Taylor & Francis
Taylor & Francis Group

Journal of Vertebrate Paleontology

ISSN: 0272-4634 (Print) 1937-2809 (Online) Journal homepage: https://www.tandfonline.com/loi/ujvp20

Redescription of the holotype specimen of
Chindesaurus bryansmalli Long and Murry, 1995
(Dinosauria, Theropoda), from Petrified Forest
National Park, Arizona

Adam D. Marsh, William G. Parker, Max C. Langer & Sterling J. Nesbitt

To cite this article: Adam D. Marsh, William G. Parker, Max C. Langer & Sterling J. Nesbitt
(2019): Redescription of the holotype specimen of Chindesaurus bryansmalli Long and Murry,
1995 (Dinosauria, Theropoda), from Petrified Forest National Park, Arizona, Journal of Vertebrate
Paleontology

To link to this article: https://doi.org/10.1080/02724634.2019.1645682

A
h View supplementary material &

ﬂ Published online: 04 Sep 2019.

N\
CJ/ Submit your article to this journal &

A
& View related articles &'

@ View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=ujvp20


https://www.tandfonline.com/action/journalInformation?journalCode=ujvp20
https://www.tandfonline.com/loi/ujvp20
https://doi.org/10.1080/02724634.2019.1645682
https://www.tandfonline.com/doi/suppl/10.1080/02724634.2019.1645682
https://www.tandfonline.com/doi/suppl/10.1080/02724634.2019.1645682
https://www.tandfonline.com/action/authorSubmission?journalCode=ujvp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ujvp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/02724634.2019.1645682
https://www.tandfonline.com/doi/mlt/10.1080/02724634.2019.1645682
http://crossmark.crossref.org/dialog/?doi=10.1080/02724634.2019.1645682&domain=pdf&date_stamp=2019-09-04
http://crossmark.crossref.org/dialog/?doi=10.1080/02724634.2019.1645682&domain=pdf&date_stamp=2019-09-04

Journal of Vertebrate Paleontology 1645682 (21 pages)
© by the Society of Vertebrate Paleontology
DOI: 10.1080/02724634.2019.1645682

W) Check for updates ‘

ARTICLE

REDESCRIPTION OF THE HOLOTYPE SPECIMEN OF CHINDESAURUS BRYANSMALLI LONG
AND MURRY, 1995 (DINOSAURIA, THEROPODA), FROM PETRIFIED FOREST NATIONAL
PARK, ARIZONA
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ABSTRACT — Chindesaurus bryansmalli is an early dinosaur of uncertain affinities from the Late Triassic Chinle Formation at
Petrified Forest National Park, Arizona. Since its first description in 1995, the taxon has been considered a plateosaurid, a non-
eusaurischian saurischian, a herrerasaurid, and/or a non-neotheropod member of Theropoda. Chindesaurus bryansmalli is
usually scored for about 25% of the characters in a given phylogenetic analysis, and many characters have been scored
secondhand from misidentified elements. Here, we provide a redescription of the holotype specimen of C. bryansmalli,
correct misidentifications, introduce previously unknown elements, and discuss novel morphological character observations.
Chindesaurus bryansmalli is supported as the sister taxon to the non-neotheropod theropod Tawa hallae from the Chinle
Formation at Ghost Ranch, New Mexico. The same two most parsimonious trees, with increasing node support, result from
iteratively removing the three most incomplete taxa in the employed data set, suggesting that the relationships of stem-
averostran theropods are not highly affected by the inclusion of fragmentary specimens. The Chindesaurus + Tawa clade
recovered here may represent a potentially diverse group of early theropods prior to the end-Triassic mass extinction.
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INTRODUCTION

The holotype specimen of Chindesaurus bryansmalli was dis-
covered in 1984 at Petrified Forest National Park, Arizona, by
Bryan Small, who first found an astragalus that immediately
identified the specimen as what was at the time thought to be
the oldest known dinosaur. The skeleton was excavated by a
field crew led by Robert Long, then from the University of Cali-
fornia Museum of Paleontology (UCMP). On June 6, 1985, the
holotype of C. bryansmalli, or ‘Gertie’ (named after the first-
ever animation of a dinosaur in 1914), was airlifted by a Sikorsky
helicopter from the Painted Desert area of the park (Robert Long
field notes, 1984:308-310, 1985:332-333; Miller, 1985; Dunbar and
Robson, 1986; Meyer, 1986). After being prepared at the UCMP,
it was realized that this specimen represented not a plateosaurid
as originally announced in a news conference from the field
(Padian, 1988) but was probably an early theropod dinosaur
(Long and Murry, 1995).

