Müller
et al. 2018a). Instead, other studies recover a more pectinate phylogenetic pattern
for early sauropodomorph radiation (e.g. Martínez et al. 2012b; Cabreira et al. 2016;
Pretto et al. 2017; Müller et al. 2018a), and intermediate arrangements have also
been proposed. For example, a clade including part of the Carnian sauropodomorph
diversity was termed Saturnaliidae by Langer et al. (2019), translated from Saturnali-
inae Ezcurra (2010), whereas its sister clade was named Bagualosauria. The latter
clade includes a single Carnian taxon, the name-bearing Ba. agudoensis (Pretto
et al. 2019). The phylogenetic study proposed here will tackle the relations of
several ‘guaibasaurids’, but will not investigate the possible sauropodomorph affinity
of Gu. candelariensis. A broader sample of saurischians are required to properly
evaluate that possibility, which is beyond the scope of this work. For the same
reasons, the recent proposals that (1)mostCarnian ‘sauropodomorphs’ nest outside of
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Eusaurischia (Pretto et al. 2019), (2) the putative theropod Nh. waldsangae (Marsola
et al. 2018) may belong to Saturnaliidae (Pacheco et al. 2019), and (3) the still often
suggested non-sauropodomorph affinity of E. lunensis will not be tested here.

So far, Carnian sauropodomorphs were positively recognised only in South
America. A possible exception corresponds to a partial femur from the PebblyArkose
Formation of Zimbabwe (Raath 1996), which Langer et al. (1999) suggested to
be closely allied to Sat. tupiniquim and Ezcurra (2012a) considered an indetermi-
nate saurischian. More recently, further dinosaur material coming from that strati-
graphic unit was reported by Griffin et al. (2018), including a partial skeleton with
sauropodomorph affinities. The confirmation of this find would highlight the simi-
larities of that African paleofauna to those of ‘Ischigualastian’ deposits of South
America, as already inferred (Langer et al. 2018) by the presence of the rhyn-
chosaur Hyperodapedon. Another likely coeval stratigraphic unit (Langer 2005),
the lower Maleri Formation of India, yielded the controversial dinosaur Alwalkeria
maleriensis (Chatterjee 1987). As previously discussed (Langer 2004; Remes and
Rauhut 2005; Novas et al. 2011; Ezcurra 2012a), this taxon shares several traits
with early sauropodomorphs, but its fragmentary and chimeric nature hampers a
proper evaluation of its affinities. Also from India, but from the younger (possibly
Norian) upper Maleri Formation, Novas et al. (2011) described a fragmentary spec-
imen (ISI R277) that may belong to Guaibasauridae. Finally, the only proposed non-
Gondwanan record of the group corresponds to Agnosphitys cromhallensis (Fraser
et al. 2002; Ezcurra 2010). Yet, this hypothesis was mostly abandoned lately, given
the composite nature of the taxon and its position inmore recent phylogenetic studies
(e.g. Baron et al. 2017a, b; but see Chapelle et al. 2019). Hence, except for the still
undescribedZimbabwean form, all other non-SouthAmerican putative guaibasaurids
and/or Carnian sauropodomorphs are very controversial, residing outside the scope
of the present work, which is to evaluate in detail the alpha-taxonomy and relations
of the better-known South American members of the group.

Recently, Baron et al. (2017a, b) assigned the putative dinosaur Nyasasaurus
parringtoni from the Middle Triassic Lifua Member of the Manda beds of Tanzania
(Nesbitt et al. 2013) to Sauropodomorpha. Yet, as fully discussed by various authors
(Langer et al. 2017; Ezcurra et al. 2017; Novas et al. 2021), both the affinities of
Ny. parringtoni and age of the Manda beds are controversial, and this taxon is not
discussed further here.

The description of five new taxa in a ten-year interval raised questions about
possible synonymies among the Carnian sauropodomorphs of Brazil and Argentina
(Langer et al. 2019; Müller and Garcia 2019): are they really different from one
another, or could this be a case of taxonomic inflation? In an attempt to tackle this
and other questions, we present below a brief review of the status of each of the seven
South American Carnian sauropodomorphs, followed by phylogenetic and Principal
Coordinates Analysis, aimed to better understand their morphological diversity. In
the end, we hope to integrate these data to address the above-proposed question.
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Institutional Abbreviations CAPPA/UFSM: Centro de Apoio à Pesquisa Pale-
ontológica da Quarta Colônia, Universidade Federal de Santa Maria, São João do
Polêsine, Brazil;MACN: Museo Argentino de Ciencias Naturales ‘Bernardino Riva-
davia’, Buenos Aires, Argentina;MCP: Museu de Ciências e Tecnologia, Pontifícia
Universidade Católica do Rio Grande do Sul, Porto Alegre, Brazil; PUC/RS: Pontif-
ícia Universidade Católica doRioGrande do Sul, PortoAlegre, Brazil;PVSJ:Museo
de Ciencias Naturales, Universidad Nacional de San Juan, San Juan, Argentina;
UFRGS: Universidade Federal doRioGrande do Sul, PortoAlegre, Brazil;ULBRA:
Universidade Luterana do Brasil, Canoas, Brazil.

2 Methods

2.1 Protocol for Building the Taxon-Character Matrix

Because we intended to design a phylogenetic study specifically to tackle the issue
of Carnian sauropodomorph relationships, we conducted a simple protocol to extract
information from the phylogenetic literature about the group. First, starting with
Langer et al. (1999) and ending in June 2020,we identified all numerical phylogenetic
studies that included, as terminal taxa, at least two of the seven early dinosaurs that
form the core of this study. There were some exceptions, however, such as studies
focused on pseudosuchians that employed modified versions of the Nesbitt (2011)
data-matrix, which includes E. lunensis and Sat. tupiniquim. For these studies, we
inferred that the part of the data that is of interest to the present revision was not
modified in more recent iterations (at least not substantially), as the authors did not
aim at investigating early dinosaur relations. Likewise, studies on theropods that
employed modified versions of the data-matrix of Smith et al. (2007), which also
includes E. lunensis and Sat. tupiniquim, were not selected for the second step of the
protocol (see below). This first step resulted in the identification of 147 phylogenetic
studies (see Supplementary Material) with suitable data-matrices.

The data-matrices of those 147 studies were then subject to a manual search
for characters with variable scoring among the seven taxa discussed here, i.e. char-
acters were selected if not scored equally (with the same state) for those taxa. In
that search, missing entries were not considered different states; otherwise, the high
number of such entries for incomplete taxa, such as Ch. novasi, would result in the
selection of almost all characters in those matrices. Also, considering that characters
that do not vary within those Carnian taxa could still be phylogenetically informa-
tive, because they could support their nesting in a single clade, sister to younger
sauropodomorphs, e.g. Müller et al. (2018a), we expanded the search for variable
characters to other early branching members of the group, including the genera
Pantydraco, Thecodontosaurus, Efraasia, Macrocollum, and Plateosaurus, regard-
less of their specific assignments. This expanded search resulted in a selection of
over 3,500 variable characters, which were then manually compared in search for
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the multiple expected overlapping/duplication among them. Purged of the duplica-
tions, a list of nearly 800 non-overlapping characters was built. Their definitions
were standardised, mostly following the grammar of Sereno (2007b), when the char-
acters themselves and their compartmentations in different states were revised for
clarity, avoiding ambiguous statements. In addition, new characters gathered from the
comparisons conducted in Sect. 3.1, were included. All characters were then scored
de novo based on first-hand observations of all terminals. During the scoring process,
improvements to character definition and state compartmentation were identified and
incorporated into the character list without further ado. In addition, despite being
originally scored as variable for the selected taxa in data-matrices gathered for this
revision, some characters patently refer to anatomical traits that are unseen among
early sauropodomorphs and were excluded from the final list. This included, for
example, the presence of nasal crests, of an otic incisure, a double-headed ectoptery-
goyd, a caudodorsal process in the lacrimal, a transverse ridge along the basioccip-
ital/parabasisphenoid articulation, caniniform teeth, and pneumatised nasal, articular,
and ectopterygoid, among others. We also excluded characters with very ambiguous
definitions, in particular those dealing with traits of serially homologous elements
(e.g. vertebrae, teeth) with variable conditions, but lacking more precise indication
about which individual elements were under evaluation. This all resulted in a data-
matrix with 771 characters (see Supplementary Material), which was employed in
the analysis.

The selection of terminals followed the taxonomic revision provided in the
following sections, where the uniqueness of all Carnian sauropodomorph holotypes
was corroborated, confirming the validity of the taxa typified by them. These were
included in the data-matrix following two strategies. Firstly, the seven holotypes, as
well as five other specimens of E. lunensis, Sat. tupiniquim, and Bu. Schultzi, were
scored separately, but composite terminals of these three species were then built
based on the conjoined scoring of the specimens originally attributed to them. Such
composite terminals were scored multistate when two or more states were positively
identified for the individual specimens it represents. On the other hand, if one of the
specimens was scored multistate and a single state was given to the others, that state
was assigned to the composite terminal.

Another premise of the protocol was that the seven taxa that form the core of the
study are members of the sauropodomorph branch of dinosaurs. Clearly, that was not
the case for E. lunensis in the first studies to include the taxon, and it is fair to say that
this is still not a completely settled issue (see below). Yet, we opted to follow this
premise so that we could focus our efforts on investigating the relations among those
putative early sauropodomorphs. Likewise, we assumed that suchCarnian taxa are all
external to the minimal clade formed by all known post-Carnian sauropodomorphs,
which are represented in the data-matrix by Pantydraco caducus, Efraasia minor,
Plateosaurus engelhardti, andMacrocollum itaquii. On the other hand, the outgroup
taxa include the herrerasaurids Herrerasaurus ischigualastensis and Gnathovorax
cabreirai, the possible herrerasaurian Tawa hallae, and the neotheropod Coeloph-
ysis bauri, as well as the non-dinosaur dinosauromorph Lewisuchus admixtus, which
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was used to root the topologies. The final taxon-character matrix, with 771 charac-
ters scored for 24 terminals—five outgroup taxa, twelve Carnian specimens, three
composite Carnian taxa, and four Norian taxa—can be seen in the Supplementary
Material.

2.2 Tree Search Strategy and Branch Support/Stability

The data-matrix was analysed using both the composite scorings for E. lunensis,
Sat. tupiniquim, and Bu. schultzi (‘combined’ analysis) and their type and referred
specimens as independent terminals (‘specimen-based’ analysis). The analyses were
conducted under equally weighted parsimony using TNT 1.5 (Goloboff et al. 2008;
Goloboff and Catalano 2016). Heuristic search of 1,000 replications of Wagner trees
(with random addition sequence) followed by TBR branch swapping (holding ten
trees per replicate) was performed. Branches with amaximumpossible length of zero
among anyof the recoveredmost parsimonious trees (MPTs)were collapsed (rule 3 of
Swofford and Begle 1993; Coddington and Scharff 1994). Based on the two premises
outlined in the previous section, we applied constrains using an a priori built tree that
forced the monophyly of post-Carnian sauropodomorphs and Sauropodomorpha.
The following multistate characters were ordered because they represent nested sets
of character states: 1, 13, 14, 23, 27, 43, 49, 56, 63, 71, 72, 73, 89, 91, 94, 97, 109,
120, 135, 137, 163, 165, 173, 174, 176, 177, 190, 195, 197, 214, 219, 221, 224, 237,
269, 271, 274, 275, 276, 282, 284, 299, 300, 302, 314, 341, 343, 344, 345, 352, 358,
370, 379, 382, 383, 384, 385, 393, 394, 398, 407, 415, 429, 439, 446, 454, 455, 461,
462, 463, 472, 477, 478, 486, 501, 504, 509, 518, 520, 524, 552, 557, 562, 564, 587,
588, 593, 596, 601, 606, 609, 612, 613, 616, 618, 623, 640, 643, 659, 660, 668, 676,
681, 690, 692, 693, 695, 701, 718, 719, 731, 744, 762, 766, 767, and 768. Consis-
tency and retention indices were calculated considering only those terminals active
during the tree search (using the ‘maxstepsact’ function), in a modified version of the
STATS.RUN script. After the tree searches, the possible occurrence of topologically
unstable terminals was tested using the iterPCR protocol (Pol and Escapa 2009).
As a measure of branch support, decay indices (=Bremer support) were calculated
(Bremer 1988, 1994) and, as a measure of branch stability, a bootstrap resampling
analysis (Felsenstein 1985) was conducted, with 10,000 pseudo replications. Both
absolute and GC (i.e. difference between the frequency whereby the original group
and the most frequent contradictory group are recovered in the pseudo replications;
Goloboff et al. 2003a, b) bootstrap frequencies were reported. Analyses forcing topo-
logical constraints were conducted to find the minimum number of steps necessary
to force alternative suboptimal positions for the Carnian sauropodomorph specimens
or species.