When Chindesaurus bryansmalli was named, it was thought to
represent a ‘staurikosaurid dinosaur’ (Murry and Long, 1989) or
“herrerasaurid dinosauriform” (Long and Murry, 1995:173).
Citing the presence of anteroposteriorly short dorsal vertebrae,
two sacral vertebrae, and a narrow pubic apron, Novas (1997)
agreed that C. bryansmalli was a herrerasaurid. Later, Rauhut
(2003) considered the taxon a nomen dubium without further
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comment, but Langer (2004) considered it a saurischian dinosaur
outside of Eusaurischia (Langer et al., 2009). Chindesaurus
bryansmalli is rather ubiquitous in numerous phylogenetic ana-
lyses of dinosauromorphs (Irmis et al., 2007), early dinosaurs
(Baron et al., 2017a, 2017b; Langer et al., 2017; Baron and Wil-
liams, 2018), ornithischians (Baron and Barrett, 2017), sauropo-
domorphs (Yates, 2007, and derivative matrices), and theropods
(Nesbitt et al., 2009c; Ezcurra and Brusatte, 2011; Sues et al.,
2011; Nesbitt and Ezcurra, 2015), but its phylogenetic affinities
remain debated.

One of the first phylogenetic analyses to use Chindesaurus
bryansmalli as an operational taxonomic unit was Irmis et al.
(2007), recovering the taxon within Herrerasauridae, but
outside Theropoda (see also Sues et al., 2011). Chindesaurus
bryansmalli was also recovered as a herrerasaurid when that
clade was recovered in a basal polytomy with other early thero-
pods (Ezcurra and Brusatte, 2011) or as a group of non-neother-
opod theropods (Nesbitt et al., 2009c). The first analysis to
suggest that C. bryansmalli was not a herrerasaurid hypothesized
it to be a non-neotheropod member of Theropoda (Yates, 2007,
Nesbitt and Ezcurra, 2015; Langer et al., 2017). Recent phyloge-
netic hypotheses of early dinosaur relations recover Chindesaurus
bryansmalli either as a non-theropod herrerasaurid within a
newly redefined Saurischia (Baron et al., 2017a), immediately
outside Ornithoscelida (Baron and Barrett, 2017; Baron et al.,
2017b), or as a herrerasaurid dinosauromorph (Baron and
Williams, 2018). A recent hypothesis redefined Saurischia (the
most inclusive clade containing Diplodocus carnegii but not
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Triceratops horridus; Baron et al., 2017a), but we refer to Saur-
ischia using the traditional definition (the most inclusive clade
containing Passer domesticus but not Triceratops horridus;
Sereno, 2005) owing to the lack of compelling support for the
‘Ornithoscelida’ hypothesis (Langer et al., 2017).

Having been positioned either as the outgroup or an early
diverging member of a variety of major dinosaur groups, Chinde-
saurus bryansmalli has been an important taxon in the optimiz-
ation of character states in phylogenetic analyses of early
dinosaurs. Because it was first named in the absence of a phyloge-
netic analysis (Long and Murry, 1995), C. bryansmalli has yet to
be formally diagnosed by apomorphies in its own phylogenetic
context. Additionally, many published character scores for
C. bryansmalli have not changed much between analyses (with
the exception of Langer et al., 2017), suggesting that many of
the scores are based on the literature. Finally, some of the original
identifications of bones that have been propagated in the litera-
ture are incorrect, with obvious effects on phylogenetic analyses
that use C. bryansmalli as an operational taxonomic unit.

The unifying theme of the uncertain evolutionary relationships
of C. bryansmalli is the missing data inherent to each analysis
that includes it as a terminal taxon. Many characters that are
important to the early evolution of dinosauromorphs are found
in the pelvis and hind limb (e.g., Sereno, 1999; Langer and
Benton, 2006; Nesbitt et al., 2007; Baron et al., 2017a), and
even though the holotype of C. bryansmalli preserves some of
those regions, its fragmentary nature leaves phylogenetic
hypotheses poorly supported. At best, C. bryansmalli has been
scored for ca. 25% of the characters in prior phylogenetic ana-
lyses (Table 1). Yet, many dinosauromorph taxa are even less
complete than C. bryansmalli and some are represented by a
single element (i.e., Camposaurus) or a small number of elements
(i.e., Dromomeron gregorii, Eucoelophysis baldwini, and Lepidus
praecisio).

Here, we redescribe the holotype of Chindesaurus bryansmalli,
correcting the previously misidentified elements, and provide a
new phylogenetic context for this important Late Triassic North
American dinosaur. In addition, we present sensitivity analyses
performed by iteratively removing incomplete taxa from a
revised and updated character-taxon matrix of Mesozoic archo-
saurs in order to investigate the effect of missing data on this par-
ticular branch of the archosaur tree.

Institutional Abbreviations—GR, Ruth Hall Museum of
Paleontology at Ghost Ranch, Abiquiu, New Mexico, US.A.;
NMMNH, New Mexico Museum of Natural History and
Science, Albuquerque, New Mexico, US.A; PEFO, Petrified
Forest National Park, Arizona, U.S.A.; TMM, Texas Memorial

TABLE 1.
as an outcome of that analysis.

Museum collections at the Vertebrate Paleontology Laboratory,
Austin, Texas, US.A.; TTU, Museum of Texas Tech University,
Lubbock, Texas, US.A.; UCMP, University of California
Museum of Paleontology, Berkeley, California, U.S.A.; UMMP,
University of Michigan Museum of Paleontology, Ann Arbor,
Michigan, U.S.A.

Other Abbreviations —MOTT, refers to a locality number from
TTU-P; PFYV, refers to a locality number from PEFO.

SYSTEMATIC PALEONTOLOGY

DINOSAURIA Owen, 1842, sensu Sereno, 2005
SAURISCHIA Seeley, 1887, sensu Sereno, 2005
THEROPODA Marsh, 1881, sensu Sereno, 2005

CHINDESAURUS BRYANSMALLI Long and Murry, 1995

Holotype Specimen—PEFO 10395, partial skeleton including
cervical and dorsal centra, sacral and caudal vertebrae, hemal
arches, right and left pubic peduncles of the ilia, partial iliac
blade and left postacetabular process of the ilium, partial pubes,
proximal end of left femur, complete right femur, partial right
tibia, and partial right astragalus. The holotype specimen was
listed incorrectly as PEFO 33982 in two studies (Stocker, 2013;
Langer et al., 2017). One nearly complete anterior caudal verte-
bra was figured by Long and Murry (1995:figs. 177d-h and
179a-e) as a dorsal vertebra but was later separated at the
UCMP from the rest of the holotype material (Fig. 3A-F). We
relocated the vertebra while visiting the UCMP, which included
a written note saying that it was not from the holotype. Because
no indication is given in the field notes of the excavation of the
holotype that the vertebra is not associated with the rest of the
specimen, we retain this vertebra in the holotype specimen.
Three-dimensional surface files of PEFO 10395 are available in
MorphoBank (MorphoBank P3384). More than one individual
was thought to be in the block containing the holotype, including
a smaller partial pelvis and hind limb. These probably belong to a
shuvosaurid, but those bones have been missing since the prep-
aration of the block (T. Rowe, pers. comm., 2017; Rob Long
field notes, 1985; Dunbar and Robson, 1986; Long and Murry,
1995; Parker, 2006).

The skeletal maturity of the holotype specimen at the time of
death is unknown, and to date no histological study (e.g.,
Padian, 2013; Woodward et al., 2013) has been performed to
estimate this. Along with the incorporation of more vertebrae
into the sacrum (Rauhut, 2003; Tykoski, 2005), the co-ossifica-
tion of certain skeletal elements has often been used to indicate

Description of various character-taxon matrices for which Chindesaurus has been included, including the phylogenetic position of the taxon

Number of taxa in

Number of characters in

Scoring completeness for Phylogenetic position of

Study analysis analysis Chindesaurus Chindesaurus
Irmis et al., 2007 26 127 25.98% Herrerasaurid, outside of
Theropoda
Nesbitt et al., 2009a 41 315 20.32% Herrerasaurid, outside
Neotheropoda
Sues et al., 2011 42 319 20.06% Herrerasaurid, outside
Theropoda
Ezcurra and Brussatte, 43 339 21.53% Herrerasaurid in basal polytomy
2011
Nesbitt and Ezcurra, 45 343 22.16% Non-neotheropod
2015
Baron et al., 2017a 74 457 14.66% Herrerasaurid, basal saurischian
Langer et al., 2017 74 457 15.10% Non-neotheropod
Baron et al., 2017b 74 457 14.66% Non-ornithiscelidan saurischian
This study 45 352 25.00% Non-neotheropod
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skeletal maturity in archosaurs, including that of the centra with
the respective neural arches (Brochu, 1996; Irmis, 2007) and
distal ends of the tibia and the fibula with the proximal tarsals
(Rowe, 1989; Colbert, 1990; Tykoski, 1998, 2005). Although
these co-ossifications and the development of muscle scars
vary significantly along the ontogeny of some dinosauromorph
lineages (Griffin and Nesbitt, 2016a, 2016b; Griffin, 2018), and
thus might not be reliable indicators of skeletal maturity for
theropods, it is worth mentioning that the holotype of Chinde-
saurus bryansmalli preserves presacral centra isolated from the
neural arches, whereas those of the tail are co-ossified, and
that the distal end of the tibia is not co-ossified to the astragalus.
The holotype femur of Chindesaurus bryansmalli has a trochan-
teric shelf integrated into the anterior trochanter, but other
referred specimens (see below) do not. The paucity of skeletons
of this taxon makes it difficult to estimate its ontogenetic varia-
bility (Evans et al., 2018).

Referred Specimens — Only the holotype specimen is complete
enough to preserve the unique combination of character states
that diagnose the taxon (see Discussion).