The Early Radiation of Sauropodomorphs in the Carnian … 9

2.3 Morphological Disparity Analysis

The morphological diversity (disparity) of the Carnian sauropodomorph specimens
was quantified based on the matrix of discrete characters described above (excluding
the combined terminals for E. luensis, Sat. tupiniquim, and Bu. schultzi). A distance
matrix was generated from the taxon-character matrix using the Maximum Observ-
able Rescaled Distance (MORD) (Lloyd 2016; see Lehmann et al. 2019) with the
R package Claddis v0.6.1 (Lloyd 2016). An ordination of the distance matrix was
performed using a Principal Coordinates Analysis (PCoA) without the necessity of
trimming specimens before the analysis. We conducted the PCoA using the Lingoes
correction because of the presence of negative eigenvalues. Subsequent Permuta-
tional Multivariate Analysis of Variance (PERMANOVA) and Linear Discriminant
Analysis (LDA) based on the results of the PCoA used the first three coordinates
(58.46% of accumulated variance), which were chosen after detecting the first major
break of slope in the scree plot of explained variances. These two analyses were
conducted in order to determine if the hypodigms of E. luensis, Sat. tupiniquim, and
Bu. schultzi could be statistically differentiated from one another. In order to test if
the morphospace distribution was significantly driven by body size, we conducted a
generalised least squares regression between the values of the first three PCos and
the logarithm of femoral length (as a proxy of body size) of each specimen.

3 Systematic Palaeontology

Dinosauria Owen 1842 [Langer et al. 2020].

Saurischia Seeley 1888 [Gauthier et al. 2020].

Sauropodomorpha Huene 1932 [Fabbri et al. 2020].

Eoraptor Sereno, Forster, Rogers and Moneta 1993

E. lunensis Sereno, Forster, Rogers and Moneta 1993

Holotype The holotype of E. lunensis (PVSJ 512) corresponds to a fairly complete
skeleton of a probable young adult approaching skeletally maturity (Sereno et al.
2012). This is one of the most complete Carnian dinosaur skeletons known to date,
lacking only most of the scapula, the coracoid, and manual phalanges from the left
side and caudal vertebrae distal to the 17th position (Sereno et al. 1993, 2012).

Referred Specimens The referred specimens of E. lunensis (Sereno et al. 2012)
include rather incomplete partial skeletons (PVSJ 559, 745, 860, 862), as well as
isolated bones (PVSJ 852, 855, 876), from inferred adult (PVSJ 559, 855, 860, 876)
and subadult (PVSJ 745, 852, 862) individuals (Table 1).
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Geographic and Stratigraphic Provenance The holotype and all specimens
referred to E. lunensis were collected from the Cancha de Bochas and Valle Pintado
sites, Hoyada de Ischigualasto, Ischigualasto Provincial Park, San Juan, Argentina
(Fig. 2; Sereno et al. 2012). They were found in rocks corresponding to the La Peña,
Cancha de Bochas, and Agua de la Peña members of the Ischigualasto Formation,
belonging to the Hyperodapedon-Exaeretodon-Herrerasaurus biozone (Martínez
et al. 2012a; Colombi et al. 2021). The maximum age of E. lunensis is constrained
by a radioisotopic date of 231.4 ± 0.3 Ma close to the base of the Ischigualasto

Fig. 2 Geological surface distribution map of the area around the Ischigualasto Provincial Park,
San Juan, Argentina, indicating the sites where the specimens of Eoraptor lunensis, Panphagia
protos, and Chromogisaurus novasi were found
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Formation (Rogers et al. 1993). The upper stratigraphic range of that biozone, hence
of E. lunensis, in the Provincial Park was constrained by an absolute age of 228.91
± 0.14 Ma.

Proposed Phylogenetic Relations The first phylogenetic analysis to test the affini-
ties of E. lunensis found the taxon as the earliest branching theropod, sister taxon
to herrerasaurids plus neotheropods (Sereno et al. 1993). The theropod affinity of E.
lunensis was supported by subsequent studies during the 1990s (e.g. Novas 1996;
Sereno 1999). However, this interpretation started to be contradicted by some phylo-
genetic analyses in the beginning of this century, which found the species outside the
theropod-sauropodomorph dichotomy (e.g. Langer 2004; Langer and Benton 2006;
Upchurch et al. 2007; Yates 2017a, b; Nesbitt and Chatterjee 2008; Martínez and
Alcober 2009; Alcober andMartínez 2010). Yet, other analyses continued to recover
the more traditional theropodan position of E. lunensis (e.g. Ezcurra 2006, 2010;
Ezcurra and Novas 2007; Nesbitt et al. 2009; Langer et al. 2011; Novas et al. 2011;
Sues et al. 2011). More recently, a third alternative was proposed, this time placing
E. lunensis as one of the earliest branching sauropodomorphs (Martínez et al. 2011).
This hypothesis was supported by multiple subsequent studies (e.g. Ezcurra 2012b;
Martínez et al. 2012b; Nesbitt and Ezcurra 2015; Cabreira et al. 2016; Baron et al.
2017a; Langer et al. 2017; Müller et al. 2018a; Marsola et al. 2018; Langer et al.
2019; Marsh et al. 2019; Pacheco et al. 2019; Ezcurra et al. 2020a; Müller and Garcia
2020; Pol et al. 2021), although a number of others carried on recovering theropodan
affinities for E. lunensis (e.g. Martínez et al. 2012a; Baron and Barrett 2017; Baron
et al. 2017b; Baron and Williams 2018). Eoraptor lunesis has been recovered in
different positions among the earliest known sauropodomorphs, such as the earliest
branching member of the group (e.g. Langer et al. 2019; Marsh et al. 2019), the sister
taxon of all other sauropodomorphs with the exception of Bu. schultzi (e.g. Cabreira
et al. 2016, 2018b; Pacheco et al. 2019; Müller and Garcia 2020; Garcia et al. 2021),
within Saturnaliidae (e.g. Martínez et al. 2011; Müller et al. 2018a), or as one of the
most immediate successive sister taxa to the Saturnaliidae plus Bagualosauria clade
(Martínez et al. 2012b; Pol et al. 2021). In sum, a certain consensus was reached
about the sauropodomorph affinities of E. lunensis; this position was recovered in
most phylogenetic analyses published in the last ten years, and most of those that did
not are based on datasets built during the first decade of this century. Yet, the position
of E. lunensis among non-bagualosaur sauropodomorphs has been unstable.

General Anatomy and Paleobiology The anatomy of E. lunensis was described in
detail by Sereno et al. (2012). The holotypic skeleton was estimated to be about
1.2 m long, with larger specimens (e.g. PVSJ 559) ca. 10% larger. The skull
is about 0.8 times the femoral length, resembling the condition in most Carnian
sauropodomorphs. It has a relatively large circular orbit, a slightly downturned
premaxilla, but lacks a clear subnarial gap. The skull has four teeth in the premaxilla,
17 in the maxilla, and at least 20 in the dentary. Palatal teeth are present in the ptery-
goid. Themarginal tooth crowns have a slight basal constriction andmost are distally
recurved, with the exception of those in the caudal part of the maxilla. ‘Cheek-teeth’
crowns have a rounded labial eminence andmesial anddistal denticles/serrations. The
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cervical vertebrae are moderately elongated, with a centrum length twice its height.
The sacrum is composed of three vertebrae, one here reinterpreted as incorporated
from the caudal series. The scapula has a relatively short and narrow blade with a
moderately craniocaudal expanded end. The forearm is shorter than the relatively
robust humerus, and the manus has five metacarpals, but only the first three digits
have phalanges; although the fourth digit may have had or not a phalanx (Sereno et al.
2012). The manual ungual phalanges are slightly recurved. The pelvis has a partially
opened acetabulum, an ilium with conspicuously developed pre- and postacetabular
alae, and a pubis longer than the ischium. Femur and tibia are subequal in length,
the former bearing an asymmetric fourth trochanter. The tibia has a short, laterally
curved cnemial crest and the distal end is sub-squared, with a lateral groove sepa-
rating a poorly developed caudolateral process from the facet for reception of the
ascending process of the astragalus. Metatarsal III is the longest and metatarsal V
the shortest, the latter lacking phalanges. Metatarsal I is slightly longer than half the
length of metatarsal III and reaches the proximal end of the metatarsus.

Sereno et al. (2012) reviewed several palaeobiological aspects of E. lunensis,
inferring that the antorbital fossa was occupied by an air sac emanating from the
nasal cavity, but with no evidence of accessory diverticuli from the antorbital sinus.
The rostrum was inferred to be akinetic, given the long suborbital ramus of the
premaxilla and the premaxilla-maxilla contact lacking a significant diastema, butwith
a subnarial foramen. On the contrary, Sereno et al. (2012) suggested the presence of
an intramandibular joint, with both dorsal and ventral articulations, allowing limited
flexure on the vertical plane. Tooth crown anatomy—distal margins straight or only
slightly concave in labial/lingual views, mesial margin with large (six per millimetre)
and obliquely set denticles—was used to infer a pulping function suitable for plant
matter, rather than a meat-cutting function. Also, Sereno et al. (2012) suggested the
presence of a small keratinous beak at the rostral tip of the lower jaw, as indicated
by the presence of neurovascular foramina and a retracted first dentary tooth. They
also identified an extreme hollowing in some vertebrae, formed by internal cavities
lacking pneumatic external communications. Traits of the cervical centra suggest
that the neck formed a sigmoid curve, elevating the skull above the level of the
trunk, with the ribs forming a flexible rod, ventrolateral and parallel to the centra. A
forelimb shorter than half the hind limb length suggests that E. lunensis was biped,
but the interosseous gap between the forearm bones, the long metacarpals 4 and 5,
and the twisted phalanx 1 of the pollex precludes raptorial functions for the arm.
The proportions among the hind limb parts (femur, epipodium, metatarsus), suggest
more cursorial habits compared to Norian sauropodomorphs, but less than early
ornithischians and theropods.

Saturnalia tupiniquim Langer et al. 1999

Holotype The holotype of Sat. tupiniquim (MCP 3844-PV) corresponds to an
articulated partial skeleton (Table 1).

Reffered Specimens The two paratypes of Sat. tupiniquim (MCP 3845-PV and
3846-PV) are the only other specimens so far referred to that species (Langer et al.
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1999). MCP 3846-PV is the less complete of them and MCP 3845-PV the only with
cranial remains (Table 1).

Geographic and Stratigraphic Provenance The type-series of Sat. tupiniquim was
collected in the site known as ‘Cerro da Alemoa’ or ‘Waldsanga’ (Langer 2005).
This is located in the eastern outskirts of Santa Maria (Fig. 3), south of RS-509
road (coordinates: 29° 41′ 51.86′′ S, 53° 46′ 26.56′′ W). The site exposes the red
mudstones of the AlemoaMember, SantaMaria Formation (Da Rosa 2015), overlaid
by a basal fluvial conglomerate. MCP 3844-PV and 3845-PV were excavated about
threemetres below the conglomerate, whereasMCP3846-PVwas found threemetres
further down (Langer 2005). Between them (five metres below the conglomerate)

Fig. 3 Geological surface distribution map of the central part of Rio Grande do Sul, Brazil, indi-
cating the sites where the specimens of Saturnalia tupiniquim,Buriolestes schultzi,Pampadromaeus
barberenai, and Bagualosaurus agudoensis were found
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rock samples were radioisotopically dated as 233.23± 0.73Ma (Langer et al. 2018).
The entire mudstone package at ‘Cerro da Alemoa’ corresponds to the upper portions
of the Alemoa Member in the area (Da Rosa 2015), which in turn belong to the
lower part of the Candelária Sequence, within the Santa Maria Supersequence (Horn
et al. 2018; Schultz et al. 2020). In biostratigraphic terms, the fauna of the site
fits the Hyperodapedon Acme-Zone (Langer et al. 2007), within the eponymous
Assemblage-Zone (Schultz et al. 2020).

Proposed Phylogenetic RelationsBecause it was the first Carnian sauropodomorph
recognised as such, at a time when E. lunensis was not assigned to the group, Sat.
tupiniquim was depicted as sister to all other sauropodomorphs in the first phyloge-
netic studies dealing with it (Langer et al. 1999; Yates 2003, 2004, 2017a, b; Yates
and Kitching 2003; Langer 2004; Pol 2004; Langer and Benton 2006; Ezcurra 2006;
Sereno 2007a; Ezcurra and Novas 2007; Upchurch et al. 2007; Irmis et al. 2007;
Martínez 2009; Nesbitt et al. 2009; but see Galton and Upchurch 2004; Barrett et al.
2007). With the description of other Carnian members of the group, the position
of Sat. tupiniquim shifted among phylogenetic proposals, although most frequently
forming a minimal clade withCh. novasi (Ezcurra 2010; Novas et al. 2011; Apaldetti
et al. 2011; Martínez et al. 2012b; Otero and Pol 2013; McPhee et al. 2014, 2015;
Otero et al. 2015; Müller et al. 2016a, b, 2017b, 2018a; Cabreira et al. 2016; Cerda
et al. 2017;Wang et al. 2017; Bronzati et al. 2018, 2019a; Bronzati and Rauhut 2018;
Zhang et al. 2018; McPhee and Choiniere 2018; Marsola et al. 2018; Chapelle and
Choiniere 2018; Marsh and Rowe 2018; Chapelle et al. 2019; McPhee et al. 2018,
2020; Langer et al. 2019; Garcia et al. 2019; Pacheco et al. 2019; Pretto et al. 2019;
Pol et al. 2021). When all non-bagualosaur sauropodomorphs are joined in a clade
(e.g. Ezcurra 2010; Novas et al. 2011; Martínez et al. 2011; Langer et al. 2017), Sat.
tupiniquim is sometimes allied (apart from Ch. novasi) with Pan. protos and/or Pam.
barberenai (Baron et al. 2017a;Müller et al. 2018a;McPhee et al. 2020).When early
sauropodomorph phylogeny is arranged in a more pectinate fashion, Sat. tupiniquim
most frequently nests closer to bagualosaurs than to other Carnian forms (Martínez
and Alcober 2009; Alcober and Martínez 2010; Cabreira et al. 2011, 2016; Martínez
et al. 2012b; Bittencourt et al. 2015; McPhee et al. 2015; Müller et al. 2016a, b,
2017a, b, 2018a; Wang et al. 2017; Agnolín and Rozadilla 2018; Pretto et al. 2017;
Bronzati et al. 2017, 2018, 2019a; Zhang et al. 2018; Marsola et al. 2018; Bronzati
and Rauhut 2018; Dal Sasso et al. 2018; Garcia et al. 2019; Pacheco et al. 2019; but
see Cabreira et al. 2011; Baron and Barrett 2017; Baron et al. 2017b; Parry et al.
2017; Chapelle and Choiniere 2018; 2018b; Chapelle et al. 2019; Pretto et al. 2019;
Pol et al. 2021), notably E. lunensis and/or Bu. schultzi (Marsh and Rowe 2018;
McPhee and Choiniere 2018; Cau 2018; Baron and Williams 2018; McPhee et al.
2018; Marsh et al. 2019), sometimes forming a clade with Ch. novasi and other taxa
(2018c; Langer et al. 2019; Müller 2020). One investigative analysis of Pretto et al.
(2019) was the only so far not to find Sat. tupiniquim as a sauropodomorph, but
instead forming a Guaibasauridae clade outside Eusaurischia. More recently, Müller
and Garcia (2020) found Sat. tupiniquim forming, together with Nh. waldsangae,
Ba. agudoensis, and Ch. novasi, the sister clade (= Saturnaliidae) to post-Carnian
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sauropodomorphs, within which Garcia et al. (2021) found a sister taxon relation
between Sat. tupiniquim and Nh. waldsangae.

General Anatomy and Paleobiology The sacral and pelvic (girdle and limb)
anatomy and scapular skeleton of Sat. tupiniquim were respectively described by
Langer (2003) and Langer et al. (2007). Later, a series of studies described the
cranial (Bronzati et al. 2019a) and endocranial (Bronzati et al. 2017, 2019b) anatomy
of this taxon. Femoral circumference allowed estimating its body mass in about 6.5
to 11 kg (Delcourt et al. 2012; Benson et al. 2014), showing that Sat. tupiniquim was
a light-weighted, gracile dinosaur. Its neck is as long as ca. 0.6 of the trunk, which is
slightly above the length seen in other early dinosaurs like E. lunensis (Bronzati et al.
2017). Hence, although the femur and tibia of all specimens are subequal in length
(ca. 15 cm) to those of the E. lunensis holotype, Sat. tupiniquim was most prob-
ably somewhat longer, reaching about 1.5 m in length. Its hindlimbs are about 1.5
times longer than the forelimbs, and comparisons between its humeral and femoral
circumferences, as well as the position of the humerus in relation to the shoulder
girdle, indicate that Sat. tupiniquim was most likely a bipedal animal (Delcourt et al.
2012; McPhee et al. 2018). Yet, humeral traits as the large deltopectoral crest and
expanded distal articulation suggest that Sat. tupiniquimwas somehow intermediary,
in terms of employing the forelimb for locomotion, between the condition seen in
coeval dinosaurs, such as E. lunensis, and their Norian relatives (Langer et al. 2007).

The skull length of MCP 3845 was estimated at less than 10 cm, based on the
lengths of the frontals and dentaries. This is about two-thirds the femoral length,
as seen in younger sauropodomorphs, and unlike all other Carnian members of
the group, except for Ba. agudoensis, for which skull and femora are known (i.e.
Bu. schultzi, E. lunensis, Pam. barberenai, and Pan. protos; Bronzati et al. 2017,
2019a). The teeth of Sat. tupiniquim have small serrations, and some are gently
curved distally, fitting better a faunivorous diet. Some studies suggested that it was
either an herbivore (Langer et al. 1999) or an omnivore (Barrett and Upchurch 2007),
but the lack of both coarse denticles and overlap between adjacent crowns contradicts
this inference. On the other hand, the brain of Sat. tupiniquim exhibits a relatively
large cerebellar flocculus, a structure related to the control of head and neck move-
ments and it is also involved in gaze stabilisation. Predatory birds generally have
larger flocculi in relation to their non-predatory relatives (Ferreira-Cardoso et al.
2017). In this sense, the large cerebellar flocculus of Sat. tupiniquim could poten-
tially be related to a feeding habit involving the capture of small and elusive prey
(Bronzati et al. 2017).

Panphagia protos Martínez and Alcober 2009

Holotype The holotype and only known specimen of Pan. protos (PVSJ 874)
corresponds to a skeletally immature individual represented by a partial skull and
postcranium (Martínez and Alcober 2009; Table 1).

Geographic and Stratigraphic Provenance The holotype of Pan. protoswas found
at the Valle Pintado locality, Hoyada de Ischigualasto, Ischigualasto Provincial Park,
San Juan, Argentina (Fig. 2). It came from the lower levels of the Cancha de
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Bochas Member, 40 m above the base of the unit (Hyperodapedon-Exaeretodon-
Herrerasaurus biozone), near the beds dated in 231.4 ± 0.3 Ma (Martínez and
Alcober 2009; Martínez et al. 2012b; Colombi et al. 2021).

Proposed Phylogenetic Relations Panphagia protoswas originally recovered as the
earliest branching member of Sauropodomorpha (Martínez and Alcober 2009), and
this position was also found in some subsequent studies (e.g. Alcober and Martínez
2010;Martínez et al. 2012b). Other phylogenetic analyses have recoveredPan. protos
within Saturnaliidae (e.g. Ezcurra 2010; Martínez et al. 2011; Novas et al. 2011;
Müller et al. 2018a, b; Langer et al. 2019) or as one of the sister taxa to the Satur-
naliidae + Bagualosauria clade (e.g. Pacheco et al. 2019). Müller and Garcia (2020)
found Pan. protos forming a clade with Pam. barberenai sister to a Bagualosauria
including Sat. tupiniquim and Ch. novasi. Pol et al. (2021) found Pan. protos, along
with Bu. schultzi, as one of the earliest branching sauropodomorphs. Beyond these
alternative positions, the non-bagualosaur sauropodomorph affinities of Pan. protos
have been stable among the published phylogenetic analyses.

General Anatomy and Paleobiology The general anatomy of Pan. protos has
been described by Martínez and Alcober (2009), whereas its cranial elements were
described inmore detail byMartínez et al. (2012c). The tibia of PVSJ 874 is subequal
in length to those of E. lunensis and Sat. tupiniquim (i.e. ca. 15 cm), matching the
total skeletal length reconstructed as 1.3 m by Martínez and Alcober (2009). The
preserved lower jaw indicates that Pan. protos has a relatively long skull, as in E.
lunensis and proportionally longer than those of Sat. tupiniquim and bagualosaurs
(Martínez and Alcober 2009). The floccular fossa of the prootic and supraoccip-
ital is proportionally large, as those of several other Carnian dinosauriforms (e.g.
Lewisuchus admixtus: Ezcurra et al. 2020b; Sat. tupiniquim: Bronzati et al. 2017;
Gnathovorax cabreirai: Pacheco et al. 2019; Bu. schultzi:2020), indicating enhanced
gaze stabilisation and coordination of eye, head, and neckmovements (Bronzati et al.
2017). The dentary tooth crowns are somewhat expanded at the base, with labial and
lingual eminences, and relatively small and obliquely set denticles on the mesial
and distal margins. This dental morphology has been interpreted as evidence of an
omnivorous diet (Martínez and Alcober 2009). The cervical vertebrae are moder-
ately elongated, similar to those of other Carnian sauropodomorphs. The scapula has
a fan-shaped blade. The ilium has a partially opened acetabulum and the ischium
has a conspicuously craniocaudally expanded distal end. The tibia has a sub-squared
distal end, with an extensive facet for reception of the ascending process of the astra-
galus. The astragalus is similar to that of other early saurischians in the presence of
a cranially prominent craniomedial corner of the body and a transversely reduced
fibular facet.

Chromogisaurus novasi Ezcurra 2010

Holotype The holotype and only known specimen of Ch. novasi (PVSJ 845) corre-
sponds to the partial skeleton of a probable adult individual (Table 1), but some of its
elements have been subject to different interpretations. For example, the proximal
end of the right ulna described by Ezcurra (2010) was alternatively interpreted as
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the caudal end of a rhynchosaur right hemimandible (Martínez et al. 2012b). Also,
a partial metatarsal II was assigned either to the left (Ezcurra 2010) or to the right
(Martínez et al. 2012b) side, and articulated phalanges were assigned to the left pedal
digit II by Ezcurra (2010) and to the right pedal digit III by Martínez et al. (2012b).

Geographic and Stratigraphic Provenance The holotype of Ch. novasi was
collected at theValle Pintado locality, Hoyada de Ischigualasto, Ischigualasto Provin-
cial Park, San Juan, Argentina (Fig. 2). PVSJ 845 was found in the lower levels of
the Cancha de Bochas Member, 40 m above the base of the unit (Hyperodapedon-
Exaeretodon-Herrerasaurus biozone), at about the same level dated in 231.4 ±
0.3 Ma (Ezcurra 2010; Martínez et al. 2012a; Colombi et al. 2021).

Proposed Phylogenetic Relations In the phylogenetic analysis that accompanied
its first description, Ch. novasi was recovered as the sister taxon of Sat. tupiniquim,
forming a clade of early sauropodomorphs now recognised as Saturnaliidae (Ezcurra
2010). All subsequent analyses found a sister taxon relationship between Ch. novasi
and Sat. tupiniquim among non-bagualosaur sauropodomorphs (e.g. Novas et al.
2011; Martínez et al. 2012b; Cabreira et al. 2016; Langer et al. 2019; Pacheco et al.
2019; Pol et al. 2021). More recently, Müller and Garcia (2020) found Ch. novasi
forming, together with Sat. tupiniquim Nh. waldsangae, and Ba. agudoensis, the
sister clade (=Saturnaliidae) to post-Carnian sauropodomorphs.

General Anatomy and Paleobiology The holotype of Ch. novasi was described
in detail by both Ezcurra (2010) and Martínez et al. (2012b). It corresponds to a
small-sized dinosaur with relatively gracile hindlimbs. Yet, its ca. 17.5 cm long tibia
suggests that itwas somewhat larger thanE. lunensis,Sat. tupiniquim, andPan. protos,
likely surpassing 1.5m in total body length.Unfortunately, the specimen lacks cranial
bones and this precludes assessing several aspects of its palaeobiology. The presence
of closed neurocentral sutures in the caudal vertebrae and fusion between the scapula
and coracoid indicates that the holotype was probably a skeletally mature individual
(Ezcurra 2010; Martínez et al. 2012b). The only possible preserved forelimb bone
is the proximal end of the right ulna (Ezcurra 2010), which was also interpreted
as a partial rhynchosaur hemimandible (Martínez et al. 2012b). Yet, the glenoid
region of a rhynchosaur hemimandible (e.g. Hyperodapedon sanjuanensis; MACN-
Pv 18,185) differs from this element in the presence of a transversely broad ventral
surface, with a distinct longitudinal change of slope on the lateral surface of the
surangular; an upturned caudal end of the articular; a transversely broader glenoid
fossa; and a smooth lateral surface of the hemimandible. By contrast, the bone of
PVSJ 845 closely resembles the proximal end of the ulna of Sat. tupiniquim, including
the presence of a long olecranon process and a strongly striated lateral surface of
the bone, and may indeed represent a right ulna (MDE pers. obs.). The size of the
olecranon process and its striated surface indicate an extensive insertion area for the
M. triceps and probably strong forearm extension. The ilium has a partially closed
acetabular wall and a relatively long postacetabular process. The preserved femora
are incomplete, but their length was probably subequal to that of the tibia. The tibia
has a long and laterally curved cnemial crest, and the distal end is sub-squared, with
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an extensive facet for reception of the ascending process of the astragalus. Metatarsal
II is the only preserved metatarsal, but interpreted as from either the left (Ezcurra
2010) or the right (Martínez et al. 2012b) side. Although the profile of the distal end
of the bone resembles that of the right metatarsal II of other early dinosaurs (Martínez
et al. 2012b), the curvature of the shaft would result in an unusual bowing towards
metatarsal III and not inwards. Thus, although there is conflicting evidence for the
interpretation of this bone, the bowing of the shaft favours the interpretation as a left
side element (MDE pers. obs.). Similarly, the articulated pedal digit was interpreted
as either a left digit II (Ezcurra 2010) or a right digit III (Martínez et al. 2012b). This
digit has two non-ungual and one ungual phalanges; thus, it would be complete if
interpreted as a digit II but would lack its proximal most phalanx if interpreted as
digit III. The proximal articular surface of the most proximally preserved phalanx is
continuously concave, indicating that it is articulated with a metatarsal. By contrast,
if it articulated with a missing proximal phalanx, it would have had a median vertical
ridge for articulation with the ginglymus of that phalanx. Thus, it seems more likely
that this digit represents a complete left digit II (MDE pers. obs.).