Removed Specimens—The following specimens previously
have been referred to Chindesaurus bryansmalli but are either
lost or are not complete enough to preserve the unique combi-
nation of character states of the taxon as outlined in the revised
diagnosis below (but they potentially belong to the Chindesaurus
bryansmalli + Tawa hallae clade hypothesized below): PEFO
33982, dorsal and sacral vertebrae, proximal end of left femur
(Parker and Irmis, 2005; Nesbitt et al., 2007); PEFO 4849,
dorsal centrum (Long and Murry, 1995); PEFO 34875, proximal
end of right femur; PEFO 36766, dorsal centrum; PEFO 34583,
proximal end of left femur; PEFO 36730, dorsal centrum,
caudal vertebrae; PEFO 40754, proximal end of right femur;
PEFO 34605, distal end of right femur, fragmentary left femur;
NMMNH P-4415, proximal end of left femur (Long and Murry,
1995:174; Heckert et al., 2000); NMMNH P-16656, dorsal and
caudal vertebrae (Long and Murry, 1995; Heckert et al., 2000;
Nesbitt et al., 2007); NMMNH P-17325, dorsal centrum (Long
and Murry, 1995; Heckert et al., 2000); NMMNH P-35996,
partial left ilium; UMMP 8870, left ilium (Long and Murry,
1995; Caseosaurus crosbyensis, Case, 1927:220; Hunt et al,,
1998; Nesbitt et al., 2007); NMMNH P-35995, dorsal and sacral
vertebrae, partial right ilium, proximal end of left femur (cf. Case-
osaurus crosbyensis; Nesbitt et al., 2007; Baron and Williams,
2018); NMMNH P-52860, distal end of left femur; five dorsal
centra and two co-ossified sacral vertebrae (missing, UCMP
number unknown; Long and Murry, 1995); UCMP 25789, distal
end of right femur; TMM 31100-523, proximal end of left femur
(Long and Murry, 1995; Nesbitt et al., 2007; Stocker, 2013); and
GR 226, complete right femur.

An apomorphy-based identification of the holotype of Caseo-
saurus crosbyensis (UMMP 8870) limited its identification to
Dinosauriformes (Nesbitt et al., 2007) and determined that
name to be a nomen dubium. A recent redescription of the holo-
type found Caseosaurus crosbyensis to be a diagnosable herrera-
saur outside of Dinosauria (Baron and Williams, 2018), but
revising this inference is beyond the scope of our study.

Diagnosis — Chindesaurus bryansmalli is diagnosed by a unique
combination of character states: smooth proximal surface of the
femoral head (lacking a groove), dorsolateral trochanter (=
‘greater trochanter’) of the femur forming a rounded ridge, rela-
tively anteroposteriorly short dorsal centra (centrum length less
than 1.33 times the height of the anterior articular surface), and
reduced prezygapophyses on the distal caudal vertebrae. The
‘glutealiform’ distal outline of the astragalus used to diagnose
Chindesaurus bryansmalli by Long and Murry (1995:173) is
shared with Tawa hallae (see below).

Locality and Horizon—The holotype of Chindesaurus bryans-
malli (PEFO 10395) was collected from the Upper Triassic

Chinle Formation at PFV 020, Dinosaur Hollow (= PFV 20 of
Rob Long’s original numbering scheme; Parker, 2002, 2006) in
Petrified Forest National Park, Arizona (Fig. 1; Long and
Murry, 1995). In the stratigraphic framework proposed by
Martz and Parker (2010) and Martz et al. (2012), PFV 020 lies
34m below the Black Forest Bed and 1.5 to 3.1 m above
Painted Desert Sandstone 3 in the Petrified Forest Member.
The age of PFV 020 is bracketed by two maximum deposition
ages resulting from U-Pb detrital zircon analyses within the
Black Forest bed (209.926 +0.072 Ma) and the Petrified Forest
Member—Sonsela Member contact (213.124 + 0.069 Ma; Rame-
zani et al., 2011). Detailed locality information and field notes
are available in the museum archives at PEFO to qualified
researchers.

DESCRIPTION
Cervical Vertebrae

One complete cervical centrum (Fig. 2A—C) and half of another
are preserved. The length of the complete cervical centrum is less
than three times the height of its anterior face. A ventral keel is
well developed on its anterior half, but it does not extend onto
the most posterior margin of the element (Fig. 2E). Low parapo-
physes flare out lateral to the anterior edge of the ventral keel,
indicating that the only complete cervical centrum from the holo-
type of Chindesaurus bryansmalli came from a more anterior pos-
ition in the neck than originally proposed (Long and Murry,
1995). Subelliptical shallow excavations (the ‘pleurocoels’ men-
tioned by Long and Murry, 1995) are located posterodorsal to
the low parapophyses (Fig. 2B). The bilateral fossae are subcircu-
lar in shape and do not communicate with the hollow interior of
the centrum. Such anterior pneumatic fossae are absent in Herrera-
saurus ischigualastensis (Sereno and Novas, 1994) and Stauriko-
saurus pricei (Bittencourt and Kellner, 2009) but are present in
C. bryansmalli and Tawa hallae (Nesbitt et al., 2009c), Lilienster-
nus liliensterni (Huene, 1934), and Cryolophosaurus ellioti (Smith
et al., 2007). Yet, those taxa lack the second pair of pneumatic
fossae on the posterior end of the cervical centra that are found
in coelophysoids (Colbert, 1989; Rowe, 1989), Dilophosaurus
wetherilli (Welles, 1984), and early averostrans such as Piatnitzky-
saurus floresi (Bonaparte, 1986). The bottom margin of the neural
canal is straight and fairly flat. The right side preserves a strong lip
on the anterior and ventral margins of the centrum, framed by the
top of the parapophysis and the edge of the anterior face of the
centrum. Both centrum articular faces are weakly concave. The
preserved half of a centrum has a low ventral keel but lacks para-
pophyses and probably represents the posterior half of the
centrum.