Pampadromaeus barberenai Cabreira, Schultz, Bittencourt, Soares, Fortier, Roberto da
Silva and Langer 2011

Holotype The holotype of Pam. barberenai (ULBRA-PVT016) corresponds to a
partial skeleton (Table 1), with most elements preserved disarticulated over an area
of less than half square metres, within a single block of sediment. Few other bones
assigned to the holotype were collected from around that block. The assignment of
these elements to a single individual is possible due to the lack of duplicated parts,
similar taphonomic signatures, and matching morphology and size.

Reffered Specimens and Discoveries Specimens referred to Pam. barberenai
include two fairly complete and isolated left femora: CAPPA/UFSM 0027 (2015)
and 0028 (2017a).

Geographic and Stratigraphic Provenance The holotype and both referred speci-
mens ofPam. barberenaiwere collected in the site known as ‘Sítio Janner’ or ‘Várzea
do Agudo’ (Fig. 3; Cabreira et al. 2011; 2015, 2017a; Da Rosa 2015; Pretto et al.
2015, 2019) that is located about two kilometres to the west of the town of Agudo
(coordinates: 53° 17′ 34.20′′ W, 29° 39′ 10.89′′ S). In the site, fossils are concen-
trated in the upper half of the massive to laminate, red mudstones interpreted to have
accumulated in a distal floodplain palaeoenvironment, overlaid in erosive contact
by a light-coloured, cross-bedded sandstone that represents a river channel (Pretto
et al. 2015; Da Rosa 2015). The holotype (ULBRA-PVT-016) was collected at the
base of the fossiliferous layer, about eight metres below the sandstone (Pretto et al.
2015), which also yielded the two referred femora (2017a). The mudstones at ‘Sítio
Janner’ correspond to the upper portions of the Alemoa Member in the area (Zerfass
2007; Da Rosa 2015; Godoy et al. 2018), which in turn belongs to the lower part
of the Candelária Sequence, Santa Maria Supersequence (Horn et al. 2018; Schultz
et al. 2020). In biostratigraphic terms, the record of Hyperodapedon places the site
in the eponymous Assemblage Zone (Schultz et al. 2020). However, rhynchosaurs
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are scarce in the site, which is dominated by the cynodont Exaeretodon, suggesting
a placement above the Hyperodapedon Acme-Zone of Langer et al. (2007). Thus,
the dinosaur-bearing beds of ‘Sítio Janner’ are probably slightly younger than those
of ‘Cerro da Alemoa’, dated as 233.23 ± 0.73 Ma (Langer et al. 2018).

Proposed Phylogenetic Relations Pampadromaeus barberenai was first consid-
ered as an early diverging sauropodomorph, with variable positions depending on
the phylogenetic dataset employed by Cabreira et al. (2011): i.e. closer to Pan.
protos, in a polytomy with Sat. tupiniquim + Ch. novasi, Gu. candelariensis and
bagualosaurs (Ezcurra 2010); forming a polytomy with Sat. tupiniquim, Pan. protos,
and bagualosaurs (Martinez and Alcober 2009); sister taxon to the clade formed
by Sat. tupiniquim + bagualosaurs (Nesbitt et al. 2010); forming a clade with
bagualosaurs, which is sister to the clade formed by E. lunensis, Pan. protos, and
Sat. tupiniquim (Martínez et al. 2011). A similarly floating positioning was also
found by other subsequent phylogenetic studies. When Saturnaliidae is recovered,
Pam. barberenai can be found both as one of the early diverging members of the
clade (Langer et al. 2017, 2019; 2018c; Müller 2020) or more deeply nested, close
to Sat. tupiniquim (Baron et al. 2017a; Dal Sasso et al. 2018; Müller et al. 2018a;
Pretto et al. 2019). Alternatively, Pam. barberenai is also found outside Saturnali-
idae, as sister to the clade formed by that group and bagualosaurs (Martínez et al.
2012b, 2015; Pretto et al. 2019; Müller and Garcia 2020), which frequently also
includes Pan. protos in a polytomy (Cabreira et al. 2016; Müller et al. 2017b, 2018a;
Baron andWilliams 2018; Garcia et al. 2019; Marsola et al. 2018). Other hypotheses
place Pam. barberenai as sister to the clade formed by Guaibasauridae and post-
Carnian sauropodomorphs (Baron and Barrett 2017; Parry et al. 2017; 2018b), sister
to post-Carnian sauropodomorphs (Baron and Williams 2018), or even to all other
sauropodomorphs (2017a). Besides, the taxon sometimes forms aminimal cladewith
either Pan. protos (Müller et al. 2018a; Bronzati et al. 2019a; Pacheco et al. 2019;
Müller and Garcia 2020) or Bu. schultzi (Pretto et al. 2019).

General Anatomy and Paleobiology The holotype of Pam. barberenai was
described in a preliminary fashion by Cabreira et al. (2011), and more compre-
hensively by Langer et al. (2019). Its humerus and femur have been reconstructed
from fairly complete bones to ca. 8.5 and 14 cm long, respectively, and a complete
fibula is 15 cm long. These measurements broadly match those of E. lunensis,
suggesting a body length somewhat below 1.5 m, and its partially fused sacral
zygapophyses suggest that ULBRA-PVT-016 was reaching osteological maturity.
The skull of Pam. barberenai is plesiomorphicaly long, compared to the shorter
skulls of Sat. tupiniquim and bagualosaurs. The pectoral limb is characterised by a
transversely expanded distal end of the humerus and a long ulna with a relatively
short olecranon process (although the association of this bone to the holotype is
not beyond uncertainty). The iliac acetabulum is semi-perforated, and the pelvic
epipodium is significantly longer than the femur, although this could be the result of
proximodistal compression of the femora. Recent optimisations of early dinosaurs
feeding behaviour have suggested faunivory as the ancestral sauropodomorph condi-
tion, including Pam. barberenai (Cabreira et al. 2016). However, most of its teeth are
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lanceolate with coarse denticles along the carinae, more closely resembling those of
bagualosaurs than those of other Carnian forms such as Sat. tupniquim, E. lunensis,
and Bu. schultzi. This dental pattern is more broadly accepted as related to an omniv-
orous diet, rather than with pure faunivory. One of the isolated femora referred to
Pam. barberenai (CAPPA/ UFSM 0028) is about 80% the length of the other, corre-
sponding to an animal also relatively smaller that the holotype (2017a). It bears some
traces related to osteological immaturity, probably representing a juvenile individual.

Buriolestes schultzi Cabreira, Kellner, Dias-da-Silva, Roberto da Silva, Bronzati, Marsola,
Müller, Bittencourt, Batista, Raugust, Carrilho, Brodt and Langer 2016

Holotype The holotype of Bu. schultzi (ULBRA-PVT280) is composed of a partial
skull (lackingmost of the roof, palate, and braincase), complete lower jaw, and partial
postcranial skeleton (Table 1; Cabreira et al. 2016).

Reffered SpecimensMüller et al. (2017b, 2018a) referred further specimens to Bu.
schultzi (Table 1), the most complete of which (CAPPA/UFSM 0035) preserves
the entire skull and a partial postcranial skeleton, lacking forearm, manus, and
tail. Other, less complete specimens referable to Bu. schultzi include a partial axis
(CAPPA/UFSM 0179) and a complete right femur (ULBRA-PVT289). Müller et al.
(2018a) also assigned the slightly more complete ULBRA-PVT056—preserving
some neck vertebrae, a partial pelvic girdle, a right femur, and pedal phalanges—to
Bu. schultzi. This corresponds to a significantly smaller specimen, about 2/3 the linear
size of the holotype, which may indeed represent a less mature individual (Müller
et al. 2018a). In fact, some of its notable anatomical differences relative to other
specimens of Bu. schultzi can be explained by ontogeny, but a more comprehensive
study of that specimen is needed to fully endorse that proposal.

Geographic and Stratigraphic Provenance All specimens mentioned in the
previous section were collected in the site known as ‘Buriol ravine’ (Cabreira et al.
2016; Müller et al. 2018a), which is located about five kilometres south of São João
do Polêsine (Fig. 3), in the eponymous municipality (coordinates: 29° 39′ 34.2′′ S,
53° 25′ 47.4′′ W). The site exposes the mudstones of the upper part of the Alemoa
Member, Santa Maria Formation (Zerfass 2007; Godoy et al. 2018), which corre-
sponds to the lower portion of the Candelária Sequence (Horn et al. 2018) of the
Santa Maria Supersequence (Zerfass et al. 2003). The abundance of hyperodapedon-
tine rhynchosaurs and absence of the cynodont Exaeretodon suggest that this site
belongs to the Hyperodapedon Acme-Zone (Langer et al. 2007), within the epony-
mous Assemblage-Zone (Schultz et al. 2020). As such, it may have a similar age to
the ‘Cerro da Alemoa’ site, which was radioisotopically dated as 233.23 ± 0.73 Ma
(Langer et al. 2018).

Proposed Phylogenetic Relations In its original description, Bu. schultzi was
placed as the sister taxon to all other sauropodomorphs (Cabreira et al. 2016).
This hypothesis has been corroborated by following studies that employed modi-
fied versions of that dataset (Müller et al. 2017b, 2018a; Bronzati et al. 2019a;
Garcia et al. 2019, 2021; Marsola et al. 2018; Pretto et al. 2019; Pacheco et al. 2019;
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Müller and Garcia 2020), as well as different datasets (Cau 2018; 2018c; Baron
and Williams 2018; Ezcurra et al. 2020a; Müller 2020). In the case of Pol et al.
(2021), that position is shared in a polytomy by P. protos. Instead, other phyloge-
netic hypotheses, also showing a pectinate arrangement of early sauropodomorphs,
found E. lunensis in such earliest branching position, with Bu. schultzi grouped with
all other sauropodomorphs, either as their sister taxon (Bronzati et al. 2019a; Langer
et al. 2019) or more highly nested (Pretto et al. 2019). Studies that found a clade of
Carnian sauropodomorphs are mostly derived from the study of Langer et al. (2017).
In these cases, Bu. schultzi is never the sister taxon of all other members of the clade,
but more highly nested instead, although usually external to the clade formed by Sat.
tupiniquim and Pan. protos and/or Pam. barberenai (Parry et al. 2017; Baron et al.
2017a; McPhee et al. 2020; Baron 2019; Garcia et al. 2019). Dal Sasso et al. (2018)
and one of the investigative analyses of Pretto et al. (2019) were the only studies not
to find Bu. schultzi as a sauropodomorph. Instead, the taxon was positioned, respec-
tively, as a theropod closer to neotheropods and forming a Guaibasauridae clade of
non-eusaurischian saurischians.