Dorsal Vertebrae

Many centra originally assigned to the dorsal series of PEFO
10395 (e.g., Long and Murry, 1995:fig. 177d-h) actually are
anterior caudal vertebrae, because the ventral portions of the pre-
served neural arches lack laminae. We identify five centra that
most likely are from the dorsal vertebral series, two of which
appear in Figure 2G-R. All are anteroposteriorly short, but dor-
soventrally deep, and lack a longitudinal ventral groove and
hemal arch articulation facets, which are typically found in
caudal vertebrae of other archosaurs. The articular faces of the
dorsal centra are wide and slightly concave, not amphiplatyan
(contra Long and Murry, 1995). The middle of the centra is med-
iolaterally narrow laterally, and the ventral margin forms a
concave semicircle in lateral view. In dorsal view, the posterior
articulation surface for the neural arch forms a broad triangle,
but the anterior surface is rectangular. The neural canal is
concave ventrally and is deepest in its posterior two-thirds.
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Subelliptical broad fossae are found at the midpoint of the lateral
surface of the dorsal centra just ventral to the neural arch pedicles
(Fig. 2H, N). These weakly developed fossae probably corre-
spond to the centrum component of the centrodiapophyseal
fossa sensu Wilson et al. (2011) and are present plesiomorphically
in Herrerasaurus ischigualastensis (Novas, 1993), silesaurids (Pie-
chowski and Dzik, 2010; Nesbitt et al., 2010), early sauropodo-
morphs such as FEoraptor lunensis and Saturnalia tupiniquim
(Langer et al., 1999; Sereno et al., 2012), and early ornithischians
such as Scutellosaurus lawleri (Colbert, 1981). A fragment rep-
resents the top of a dorsal neural spine, which is mediolaterally
expanded at the dorsal margin into a table that is subtrapezoidal
in posterior view (Fig. 2S-U). The spine table is subtriangular and
expands posteriorly in dorsal view. Mediolateral expansions on
the dorsal margin of some cervical and dorsal neural spines are
found in many pseudosuchian archosaurs (Nesbitt, 2011), some
early sauropodomorphs (Rowe et al., 2011; Sereno et al., 2012;
Marsh and Rowe, 2018), Herrerasaurus ischigualastensis (Novas,

1993), and Dilophosaurus wetherilli (Welles, 1984) and should
not be homologized with metaplastic anteroposterior expansions
that are found in many theropod groups (Wilson et al., 2016).
However, the mediolateral expansions themselves may not be
homologous among those groups that exhibit them.

Sacral Vertebrae

Two sacral vertebrae are preserved in the holotype specimen of
Chindesaurus bryansmalli (Fig. 2). They are not co-ossified to one
another and are consistent with being the two primordial sacrals
that are found plesiomorphically in dinosauromorphs (Nesbitt
et al., 2010; Nesbitt, 2011; Cabreira et al., 2016; Nesbitt et al.,
2017). The better-preserved and more anterior of those vertebrae
comprises the centrum and co-ossified neural arch (Fig. 2V-AA).
The centrum is longer than that of the following sacral vertebra, it
is ventrally concave in lateral view, and the articular faces are
slightly concave and broad. Both ribs are preserved and are
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FIGURE 2. Chindesaurus bryansmalli, PEFO 10395, holotype, vertebrae. A-F, cervical centrum in A, left lateral, B, right lateral, C, anterior, D, dorsal,
E, ventral, and F, posterior views. G-L, dorsal centrum in G, left lateral, H, right lateral, I, anterior, J, dorsal, K, ventral, and L, posterior views. M-R,
dorsal centrum in M, left lateral, N, right lateral, O, anterior, P, dorsal, Q, ventral, and R, posterior views. S-U, dorsal neural spine in S, right lateral, T,
posterior, and U, dorsal views. V-AA, sacral vertebra 1 in V, right lateral, W, left lateral, X, dorsal, Y, ventral, Z, anterior, and AA, posterior views. AB—
AG, sacral vertebra 2 in AC, left lateral, AB, right lateral, AF, anterior, AD, dorsal, AE, ventral, and AG, posterior views. Arrows indicate anterior
direction, dot in circle indicates anterior aspect, and cross in circle indicates posterior aspect. Abbreviations: k, keel; ne, neural canal; pf, pneumatic
fossa; pop, parapophysis; poz, postzygapophysis; prz, prezygapophysis; t, table. Scale bars equal 2 cm.
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situated on the anterior half of the centrum, whereas the left
transverse process is preserved. The anterior edge of the trans-
verse process extends downward to connect with the respective
rib via a clear dorsoventral strut of bone. The lateral articular
surface of this complex (= transverse process and rib) is ‘C’-
shaped and opens posteriorly. The anteroventral margin of the
rib also expands anteriorly, so that the rib itself has an upside-
down ‘T’-shaped lateral outline. The sacral ribs are anteroposter-
iorly flared laterally. The transverse processes are on the same
horizontal plane as the prezygapophyses and postzygapophyses.
A small depression is found ventrolateral to the prezygapophysis
and a small transverse ridge lies underneath the depression (Fig.
2AA), which may represent a hypantrum articulation. The post-
zygapophyses are found underneath the broad, broken neural
spine and extend posteriorly just beyond the posterior face of
the centrum.

The centrum of the more posterior sacral vertebra is not co-
ossified with its neural arch (Fig. 2AB-AG). The ventral margin
of its centrum is less concave than that of the dorsal centra. The
anterior face is wider than it is tall and significantly larger than
the posterior face. The neural canal is pinched anteriorly and is
deepest posteriorly. The neural arch pedicles are thick in dorsal
view, and the rib articulation makes up the anterior two-thirds
of the sides of the centrum.

Caudal Vertebrae

The largest vertebra of the holotype specimen (Fig. 3A-F) is
identified as an anterior caudal vertebra because it lacks neural
arch laminae, has a shallow triangular depression on the anterior
end of the ventral surface, and its centrum is co-ossified to the
neural arch. Two other anterior caudal centra (Fig. 3G-M) are
shorter than the preserved dorsal vertebrae, and their ventral
margins are less concave than those of the dorsal series when
viewed laterally. The neural canal of the best-preserved anterior
caudal vertebra is concave and is deepest halfway down the
length of the centrum. The articular faces are slightly concave
and are only slightly taller than wide. Transverse processes are
raised dorsally on the neural arch.

The middle and posterior caudal vertebrae are relatively long
and have semicircular concave articular faces (Fig. 3U-AL).
The anterior articulation faces slightly ventrally. The ventral
edge of the posterior articular face has obvious facets for articu-
lation with the hemal arch (contra Long and Murry, 1995).
Three low longitudinal ridges extend along the ventral surface
of the more posterior caudal centrum. One traces the midline,
and the other two form shallow symmetrical arcs on either side
of it. Prezygapophyses and postzygapophyses overhang the
centrum in the middle to posterior caudal vertebrae. The trans-
verse processes are flat and are situated in the posterior two-
thirds of the vertebral length. These processes project laterally
and are oriented posterolaterally like those of many early dino-
saurs. A ridge extends from the transverse process to form the
ventral margin of the prezygapophysis. A similar ridge extends
from the dorsal margin of the prezygapophyses along the length
of the vertebra parallel to the neural spine, reaching the dorsolat-
eral edge of the postzygapophyses. The prezygapophyses of the
middle and posterior caudal vertebrae are pointed, but the post-
zygapophyses are rounded. These prezygapophyses do not
extend farther anteriorly than 24% of the length of the
centrum, unlike Herrerasaurus ischigualastensis and Stauriko-
saurus pricei, which have relatively longer prezygapophyses on
the posterior caudal vertebrae (Nesbitt, 2011). The neural spine
on these vertebrae in Chindesaurus bryansmalli is long and
begins rising just posterior to where the prezygapophyses meet
the neural arch. The spine remains low until two-thirds of its ante-
roposterior length, after which it rises up to form a small table
with a pair of posterior rounded projections at its tip (Fig.

3AE). A triangular spinopostzygapophyseal fossa (Fig. 3Z, AF,
AL; Wilson et al., 2011), or the ‘postspinal chonos’ of Welles
(1984:94), is located between the postzygapophyses at the base
of the neural spine (bounded by the intrapostzygapophyseal
lamina and spinopostzygapophyseal laminae; Wilson, 1999).
The neural canal is almost entirely restricted to the neural arch
and barely excises the top of the centrum.

Hemal Arches

The preserved chevrons are concave posteriorly in dorsal view,
and the proximal end is faceted to articulate with the caudal
centra (Fig. 30-T). The arch on either side of the hemal canal
is ridged anteriorly, but smooth posteriorly. Larger chevrons are
anteroposteriorly expanded just below the proximal end and
also distally.

Ilium

The posterior left iliac blade fragment preserves a dorsolateral
triangular rugosity that makes up much of the anterior half of the
lateral surface of that fragment (Fig. 4B—G). The original descrip-
tion (Long and Murry, 1995) mentioned that this rugosity was
shared between Chindesaurus bryansmalli and Caseosaurus cros-
byensis (UMMP 8870; Hunt et al., 1998). Subsequent authors con-
firmed that this feature was indeed shared between the two taxa
(Fig. 5A; Nesbitt et al., 2007; Baron and Williams, 2018), but we
agree with those authors in not synonymizing these taxa owing
to their highly incomplete nature. A horizontal ridge projects
medially from the postacetabular process (Fig. 4C, E). This struc-
ture represents the platform that is positioned ventral to the
articulation of the transverse process of the last fully sacral verte-
bra. A well-developed brevis fossa is not present on the ilium of
C. bryansmalli, although this region is not well preserved.
Another piece of the dorsal blade of the ilium is also preserved
but it is uninformative (Fig. 4H-J).