General Anatomy and Paleobiology The holotype of Bu. schultzi (ULBRA-
PVT280) was described in a preliminary fashion by Cabreira et al. (2016), but
CAPPA/UFSM 0035 was fully described by (Müller et al. 2018a) and the axis
CAPPA/UFSM 0179 by Müller et al. (2017b). Together, ULBRA-PVT280 and
CAPPA/UFSM 0035 reveal details of the almost entire skeleton of this dinosaur,
lacking only parts of the tarsus and manus. They correspond to individuals of
about the same size, with femora of ca. 13 cm of length. Compared to other coeval
sauropodomorphs, this suggests a total body length slightly below that of E. lunensis,
whereas the isolated axis CAPPA/UFSM 0179 reveals a larger individual and the
possible sub adult ULBRA-PVT056 is below 1.0 m of total body length (Müller
et al. 2018a). The general body plan of Bu. schultzi resembles that of other coeval
sauropodomorphs, suggesting a fully bipedal posture. The skull is relatively long,
the external nares are reduced, and the long rostrum is about half the skull length.
There is a marked subnarial gap separating the alveolar margins of the premaxilla
and maxilla, the former of which is downturned. The teeth are blade-like, distally
recurved, with fine serrations that form right angles with the crown margins, a condi-
tion associated with a faunivorous feeding behaviour (Cabreira et al. 2016). The neck
is about two-thirds of the trunk length and two vertebrae form the bulk of the sacral
articulation. The humerus is gracile, lacking a strongly expanded distal end, and the
ulna lacks a pronounced olecranon process. The acetalubum is almost fully closed
and the tibia is longer than the femur.An almost complete cranial endocastwas recon-
structed from the skull of CAPPA/UFSM 0035 (Müller et al. 2020). It resembles that
of Sat. tupiniquim, with a relatively large cerebellar flocculus (Bronzati et al. 2017).
In adition, theBu. schultzi endocast allowed the reconstruction of the entire forebrain,
revealing olfactory bulbs significantly larger than those predicted for dinosaurs of
similar body mass (Müller 2021). Therefore, in addition to advanced coordination
of eye, head, and neck movements, Bu. schultzi would have had an enhanced sense
of smell.
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Bagualosaurus agudoensis Pretto, Langer and Schultz 2019

Holotype The holotype and only known specimen of Ba. agudoensis (UFRGS-
PV-1099-T) comprises a partial skull associated with a partial postcranial skeleton,
including some vertebrae, the pelvic girdle, and hindlimbs (Table 1; Pretto et al.
2019).

Geographic and Stratigraphic Provenance The holotype was unearthed from
‘Sítio Janner’ (see Pam. barberenai above; Fig. 3), about three metres below the
sandstone layer that tops the outcrop (Pretto et al. 2019).

Proposed Phylogenetic Relations In the original description, Ba. agudoensis was
found as the sister taxon to all other bagualosaurs (Pretto et al. 2019), a clade that
circumscribes the entire diversity of unambiguous post-Carnian sauropodomorphs
(Langer et al. 2019). Such an affinity was corroborated bymost later analyses (Müller
et al. 2018c; Bronzati et al. 2019a; Langer et al. 2019; Müller 2020; Pol et al. 2021),
but Pacheco et al. (2019) found the taxon in a polytomy with other bagualosaurs.
Müller and Garcia (2020) and Garcia et al. (2021) were so far the only studies to
positively question the placement of Ba. agudoensis as the most immediate sister
taxon to all post-Carnian bagualosaurs, suggesting instead that it forms a Carnian
clade with only Sat. tupiniquim, Ch. novasi, and Nh. waldsangae.

General Anatomy and Paleobiology Bagualosaurus agudoensis is unique among
Carnian sauropodomorphs for its relatively large size. It is about 2.5 m long, whereas
coeval sauropodomorphs (see above) were animals of ca. 1.5 m. An estimation of its
body mass, applying the Campione et al. (2014) equation to the femoral circumfer-
ence of the holotype (= 83 mm) results in 40 kg. In addition, Ba. agudoensis shares
with post-Carnian sauropodomorphs (and Sat. tupiniquim) a proportionally reduced
head (Bronzati et al. 2019b; Pretto et al. 2019). The alveolar margin of the premax-
illa and maxilla forms a straight line, unlike the ventrally sloped alveolar margin
of the premaxilla of Bu. schultzi, Pam. barberenai, and E. lunensis. The teeth have
large denticles, forming oblique angles to the crown margins (Pretto et al. 2019).
The pelvic girdle and hind limb of Ba. agudoensis are plesiomorphic in comparison
to those of younger bagualosaurs. The medial wall of the ilium is well developed
ventrally, so that the acetabulum is not fully perforated; the femur is sigmoid, has a
trochanteric shelf, and the fourth trochanter is within the proximal half of the bone.
The foot is gracile, with elongated phalanges, when compared to most bagualosaurs.
The jaw/tooth anatomy reveals a probably omnivorous animal, but more dependent
on plant intake that other Carnian sauropodomorphs. The gracile hindlimb, with
femur and epipodium of about the same length, indicates that Ba. agudoensis was
most probably not an obligate quadruped.
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4 Alpha-Taxonomy of the Carnian Sauropodomorphs

4.1 Uniqueness of the Holotypes

One of the questions raised about the alpha-taxonomy of the Carnian
sauropodomorphs from South America is the possible synonymy between some
of the named taxa. In order to tackle this question, we identify below a minimal set
of anatomical traits that allow differentiating each of them from one another. Only
after such a procedure, we can validate their inclusion as unique terminals in the
phylogenetic analyses.

4.1.1 Eoraptor lunensis (PVSJ 512)

Sereno et al. (2012) provided a revised diagnosis ofE. lunensis based on the following
autapomorphies: dorsomedial ramus of the caudal process of premaxilla slender with
tongue-shaped distal expansion; nasalwith transversely broad, horizontal shelfwith a
convex lateralmargin that overhangs the antorbital fossa; pterygoid process on caudal
palate margin that articulates laterally in a synovial socket in the ectopterygoid;
narrow premaxilla-maxilla diastema approximately one crown in width; maxillary
crowns with a prominent lateral eminence; accessory articular process on the medial
aspect of mid-cervical prezygapophyses; extreme hollowing of dorsal centra and
neural arches. Yet, several of these features cannot be accessed in the holotypes of
other Carnian sauropodomorphs, so further comparison is required to establish the
uniqueness of PVSJ 512 and, henceforth, E. lunensis.

We concur with some of the traits used by Sereno et al. (2012) to differentiate
PVSJ 512 from PVSJ 874 (holotype of Pan. protos), namely: a shallower lateral
neurovascular groove on the dentary; a less pronounced ridge on the lateral aspect of
the surangular; a less distally expanded scapular blade, with a distal margin broadly
perpendicular to its long axis; a more elongate pubic blade (more than four times
the distal width). In addition, we agree with some other differential traits of E.
lunensis, relative to Pan. protos, mentioned by Martínez and Alcober (2009), i.e.:
nasal with a more convex lateral margin and lacking an elongated rostral fossa; a
transversally narrower lateral flange of the quadrate,with a smaller andmoremedially
paced quadrate foramen; a straight caudal half of the ventral border of the dentary
(rather than concave) in lateral view;maxillary anddentary ‘cheek’ tooth-crownswith
concave distal margins; stouter (craniocaudally) mid-cranial neck vertebrae; pubic
peduncle of the ilium with a sharp (rather than rounded) dorsal margin; cranially
arched pubic shaft; ischium with a less expanded distal end and subtriangular (rather
than rounded) mid-shaft section and distal outline.

Likewise, we endorse some traits identified by Ezcurra (2010), Sereno et al.
(2012), and Martínez et al. (2012b), which differentiate PVSJ 512 from PVSJ 845
(holotype ofCh. novasi), namely: a non-hypertrophied olecranon process of the ulna;
a more prominent iliac supra-acetabular crest; a more medially expanded femoral
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head; amarkedly asymmetrical fourth trochanter; amore transversely expandeddistal
end of the tibia (although its transverse compression may be a taphonomic artefact
in Ch. novasi); a less concave distal margin of the tibia in medial view.

In addition to its distinction relative to the holotypes of Pan. protos and Ch.
novasi, PVSJ 512 differs from MCP 3844-PV (holotype of Sat. tupiniquim) by a
less concave caudal margin of the scapular blade, a less pointed (not ‘hook-like’)
distal corner of the humeral deltopectoral crest, a less lateromedially expanded distal
articulation of the humerus, a not enlarged olecranon process of the ulna, and a less
dorsoventrally expanded distal end of the ischium. We also concur with Langer et al.
(2018) that PVSJ 512 differs from ULBRA-PVT280 (holotype of Pam. barberenai)
in that the premaxilla has a longer dorsomedial ramus of the caudal process, the base
of the dorsal ramus of the maxilla lacks a large rostrally opening lateral foramen, the
antorbital fossa is not excavated by a promaxillary fossa, the ventral margin of the
antorbital fossa is marked by a rounded ridge, a web of bone spans rostroventrally
from the junction between rostral and ventral rami of lacrimal, there is a raised lip
forming the prearticular margin of the internal mandibular fenestra, there is a set
of rostral foramina at the lateral surface of the dentary, the first premaxillary tooth
bears denticles, the maxilla has less than 20 teeth, the maxillary and dentary ‘cheek’
tooth-crowns have concave distal margins, denticles set perpendicular to the tooth
margins, and not restricted to their apical part, the pterygoid bears a transverse row
of palatal teeth, the first dentary tooth is inset from the rostral margin of the bone, the
scapular blade is short relative to its minimal craniomedial breadth, the dorsal margin
of the acromion process forms a lower angle to the cranial margin of the scapular
blade, the distal end of the humerus is less transversally expanded, the brevis shelf
is connected to the supra-acetabular crest, and metatarsal IV has a broader than deep
distal outline.

PVSJ 512 also differs fromULBRA-PVT280 (holotype of Bu. schultzi) in that the
preorbital region of the skull is shorter, the dorsomedial ramus of the caudal premax-
illary process is longer, the maxilla-premaxilla contact bears a subnarial foramen,
the forked part of the caudal ramus of the jugal is more rostrally located along the
ventral margin of the lower temporal fenestra, the deltopectoral crest of the humerus
is proximodistally longer, and the pubic pair lacks a bevel on its distalmargin. Finally,
PVSJ 512 differs fromUFRGS-PV-1099-T (holotype ofBa. agudoensis) for itsmuch
smaller size, proportionally longer head, first tooth not inset from the rostral margin
of the premaxilla, concave ventral margin of the premaxilla-maxilla contact, more
ventrally placed subnarial foramen, maxillary and dentary ‘cheek’ tooth crowns with
concave distal margins and smaller denticles along the carinae, and distal end of the
tibia lacking a caudomedial notch.

4.1.2 Saturnalia tupiniquim (MCP 3844-PV)

Langer et al. (2007) provided the last emended diagnosis of Sat. tupiniquim, but
this was based only on the pectoral skeleton and elaborated when no other Carnian
sauropodomorph, except for E. lunensis (not assigned to the group at the time), was
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known. As such, it obviously fails to differentiate Sat. tupiniquim frommore recently
described taxa, and this is attempted below.

In addition to the differences relative to the holotype of E. lunensis (provided in
the previous section),MCP3844-PVdiffers fromPVSJ 874 (holotype ofPan. protos)
based on—partially as reviewed by Martínez and Alcober (2009)—a markedly
concave caudal margin of the scapular blade, an ilium with an incipient postacetab-
ular embayment and a concave (rather than straight, in dorsal view) caudal margin of
the postacetabular ala, a subtriangular (rather than hemispherical) mid-shaft section
and distal outline of the ischium, a more cranially placed lateral condyle of the tibial
proximal articulation, and a triangular (rather than parallelogram shaped) outline of
the proximal end of metatarsal III. Likewise, we concur with Ezcurra (2010) and
Martínez et al. (2012b) that MCP 3844-PV differs from PVSJ 845 (holotype of Ch.
novasi) by an ilium with a less dorsoventrally extensive blade, a more expanded
supra-acetabular crest, and a straighter ventral margin of the acetabular wall, a larger
fibular condyle of the femur, a more cranially located lateral condyle of the tibia, a
cnemial crest more cranially expanded close to the proximal margin of the tibia, and
a not ventrally expanded lateral condyle of the distal end of metatarsal II.

Partially as reviewed byLanger et al. (2018),MCP3844-PVdiffers fromULBRA-
PVT016 (holotype of Pam. barberenai) based on a more concave caudal margin of
the scapular blade, a greatly enlarged olecranon process of the ulna, the incorporation
of a caudal vertebra to the sacrum, a supra-acetabular crest that reaches the distal end
of the pubic peduncle, a straighter ventral margin of the iliac acetabular wall, a not
hypertrophied fibular condyle of the femur, and a lateromedially broader metatarsal
I distal articulation. MCP 3844-PV also differs from ULBRA-PVT280 (holotype
of Bu. schultzi) by a longer deltopectoral crest of the humerus, with a hook-like
distal corner, a lateromedially broader distal articulation of the humerus, a marked
fossa olecrani on the caudal surface of the distal end of the humerus, a greatly
enlarged olecranon process of the ulna, a distal end of the ischiummore caudodorsally
expanded and with a triangular distal outline, a cranially convex distal femur outline,
and no caudal knob medial to the intercondylar notch of the tibia. Finally, MCP
3844-PV differ fromUFRGS-PV-1099-T (holotype of Ba. agudoensis) by its overall
smaller body size, as well as by a more ventrally expanded brevis shelf in the caudal
end of the postacetabular ala, the lack of a groove excavating the ambiens process
of the pubis, a ‘semi-pendant’ fourth trochanter on the femur, and tibia lacking a
caudomedial notch in the distal end.