The right ischiadic peduncle of the ilium is flat medially and is
anteroposteriorly expanded at its distal end (Fig. 4K-N). A
shallow anterior concavity represents the acetabular margin of
the ischiadic peduncle (Fig. 4K-L). The overall size and shape
of this element is difficult to interpret. Both pubic peduncles are
preserved (Fig. 40-Z) and have flat medial sides. The distal end is
expanded anteroposteriorly and is ‘kinked,” forming two flat sur-
faces. The larger surface faces ventrally, and the smaller surface
faces anteroventrally. The angle formed by these surfaces on
the anteroventral margin of the pubic peduncle is ca. 120° in
lateral view. In distal view, the pubic peduncle is subtriangular;
the lateral apex of the triangle is the ridge that forms the outer
rim of the acetabulum. The fossa that represents the medial acet-
abular wall on the pubic peduncle and its concave posterior
margin suggests that the acetabulum was at least partially open.
The supraacetabular crest terminates before the distal end of
the pubic peduncle in C. bryansmalli (Fig. 40, U) and neothero-
pods but extends to the distal extremity of the pubic peduncle in
herrerasaurids (Nesbitt and Ezcurra, 2015).

Pubis and Ischium

The proximal surface of the pubis is flat medially and has a
convex anterolateral surface that becomes flat posterolaterally
(Fig. 6A-D). The iliac pedicle of the pubis is lateromedially
wide where it would have articulated with the ilium. The ischia-
dic pedicle is broken off, but part of the articulation surface for
the femur is visible at a different angle posterior to the iliac
articulation. A smooth semicircular concavity is found distal to
the broken ischiadic pedicle on the lateral surface of the bone,
representing the anterior half of the obturator foramen. The
pubic shaft is nearly straight (it arches slightly inward) and
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FIGURE 3. Chindesaurus bryansmalli, PEFO
10395, holotype, caudal vertebrae. A-F,
anterior caudal vertebra in A, left lateral, B,
right lateral, C, dorsal, D, ventral, E, anterior,
and F, posterior views. G-L, anterior caudal
vertebra in G, left lateral, H, right lateral, I,
dorsal, J, ventral, K, anterior, and L, posterior
views. O-P, hemal arch in O, anterior and P,
posterior views. Q—-R, hemal arch in Q, anterior
and R, posterior views. S-V, hemal arch in S,
anterior, T, posterior, U, dorsal, and V, right
lateral views. W—AB, posterior caudal vertebra
in W, left lateral, X, right lateral, Y, dorsal, Z,
ventral, AA, anterior, and AB, posterior
views. AC-AH, posterior caudal vertebra in
AC, left lateral, AD, right lateral, AE, dorsal,
AF, ventral, AG, anterior, and AH, posterior
views. AI-AN, posterior caudal vertebra in
Al left lateral, AJ, right lateral, AK, dorsal,
AL, ventral, AG, anterior, and AN, posterior
views. Arrows indicate anterior direction, dot
in circle indicates anterior aspect, and cross in
circle indicates posterior aspect. Abbreviations:
cf, chevron facet; g, groove; he, hemal canal;
prz, prezygapophysis; spof, spinopostzygapo-
physeal fossa; t, table; tp, transverse process.
Scale bars equal 2 cm.
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FIGURE 4. Chindesaurus bryansmalli pelvis with Tawa hallae ilium for comparison. A, Tawa hallae ilium GR 1062 B-Z, Chindesaurus bryansmalli,
PEFO 10395, pelvic elements. B-G, fragmentary left postacetabular process in B, lateral, C, medial, D, dorsal, E, ventral, F, anterior, and G, posterior
views. H-J, dorsal margin of the iliac blade in H, lateral, I, medial, and J, dorsal views. K-N, right ischiadic peduncle in K, lateral, L, medial, M, anterior,
and N, posterior views. O-T, left pubic peduncle in O, lateral, P, posterior, Q, medial, R, anterior, S, proximal, and T, distal views. U-Z, right pubic
peduncle in U, lateral, V, posterior, W, medial, X, anterior, Y, proximal, and Z, distal views. Arrows indicate anterior direction, dot in circle indicates
anterior aspect, and cross in circle indicates posterior aspect. Abbreviations: f, fossa; r, ridge; ru, rugosity. Scale bars equal 2 cm.

lacks the distal end. In proximal view, the broken shaft is subcir- but its medial margin is broken. The proximal end of the
cular but transitions to subelliptical in more distal cross-section pubic apron is pointed posteromedially in proximal view. The
(Fig. 6E, F). The base of the anteroposteriorly narrow pubic fragment interpreted here as the distal end of the ischium
apron (Novas, 1997) is present along the length of the bone, (Fig. 6G-L) is worn but has a flattened medial surface that
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FIGURE 5. A-B, Caseosaurus crosbyensis, UMMP 8870, holotype, right ilium in A, lateral and B, medial views. C-D, Caseosaurus, NMMNH P-35996,
right ilium in C, lateral and D, medial views. E-J, select elements from Tawa hallae. GR 1062, left ilium (reversed) in E, lateral and F, medial views. G,
GR 242, left tibia, in proximal view. H-K, GR 242, left astragalus in H, anterior, I, posterior, J, proximal, and K, distal views. Solid arrows indicate
anterior direction, dot in circle indicates anterior aspect, and cross in circle indicates posterior aspect. Dashed arrows indicate the two notches in
the posterior edge of the proximal surface of the tibia. Abbreviations: ame, anteromedial corner; asc, ascending process; en, cnemial crest; isp,