4.1.3 Panphagia protos (PVSJ 874)

Martínez and Alcober (2009) proposed that the holotype of Pan. protos differs from
the only other Carnian sauropodomorphs known at the time (i.e. E. lunensis and
Sat. tupiniquim) by the presence of a rostrocaudally elongated fossa on the base of
the rostroventral process of the nasal, a wide lateral flange on the quadrate, with
a large foramen located far from the shaft, a deep groove on the lateral surface of
the lower jaw surrounded by prominent dorsal and ventral ridges, extending from
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the position of ninth tooth to the surangular foramen, a caudoventral process of the
dentary bifurcated in two slender rami that overlap the lateral surface of the angular,
a long retroarticular process of the articular transversely wider than the articular area
for the quadrate, an oval scar on the lateral surface of the caudal border of the cervical
centra, distinct prominences located caudodorsally to the diapophyses on the neural
arch of the cranial cervical vertebra, a dorsal end of the scapular blade nearly three
times wider than the neck, a scapular blade with an expanded caudodistal corner
limited by a wedged caudal border, and a medial lamina of brevis fossa twice wider
than the iliac spine. Yet, not all of these features are preserved in PVSJ 512 and/or
MCP 3844-PV, so that this differential diagnosis should be cross-checked with those
given above for Sat. tupiniquim and E. lunensis.

In addition, PVSJ 874 differs from PVSJ 845 (holotype of Ch. novasi)—partially
as reviewed by Martínez et al. (2012b)—by proximal tail vertebrae with less trans-
versely compressed centra and leaf-shaped (rather than subtriangular) transverse
processes, ilium with a transversely broader caudomedial shelf, a supra-acetabular
crest not reaching the distal end of the pubic peduncle, a less concave ventral margin
of the iliac acetabuluar wall, and a more prominent antitrochanter, and tibia with
cnemial crest more cranially expanded closer to the proximal margin of the bone.

Partially as reviewed by Langer et al. (2018), PVSJ 874 differs from ULBRA-
PVT016 (holotype of Pam. barberenai) in that the quadrate foramen is larger, the
first dentary tooth is inset from the rostral margin of the bone, maxillary and dentary
‘cheek’ tooth crowns have smaller denticles, the scapular blade is shorter relative to
its minimal craniocaudal breadth, forms a lower angle to the acromion process, and is
more craniocaudally expanded towards its dorsal end, the pubic peduncle of the ilium
has a rounded dorsal margin, and the caudal end of the brevis shelf is not so ventrally
projected. PVSJ 874 also differs fromULBRA-PVT280 (holotype ofBu. schultzi) by
tooth serrations forming oblique (rather than right) angles to the crown margin, less
dorsoventrally expanded iliac lamina and preacetabular ala, a transversely broader
caudal end of the postacetabular area (=brevis plus ‘caudomedial’ shelves), a pubis
lacking a bevel on its distal margin, and a proximal articulation of the tibia that
lacks a caudal knob, medial to the intercondylar notch. Finally, PVSJ 874 differs
from UFRGS-PV-1099-T (holotype of Ba. agudoensis) in its smaller body size,
proportionally longer head, and distal end of the tibia lacking a caudomedial notch.

4.1.4 Chromogisaurus novasi (PVSJ 845)

Martínez et al. (2012b) diagnosed Ch. novasi by the general combination of an ilium
with a marked caudal projection of the postacetabular ala, an incipient perforation of
the acetabular wall, and a supra-acetabular crest with a strongly concave acetabular
surface, but not well projected laterally, a reduced fibular condyle in the femur, a
medial surface of the proximal end of the fibula with an elongate rugosity adjacent to
the cranial margin of the shaft, and metatarsal II with strongly dorsoventrally asym-
metric distal condyles (the latter two traits considered autapomorphic). In addition
to the differences relative to the holotypes of E. lunensis, Sat. tupiniquim, and Pan.
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protos (provided in the previous sections), more specific comparisons for PVSJ 845
are given below.

Partially as reviewed by Langer et al. (2018), PVSJ 845 differs from ULBRA-
PVT016 (holotype of Pam. barberenai) by an enlarged olecranon process of the
ulna, a supra-acetabular crest of the ilium that reaches the distal end of the pubic
peduncle, a femur with a symmetrical fourth trochanter and a not hypertrophied
fibular condyle, and a fibula that bears a rugose cranial ridge on the medial surface
of its proximal end and lacks a more distal rugose iliofibularis muscle insertion. It
also differs from ULBRA-PVT280 (holotype of Bu. schultzi) in that the ulna has an
expanded olecranon process, the ilium has a concave ventral margin of the acetabular
wall and a more caudally facing distal facet of the ischial peduncle, the femur has a
symmetrical fourth trochanter and a smaller fibular condyle, the distal end of the tibia
is lateromedially compressed, and the fibula lacks a rugoseM. iliofibularis insertion.
Finally, PVSJ 845 differs from UFRGS-PV-1099-T (holotype of Ba. agudoensis) in
its smaller body size, concave ventral margin of the iliac acetabular wall, and tibia
with a well-developed fibular crest and lacking a caudomedial notch in the distal end.

4.1.5 Pampadromaeus barberenai (ULBRA-PVT016)

Langer et al. (2019) differentiated Pam. barberenai from other Carnian
sauropodomorphs by the unique combination of partially fused zygapophyses in the
primordial sacral pair, ulna longer than 80 per cent the humeral length, intercondylar
groove of the femur broader lateromedially than the lateral and medial condyles, and
metatarsal I with an L-shaped proximal outline, including a lateral expansion that
covers part of the cranial surface of metatarsal II. Also, in addition to the differences
relative to the holotypes of E. lunensis, Sat. tupiniquim, Pan. protos, and Ch. novasi
(provided in the previous sections), more specific comparisons for ULBRA-PVT016
are given below.

Partially as reviewed by Langer et al. (2018), ULBRA-PVT016 differs from
ULBRA-PVT 280 (holotype of Bu. schultzi) in that the premaxilla lacks a second
foramen above the premaxillary foramen and has a not downturned ventromedial
ramus of the caudal process, the first maxillary tooth is directed strictly ventrally, a
promaxillary fossa is seen within the antorbital fossa, the forked portion of the caudal
ramus of the jugal reaches base of the dorsal ramus, maxillary and dentary ‘cheek’
tooth crowns have sigmoid distal margins with large denticles set oblique to their
margins, the second primordial sacral vertebra has a dorsally (rather than dorsocau-
dally) directed neural spine, the distal end of the humerus is transversely broader, the
supra-acetabular crest is less laterally expanded, the pubic peduncle of the ilium has a
sharp dorsal margin, and the femoral head has a less expanded medial tubercle. Also,
ULBRA-PVT016 differs from UFRGS-PV-1099-T (holotype of Ba. agudoensis) for
its smaller size, proportionally longer head, premaxillary and dentary with the first
tooth not retreated, a premaxilla/maxilla contact lacking a subnarial foramen and a
straight buccal margin, an antorbital fossa that does not reach the caudal portion of
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the maxilla, a more slender dentary lacking a ventrally sloped rostral tip, a more
concave acetabular roof, and an epipodium longer that the femur.

4.1.6 Buriolestes schultzi (ULBRA-PVT280)

ULBRA-PVT280 can be differentiated from the holotypes of E. lunensis, Sat.
tupiniquim, Pan. protos, Ch. novasi, and Pam. barberenai based on the compar-
isons provided in the previous sections. Some of such futures were highlighted by
Müller et al. (2018a), who listed a general combination of traits unique toBu. schultzi
among coeval sauropodomorphs, namely: skull slightly shorter than the femur; short
dorsomedial ramus of the caudal premaxillary process; no premaxillary fossa on the
medial maxillary wall; marked subnarial gap; forking part of the caudal process of
the jugal projected from a pedicel; zyphodont dentition; craniocaudally short, raised
rugose process on the dorsocaudal margin of the iliac blade; marked protuberance
between the craniomedial crest and the dorsolateral trochanter of the femur; ovoid
striated tuberosity on the craniomedial margin of the proximal third of the fibula. In
addition to that, ULBRA-PVT280 differs from UFRGS-PV-1099-T (holotype of Ba.
agudoensis) in its smaller body size, proportionally longer head, a premaxilla/maxilla
contact lacking a subnarial foramen and a straight buccal margin, maxillary and
dentary ‘cheek’ tooth crowns distally concave and with smaller denticles forming
right angles to the tooth margin, epipodium slightly longer than the femur, and distal
end of the tibia lacking a caudomedial notch.

4.1.7 Bagualosaurus agudoensis (UFRGS-PV-1099-T)

As revised above, if not only for its significantly larger size, UFRGS-PV-1099-T also
differs from the holotypes of all the other Carnian sauropodomorphs from South
America based on the series of traits previously mentioned for these taxa. Also,
Pretto et al. (2019) diagnosed the taxon based on a short skull, less than two-thirds
of femoral length, premaxillary and dentary teeth retracted from the rostral margin
of the bones, first premaxillary tooth at least as high as the highest maxillary tooth,
no subnarial gap or diastema, most teeth lanceolate with coarse serrations along the
carinae, straight ventral margin of iliac acetabulat wall, straight dorsal surface of the
iliac acetabulum, lateromedially widened pubic peduncle, with no dorsal crest, pubic
tubercle with a distinct longitudinal sulcus, femoral subequal in length to tibia and/or
fibula, tibia lacking amarked fibular crest and with a conspicuous caudomedial notch
in the distal end, and gracile metatarsals.
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4.2 Referred Specimens

Panphagia protos, Ch. novasi, and Ba. agudoensis are known based only on their
holotypes, whereas other Carnian sauropodomorphs have assigned paratypes (Sat.
tupiniquim) or referred specimens (E. lunensis, Pam. barberenai, Bu. schultzi).
Among these, one of the specimens referred to Bu. schultzi (CAPPA/UFSM 0035),
one of those referred to E. lunensis (PVSJ 559), and one of the Sat. tupiniquim
paratypes (MCP-PV 3845) have been extensively used to complement the holotypes
when it came to scoring the respective taxon in phylogenetic analyses (Martínez et al.
2012b; Bronzati et al. 2017; Müller et al. 2018a). Instead, other referred specimens
are more incomplete, including isolated femora referred to E. lunensis (PVSJ 852,
855 876), Pam. barberenai (CAPPA/UFSM 0027, 0028), and Bu. schultzi (ULBRA-
PVT289), and an isolated axis (CAPPA/UFSM 0179) referred to the latter taxon.
These assignments were mostly based on topotypy (i.e. the specimens come from
the type-localities), although this does not actually apply to PVSJ 855 and 860,
which came from the Valle Pintado site (see above). In fact, we agree with Sereno
et al. (2012) that the referral of the isolated femora to E. lunensis is very tentative
because this bone is unknown inPan. protos and those ofCh. novasi are only partially
preserved and crushed. This is somehow also the case for the isolated femora ascribed
to Pam. barberenai and Bu. schultzi, which mostly agree in anatomy with the respec-
tive taxon, but cannot be unambiguously differentiated from all coeval taxa, from
both Argentina and Brazil (but see Müller et al. 2018a). Hence, because they (1) do
not significantly add to the understanding of the respective taxon with anatomical
data that are not already available from more complete specimens and/or (2) are not
demonstrably closer in anatomy to those taxa than to other Carnian sauropodomorphs
of South America, those isolated bones are no further discussed here.

The original assignment of the syntypes of Sat. tupiniquim (Langer et al. 1999,
2007; Langer 2003) was also based on their general anatomical resemblances and
close association (Langer 2005), as well as on their ‘early sauropodomorph’ phyloge-
netic signal. Indeed, as no coeval sauropodomorphs have been identified as such at the
time, no overlapwas recognised between themorphological variationwithin the type-
series and that now recognised for the entire diversity of Carnian sauropodomorphs.
This halted justifications to taxonomically split the type-material, a situation that no
longer stands given the recent discovery of several coeval/similar forms. Moreover,
although most skeletal parts of the type-series have been studied in detail (except for
the vertebrae), a diagnosis based on apomorphies shared by the three type-specimens
could not be built so far. This is in part because skeletal parts with key anatomical
features (notably the skull) are not available in all specimens and also because there
are indeed conspicuous differences among them.

Langer et al. (2007) noticed several similarities in the scapular girdle and forelimb
of the holotype of Sat. tupiniquim and paratypeMCP-PV 3845. In fact, they proposed
an amended diagnosis based on this part of the skeleton, emphasising that the diag-
nostic traits are also seen in other early dinosaurs, thus not representing autapomor-
phies. Despite the similarities, Langer et al. (2007) listed several differences that
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could be related to the more robust construction of the holotype; i.e. thicker long
bone walls, broader elements such as the deltopectoral crest, the shaft and distal end
of the humerus, the distal part of the femur, and the proximal portions of ulna, tibia,
fibula, and metatarsals. Additional traits of the holotype pectoral skeleton, unlike
that of MCP-PV 3845, include a less expanded scapular prominence, the acromion
forming a lower angle to the long axis of the scapular blade, a more conspicuous
coracoid tuber, a broader preglenoid ridge, and a subglenoid buttress reaching the
medial margin of the coracoid (with the subglenoid fossa facing caudodorsally, and
not laterally as in the paratype).

A preliminary account of the vertebral column shows that the variation in length
of the presacral centra is similar in both the holotype of Sat. tupiniquim and paratype
MCP-PV 3845. The cranial postaxial neck centra are shorter than those of the mid-
cervical vertebrae, but longer than those of cranial trunk vertebrae. Yet, marked
differences are seen in the sacral series; the holotype showing a caudal element
incorporated into the sacrum (Langer 2003), whereas a trunk vertebra is incorporated
instead in the paratype. In both specimens, the primordial sacral vertebrae are similar
in shape, including their attachment to the medial surface of the ilium (Langer 2003;
Marsola et al. 2018) and the incorporated vertebra, either from the trunk or tail series,
bears robust transverse processes articulating with the ilium.

Other key-elements for comparison among the type-specimens of Sat. tupiniquim
are the ilium, femur, and tibia, partially preserved in all of them. The femora are very
similar, except for the absence of a trochanteric shelf in MCN-PV 3846. Otherwise,
the ilia have conspicuous differences regarding the length of the postacetabular alae
and the shape of the supra-acetabular crest. Indeed, the postacetabular ala of the
holotype and MCN-PV 3845 are about 1.3 times longer than the space between the
pre- and postacetabular embayments of the ilium (Langer and Benton 2006), a ratio
that is significantly lower (slightly above. 1.0) in MCN-PV 3846. As for the supra-
acetabular crest, it has a more rounded lateral profile in the holotype, whereas it is
straighter and caudodorsally to cranioventrally oriented in both paratypes. Also, the
fibular condyle of the tibia is more caudally placed in the paratypes, whereas the
distal end of that bone is more lateromedially expanded in MCN-PV 3846 than in
the holotype (this portion of the tibia is very deformed in MCN-PV 3845).

The assignment (or not) of the two more complete specimens referred to Bu.
schultzi is more straightforward. As mentioned above, the small-sized ULBRA-
PVT056 requires a more detailed analysis, but it would represent a juvenile if
assigned to Bu. schultzi. As such, its inclusion along with ULBRA-PVT056 and
CAPPA/UFSM 0035 in the phylogenetic study (see below) would patently violate
the principle of not comparing different semaphoronts of the same species (Hennig
1966), hampering to elucidate the relationships of the Carnian sauropodomorphs.
As for CAPPA/UFSM 0035, its assignment to Bu. schultzi is justified further than
on topotypical principles and overall similarity with the holotype. In fact, the
two specimens share a suite of traits unseen in the holotypes of other Carnian
sauropododomorphs from both Brazil andArgentina (Müller et al. 2018a), including:
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longer head (unlike Ba. agudoensis); short dorsomedial ramus of the caudal premax-
illary process (unlike E. lunensis); lack of promaxillary fossa (unlike Pam. barber-
enai); forked part of the caudal ramus of jugal more caudally located (unlike Pam.
barberenai); fully ziphodont maxillary and dentary ‘cheek’ teeth (minimally unlike
Pam. barberenai, Pan. protos, and Ba. agudoensis); base of the scapular blade with
a straight caudal margin (unlike Sat. tupiniquim); caudal end of the brevis shelf not
projectingmuchmore ventrally that the ‘caudomedial shelf’ (unlikePam. barberenai
and Sat. tupiniquim); and a rugose iliofibularis muscle insertion on the craniomedial
margin of the fibula (unlike Ch. novasi).

A comprehensive revaluation of the more complete specimens assigned to E.
lunensis (PVSJ 559, 745, 860, and 862; see Table 1) is a much more complex task,
which is beyond the scope of the present work. PVSJ 559 was found in the same site
as the holotype, and its referral to E. lunensis could be based on topotypy (although
we endorse that such referrals should be always based on anatomy). Indeed, PVSJ
559 was assigned to E. lunensis by Sereno et al. (2012) also partially based on the
broad proportions of its tibia and astragalus compared to those of Pan. protos. In
fact, the astragalus and the distal end of the tibia are more transversely expanded
in PVSJ 559 than in the holotype of Pan. protos (PVSJ 874), but this cannot be
confirmed in PVSJ 512 (hootype of E. lunensis), because the distal end of its tibia
is not fully exposed and the caudal portion of its astragalus is missing. In any case,
as the distal articulation of the tibia is transversely compressed in the holotype of
Ch. novasi (PVSJ 845), so that the opposite condition may differentiate PVSJ 559
from that taxon. Also, we agree with Sereno et al. (2012) that the ascending process
and caudal fossa of the astragalus are lateromedially broader in PVSJ 559 than in
PVSJ 874, and this is also the case for the incomplete astragalus of PVSJ 512. Hence,
given the current diversity of the Ischigualasto Formation sauropodmormorphs, the
assignment of PVSJ 559 to E. lunensis seems the most likely, but far from certain
option.

PVSJ 745 was also referred to E. lunensis by Sereno et al. (2012), but with no
further discussions. This specimen was not collected from the type-locality of E.
lunensis, but from that of Pan. protos and Ch. Novasi, i.e. Valle Pintado site. It is
very similar to PVSJ 512 in the shape of the basal tubera of the basioccipital, the
proportions of the cervical vertebrae, femoral head and fourth trochanter anatomy
(MDE pers. obs.). As for PVSJ 860 and 862, they were also collected in the Valle
Pintado site. Accordingly, their referral to E. lunensis should be backed-up by a very
detailed differentiation relative to those two other taxa. For Sereno et al. (2012), the
ascending process of the astragalus of PVSJ 862 corresponds to about one-third of
the width of the bone, as in PVSJ 559 and PVSJ 512, but unlike the narrower struc-
ture of PVSJ 874. In the context of the Ischigualasto Formation sauropodmormorph
diversity, this could point to the affinity of PVSJ 862 to E. lunensis, but a more
detailed evaluation of the two more complete Valle Pintado specimens assigned to
that taxon is needed. This is beyond the scope of this work, so that PVSJ 860 and
862 will not be further discussed.

As briefly reviewed above, among the referred specimens of South American
Carnian sauropodomorphs, the attribution of CAPPA/UFSM 0035 to Bu. schultzi is
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relativelywell supported.Yet, this is not the case of the paratypes ofSat. tupiniquim—
which accumulate several differences relative to the holotype—neither of the speci-
mens referred to E. lunensis—which lack strong anatomical evidence for their asso-
ciation with the holotype. Hence, their unjustified employment to complement the
scoring of the respective taxon in phylogenetic datasets could lead to misleading
results. Accordingly, in order to investigate the possibility that MCN-PV 3845 and
384 and PVSJ 559 and 745 do not respectively belong to Sat. tupiniquim and E.
lunensis, we will run phylogenetic analyses having them as individual terminals. We
will also conduct analyses with a more traditional arrangement, in which two of the
more complete ‘E. lunensis’ specimens (PVSJ 559, 745) and the type-series of Sat.
tupiniquim are integrated into composite terminals. For consistency, we will also
include a composite Bu. schultzi formed of its holotype and CAPPA/UFSM 0035, as
well as with those specimens as individual terminals.

5 Phylogenetic Study

5.1 Parsimony Analyses Results

The ‘specimen-based’ analysis found ten most parsimonious trees (MPTs) of 1,544
steps, with a consistency index (CI) of 0.45142 and a retention index (RI) of 0.40268
(best score hit 778 times of the 1000 replicates). The strict consensus tree (Fig. 4a)
shows a massive polytomy composed of Pam. barberenai, Pan. protos, Ch. novasi,
the three specimens of E. lunensis, Bagualosauria, and monophyletic sets of the Bu.
schultzi and Sat. tupiniquim specimens. In the alternative MPTs, Pan. protos may
form clades with the Eoraptor specimens (sister to PVSJ 559), with Sat. tupiniquim
plus Bagualosauria, or with Pam. barberenai plus Ch. novasi (as sister to the Sat.
tupiniquim plus Bagualosauria clade). The other unstable taxon—Ch. novasi—is
found eitherwithPam. barberenai andPan. protos in a clade sister to that including all
other sauropodomorphs except for the E. lunensis and Bu. schultzi sets of specimens,
or in a clade with Pam. barberenai and the Sat. tupiniquim syntypes.

The a posteriori pruning of Pan. protos slightly improves the resolution, with
the three E. lunensis specimens forming a clade, but with the interspecific rela-
tions among Carnian sauropodomorphs still unresolved. The additional a poste-
riori pruning of Ch. novasi results in a trichotomy composed of monophyletic
sets of E. lunensis and Bu. schultzi specimens, plus a clade of more deeply nested
sauropodomorphs (Fig. 4b). The latter includes a trichotomy formed byPam. barber-
enai, the Sat. tupiniquim clade, and Bagualosauria. Bremer supports for the E.
lunensis and Bu. schultzi clades are minimal, as it is also the case for the clade
that includes Pam. barberenai, the Sat. tupiniquim clade, and Bagualosauria. Simi-
larly, the bootstrap frequencies of these branches are below 50%, with exception of
those of the Bu. schultzi clade. Bremer supports and absolute bootstrap frequencies
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Fig. 4 Phylogenetic relations of the Carnian sauropodomorphs. a Strict consensus tree of the
‘specimen-based’ analysis. b Strict reduced consensus tree of the ‘specimen-based’ analysis with
the a posteriori pruning of Panphagia protos and Chromogisaurus novasi. c single MPT of the
‘combined’ analysis

of Bagualosauria and the Sat. tupiniquim clade are higher: 3/66% and 4/75%, respec-
tively. Finally, it is interesting to note that the branch support of the clade composed
of the two paratypes of Sat. tupiniquim—MCP3845-PV andMCP 3846-PV—is very
high, with a Bremer support of 4 and an absolute bootstrap frequency of 84%.

The ‘combined’ analysis found a single MPT of 1,453 steps with a consistency
index (CI) of 0.47970 and a retention index (RI) of 0.38286 (best score hit 713 times
of the 1000 replicates). In the fully resolved optimal tree (Fig. 4c), Bu. schultzi and
E. lunensis are joined in a clade sister to all other Sauropodomorpha. Pan. protos
is found as a sister to Pam. barberenai plus Ch. novasi, in a clade sister to that
including Sat. tupiniquim plus Bagualosauria. Bremer supports are usually minimal
along the part of the tree that includes Carnian sauropodomorphs, with the exception
of Bagualosauria and the clade it forms with Sat. tupiniquim, which have decay
indices of 3 and 2, respectively. Similarly, bootstrap frequencies are all lower than
50%, except for those of Bagualosauria, which has absolute and GC frequencies of
76% and 66%, respectively.

We found the following results under constrained topologies: one additional
step is necessary to force the position of Bu. schultzi as the earliest-diverging
sauropodomorph; two extra steps are required to force the sister taxon relation-
ships between Sat. tupiniquim and Ch. novasi, between Sat. tupiniquim and Pam.
barberenai, and between E. lunensis and Pan. protos, as well as to form a clade
composed of the three Ischigualastian species; nine extra steps are needed to recover
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Pam. barberenai as the sister taxon to Ba. agudoensis. Finally, only Bagualosauria
and its clade with Sat. tupiniquim are found in the strict consensus tree generated
from suboptimal trees one step longer than the MPTs, with all other interrelations
among Carnian sauropodomorphs being unresolved.

5.2 Carnian Sauropodomorph Relationships

The above results reveal that there is no disagreement between phylogenetic
hypotheses when the three taxa with multiple specimens—Sat. tupiniquim, E.
lunensis, and Bu. Schultzi—are analysed based on either their assigned specimens
or combined scorings. Indeed, although the strict consensus tree of Fig. 4a is much
less resolved than that of Fig. 4c, they show no conflict and at least concur in those
three taxa (as well as Pam. barberenai, Pan. protos, and Ch. novasi) are external to
Bagualosauria. Moreover, the specimens of Bu. schultzi and Sat. tupiniquim form
clades, so that their assignment to the respective taxon is backed up by this phylo-
genetic study (see below for E. lunensis). Hence, our more conservative result—
i.e. the strict consensus tree of the ‘specimen-based’ analysis—answers three of
our proposed questions, supporting the monophylies of Sat. tupiniquim and Bu.
schultzi (as composed of their specimens included in this analysis), as well as
that of Bagualosauria (as composed of post-Carnian sauropodomorphs plus Ba.
agudoensis, but no other Carnian taxon). The latter hypothesis agrees with most
phylogenetic arrangements proposed so far (but see Müller and Garcia 2020) and
may be considered a settled issue based on the currently available evidence.

The sister-group relation between Ba. agudoensis and post-Carnian
sauropodomorphs, forming Bagualosauria, is supported in the present study
by a series of synapomorphies, the most noteworthy of which are (see complete list
in the Supplementary Material): larger size; inset first dentary tooth (also seen in
Pan. protos and E. lunensis); ventrally curved rostral end of dentary; ‘cheek tooth’
crowns with enlarged denticles (also seen in Pam. barberenai and E. lunensis);
smooth medial surface of the proximal portion of fibula (also seen in E. lunensis). As
for the grouping of the two Bu. schultzi specimens into a clade, this is supported by
a single trait in the analysis: concave area above supra-acetabular crest restricted to
the dorsal half of the iliac blade. Yet, the status of that feature as autapomorphic for
the species is jeopardised by its presence also in other Carnian sauropodomorphs.

Regarding Sat. tupiniquim, the apomorphies that group its syntypes are: dorsoven-
trally shallow sacral ribs; ventral surface of proximal caudal centra keeled or strongly
constricted lateromedially; crested craniolateral margin of femoral shaft proximal
portion. The latter two traits are also seen in other Carnian sauropodomorphs, so that
our study also did not reveal a convincing set of autapomorphies for Sat. tupiniquim.
Interestingly, the grouping of the two Sat. tupiniquim paratypes into a minimal clade
is supported by a broader array of features, including a caudoventrally oriented
ischiadic peduncle of the ilium, a more craniocaudaly elongated lateral condyle of
the femur, a fibular shaft with a more marked insertion of m. iliofibularis, a cranially
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straight cnemial crest of the tibia, and a distal end of the tibia that is lateromedi-
ally broader, has an acute craniomedial corner, and lacks a proximodistaly elongated
ridge on the medial portion of its caudal surface.

Pruned of the more volatile Pan. protos and Ch. novasi, the topology of Fig. 4b
agrees with that of the ‘combined’ analysis (Fig. 4c) in that E. lunensis and Bu.
schultzi are external to a clade that includes Sat. tupiniquim, Pam. barberenai, and
bagualosaurs. In addition, the specimens assigned to E. lunensis now form a clade.
This answers two further questions, supporting the monophyly of E. lunensis (as
composed of the three specimens analysed here) and a more ‘pectinate’ phyloge-
netic arrangement for early sauropodomorphs. Indeed, some studies suggested that
all Carnian sauropodomorphs (except for Ba. agudoensis) form a clade exclusive
of other members of the group (Martínez et al. 2011; Langer et al. 2017; Baron
et al. 2017a; Müller et al. 2018a). Even if this is still a possibility based on the
topology of Fig. 4a, those of Fig. 4b, c indicate otherwise. As such, we understand
that the present study provides reasonable evidence against a clade grouping all non-
bagualosaur sauropodomorphs, suggesting instead the ‘higher-nesting’ of some taxa
in the direction of Bagualosauria.

The nesting of Sat. tupiniquim and Pam. barberenai in a clade with bagualosaurs
to the exclusion of E. lunensis and Bu. schultzi is supported in the present studies by
a series of synapomorphies (see Supplementary Material), including portion of the
lacrimal lateral lamina covering the antorbital fossa positioned at the mid-length of
its caudal margin, tooth crowns labio lingually and mesiodistally expanded at base,
and ‘cheek tooth’ crowns with a convex basal half of the distal margin. Besides,
the grouping of the three specimens of E. lunensis analysed here is supported by
epipophyses limited to more cranial postaxial cervical vertebrae, trunk vertebrae
lacking prezygoparapophyseal laminae, and ilium with the lateral tip of the supra-
acetabular crest closer to ischiadic peduncle and smooth origins for mm. flexor
tibialis and iliotibialis. Interestingly, the latter three features are shared only by Pan.
protos among Carnian sauropodomorphs, matching the possible affinity of those two
Ischigualasto taxa as seen in some MPTs of the ‘specimen-based’ analysis.

The best resolution of the phylogenetic hypotheses presented here is that resulting
from the ‘combined’ analysis. Apart from agreeing with the arrangements seen in
the ‘specimen-based’ results (Fig. 4a, b), that topology reveals further hypotheses
of relationships (Fig. 4c), including the sister-group relations between E. lunensis
and Bu. schultzi. This has never been previously proposed, but is supported in our
study by several synapomorphies, the most noteworthy of which are (see complete
list in the SupplementaryMaterial): a longer dorsolateral process of the premaxillary
caudal ramus; a maxilla not significantly contributing to the external naris; a rugose
ridge on the laterodorsal corner of the lacrimal rostral ramus; lacrimal with ventral
ramus broader that the rostral; lacrimal with a lateral lamina covering part of the
internal antorbital fenestra; ventral ramus of postorbital with a rostrally deflected
end; a caudal vertebra incorporated into the sacrum; cranial margin of scapular blade
not markedly concave; a stouter pubic peduncle of the ilium.

The topology of Fig. 4b already placed Sat. tupiniquim and Pam. barberenai
in a clade with bagualosaurs, exclusive of E. lunensis and Bu. schultzi. Yet, the
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‘combined’ analysis also includes Pan. protos and Ch. novasi into that clade, which
is supported by the followingmain synapomorphies (see full list in theSupplementary
Material): no diastema between last premaxillary andfirstmaxillary alveoli, large and
rostrally opened foramen perforating the lateral surface of the base of the maxillary
ascending process, portion of the lacrimal lateral lamina covering the antorbital
fossa positioned at the mid-length of its caudal margin, more laterally positioned
paraquadratic foramen, deeper postdentary portion of lower jaw, tooth crowns labio
lingually and mesiodistally expanded at base, higher tooth crowns in the rostral
quarter of the tooth series, first premaxillary tooth crown with smooth carena, ‘cheek
tooth’ crowns with a reduced distal concavity of the long axis and a convex basal
half of the distal margin, pointed or right angled apex of deltopectoral crest, pubic
shaft with nearly straight outline in lateral/medial views, distal end of tibia with more
oblique facet for reception of ascending process of astragalus, and pedal digit II with
ungual phalanx longer than second phalanx. Indeed, the placement of E. lunensis
and Bu. schultzi outside a clade including all other sauropodomorphs is replicated
in several previous phylogenetic analyses and is the arrangement favoured by the
present investigation.

The ‘combined’ analysis (Fig. 4c) also identified a sister-group relation between
Sat. tupiniquim and Bagualosauria. Inmost previous studies in which Sat. tupiniquim
appears closely related to bagualosaurs, it forms a minimal clade with Ch. novasi.
In fact, very few phylogenetic analyses (e.g. Bittencourt et al. 2015) found Sat.
tupiniquim closer to Norian sauropodomorphs than to Ch. novasi. Here, this rela-
tion was supported by the following main synapomorphies (see the Supplementary
Material for a complete list): smaller head; prefrontal lacking a bone sheet expanding
rostroventrally from the intersection of rostral and ventral processes; broader interor-
bital portion of the frontal; stouter dentary; diapophysis and parapophysis nearly
touching in cervical vertebrae 3–7; proximal surface of metatarsal II with a non-
concave lateral margin; metatarsal III narrower caudally than cranially in proximal
outline. Yet, it is important to mention that Ch. novasi does not preserve the skeletal
parts related to any of those features, so that its closer relation to Sat. tupiniquim
cannot be fully discarded based only on the results of this phylogenetic study.

Sister to Sat. tupiniquim plus Bagualosauria, the combined analysis recovered a
clade composed of the ‘lesser-known’ Carnian sauropodomorphs, i.e. Pan. protos,
Ch. novasi, andPam.barberenai. This is supportedby aparaquadratic foramenalmost
fully enclosed within the quadrate, an everted caudolateral margin of the quadrate
creating a caudally facing fossa, and a relatively stouter tibia, the distal end of which
has a concave caudal margin. In addition, some synapomorphies place Pam. barber-
enai andCh. novasimore closely related to one another, including a relatively deeper
ilium and acetabulum, a sharp dorsalmargin of the iliac pubic peduncle, and a straight
ventral margin of iliac acetabular wall. A close relation betweenPan. protos andPam.
barberenaiwas already proposed by some authors (Müller et al. 2018a; Bronzati et al.
2019a; Pacheco et al. 2019;Müller andGarcia 2020), but never alongwithCh. novasi.
In fact, the overall weak support of the ‘combined’ analysis results shows that these
relations have to be considered with care. Indeed, alternative arrangements revealed
by some MPTs of the ‘specimen-based’ analysis include the position of Pan. protos
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both within the set of E. lunensis specimens or more highly nested, close to the
Bagualosauria plus Sat. tupiniquim clade. The first of those hypotheses would indi-
cate that either these two taxa are synonymous or that some E. lunensis specimens
may actually belong to Pan. protos. As for Ch. novasi, it may form a clade with Pam.
barberenai and Sat. tupiniquim, but was not found closer to the latter taxon in any
of the MPTs, as it has been frequently suggested in previous studies.

6 Morphological Disparity Analysis

The morphospace generated from the first and second PCos (22.39% and 19.16% of
variance, respectively) separated the hypodigms of E. luensis, Sat. tupiniquim, and
Bu. schultzi into distinct clusters (Fig. 5a). Eoraptor lunensis specimens are posi-
tioned on the upper left quadrant, Bu. schultzi specimens on the lower left quadrant,
and those of Sat. tupiniquim on the lower right quadrant of the morphospace. Chro-
mogisaurus novasi is found closer to the Bu. schultzi cluster than to other taxa in
the first two PCos, whereas Pan. protos and Pam. barberenai are positioned very
close to one another and well separated from all other species in the same axes.
Bagualosaurus agudoensis is the closest species to the latter two, within the upper
right corner of the morphospace.

The generalised least squares regression between the values of the first three
PCos and the logarithm of femoral length (as a proxy of body size) did not recover
a significant regression for any of the PCos (p > 0.14), indicating that body size
does not explain the morphospacial structure (Fig. 5b). The PERMANOVA found a

Fig. 5 Morphospace of the Carnian sauropodomorphs. a Morphospace represented by PCo1 and
PCo2, hypodigms composed of more than one specimen highlighted by coloured convex hulls. b
log(femoral length), as proxyof body size, versusPCo1 showing the non-significant linear regression
(red dotted line) between both variables
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significant difference (p = 0.04107) between the three hypodigms of E. luensis, Sat.
tupiniquim, and Bu. schultzi. Similarly, the LDA predicted correctly the assignment
of each specimen to its respective species with posterior probabilities ≥ 0.99.

The morphospace and statistical analyses derived from it provide strong support
for the assignment of the evaluated specimens of E. luensis, Sat. tupiniquim, and Bu.
schultzi to the respective species. This agrees with the results of the ‘specimen-based’
phylogeny for the two latter taxa (Fig. 4a) and helps support the assignment of PVSJ
559 and 745 to E. lunensis, which was only phylogenetically supported when Pan.
protos was excluded from the analysis (Fig. 4b). The morphological disparity anal-
ysis takes into account overall dissimilarity and not only apomorphic conditions,
contrasting with the phylogenetic analysis. Thus, they are complementary, distin-
guishing species based onunique combinations of character states (disparity analysis)
and autapomorphies (phylogenetic analysis). In the end, this distance matrix-based
analysis could be also potentially useful to explore the alpha-taxonomy of Carnian
sauropodomorphs when new specimens are available.

7 Conclusions

• The holotypes of the seven Carnian sauropodomorphs of South America—Ba.
agudoensis, Bu. schultzi, Ch. novasi, E. lunensis, Pam. barberenai, Pan. protos,
and Sa. tupiniquim—can be anatomically differentiated from one another, hence
supporting the taxonomic validity of the species they represent.

• Aspecimen-basedphylogenetic analysis supports the referral of theSa. tupiniquim
paratypes and the best-preserved specimen referred toBu. schultzi to the respective
species. This is also supported by topotypy, anatomical congruence (especially for
Bu. schultzi), and their statistically significant groupings in the distance matrix-
based morphospace generated from the same dataset as the phylogenetic analysis.

• The referral of the various specimens previously assigned to E. lunensis is not
supported by strong anatomical congruence and neither (for some specimens) on
topotypy. Some of these specimens share putative autapomorphies with the holo-
type, as well as unique features relative to other Ischigualasto dinosaurs. Two of
them nested close to the holotype in our morphospace analysis, but the specimen-
based phylogenetic analysis failed to strongly support their affinity. In some
resulting MPTs, Pan. protos was positioned within the clade of E. lunensis spec-
imens, calling for a much-needed taxonomic revision of the specimens referred
to that taxon.

• All phylogenetic analyses conducted here support the sister-group rela-
tion between Ba. agudoensis and post-Carnian sauropodomorphs (forming
Bagualosauria). They less strongly support the hypotheses that Bu. schultzi and
E. lunensis represent the earliest branches of Sauropodomorpha and that Sa.
tupiniquim and Pam. barberenai are more highly nested in the direction of
Bagualosauria.
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• A species-level phylogenetic analysis further indicates that Bu. schultzi and E.
lunensis form a clade, that Sa. tupiniquim is the sister taxon to Bagualosauria,
and that Pan. protos, Ch. novasi, and Pam. barberenai, also form a clade. These
clades are, however, not strongly supported by robustness measurements in the
phylogenetic tree, warranting that more research is needed to untangle their
relations.

• Alternative relations emerging fromsubsets ofMPTs include the proximity ofPan.
protos to either E. lunensis or Bagualosauria and a possible clade formed by Sat.
tupiniquim, Ch. novasi, and Pam. barberenai, also requiring further investigation.
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