ischiac peduncle; I, lateral condyle; me, medial condyle; pop, postacetabular process; prp, preacetabular process; pup, pubic peduncle; r, ridge; ru, rug-
osity; sac, supraacetabular crest. Scale bars equal 1 cm (A-F) and 2 cm (G-K).
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FIGURE 6. Chindesaurus bryansmalli, PEFO
10395, holotype, pelvic elements. A-F, right
pubis in A, lateral, B, medial, C, proximal, D,
distal, E, anterior, and F, posterior views. G-J,
distal end of ischium in four views (uncertain)
and in K, proximal and L, distal views.
Arrows indicate anterior direction, dot in
circle indicates anterior aspect, and cross in
circle indicates posterior aspect. Abbreviations:
obf, margin of obturator foramen; pua, pubic
apron. Scale bars equal 2 cm.

articulated with its counterpart. The proximal margin of the
element is flat and thinner than the distal end, which is
expanded anteroposteriorly.

Femur

The right femur of PEFO 10395 is nearly complete (Fig. 7A-G),
whereas only the proximal portion of the left femur (Fig. 7H-K) is
preserved. The bone is subelliptical in proximal view, with a
rounded medial margin and a tapering and posteriorly curving
lateral portion that corresponds to the dorsal surface of the
greater trochanter. The posterior surface of the femoral head is
mostly smooth and flat, but its proximal part contains a small
rugose surface (Fig. 7A-E, H-L). The femoral head turns later-
ally abruptly and forms a rounded proximolateral corner in
anterior view. The head has a subrectangular medial outline
and is flat dorsally, anteriorly, and posteriorly. Best seen in prox-
imal (Fig. 7E, L) and posterior (Fig. 7C, J) views, the femora of
Chindesaurus bryansmalli lack a strong anteromedial tuber (Fig.
7E, L), which forms a lip on the posteromedial surface of the
bone in neotheropods (Nesbitt et al., 2011), but it has a well-
developed facies articularis antitrochanterica lateral to that. The
ventral surface of the femoral head is excavated by the distal
extension of the ligament sulcus lateral to a small ventrally
directed hooked lip. The dorsolateral trochanter (= greater

trochanter) forms a rounded ridge (Fig. 7B) that extends parallel
to the lateral margin of the head on the lateral portion of the
anterior surface. A sinusoidal groove separates the dorsolateral
trochanter from the anterior trochanter and trochanteric shelf.
The structure formed by the anterior trochanter and trochanteric
shelf is triangular in anterior view, and the anterior trochanter lies
on the medial half of the anterior surface of the proximal part of
the shaft (Fig. 7A, H). The anterior trochanter points proximally
but is not separated from the shaft by a cleft, as it is in some speci-
mens of coelophysoids such as ‘Syntarsus’ kayentakatae (Rowe,
1989) and Dilophosaurus wetherilli (Welles, 1984). A lateral con-
cavity marks the posteroproximal edges of the proximodistally
oriented anterior trochanter and the trochanteric shelf, which
extends posterolaterally perpendicular to anterior trochanter.
The proximal surface of the trochanteric shelf forms a 98° angle
with the long axis of the femoral shaft. Some specimens pre-
viously referred to C. bryansmalli lack a trochanteric shelf
(Fig. 8A, F, K). The femoral shaft is sigmoidal in anterior and pos-
terior views; the proximal half bows out laterally and the distal
half arches medially, where the inflection point is just below the
distal terminus of the fourth trochanter. In lateral and medial
views, the femoral shaft is slightly arched anteriorly. Although
incomplete, the fourth trochanter can be reconstructed as slightly
convex medially and asymmetrical in profile. An oval pit is found
anterior to the fourth trochanter.
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FIGURE 7. Chindesaurus bryansmalli, PEFO 10395, holotype, femora. A-G, right femur in A, anterior, B, lateral, C, posterior, D, medial, E, proximal,
and F, G, distal views. H-L, fragmentary left femur in H, anterior, I, lateral, J, posterior, K, medial, and L, proximal views. G is modified from Long and
Murry, 1995, and shows the element prior to additional preparation. Arrows indicate anterior direction, dot in circle indicates anterior aspect, and cross
in circle indicates posterior aspect. Abbreviations: atr, anterior trochanter; ft, fourth trochanter; gtr, ‘greater’ (= dorsolateral) trochanter; h, head; Ic,
lateral condyle; me, medial condyle; tfe, tibiofibular crest. Scale bars equal 2 cm.
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FIGURE 8. Chindesaurus bryansmalli from Petrified Forest National Park, select referred specimens. A-F, PEFO 33982, proximal end of a right femur,
in A, anterior, B, lateral, C, posterior, D, medial, and E, proximal views. F-J, PEFO 40754, proximal end of left femur, in F, anterior, G, lateral, H,
posterior, I, medial, and J, proximal views. K-O, PEFO 34875, proximal end of left femur, in K, anterior, L, lateral, M, posterior, N, medial, and O,
proximal views. P-U, PEFO 40753, right astragalus from the Chindesaurus + Tawa clade, in P, anterior, Q, lateral, R, posterior, S, medial, T, proximal,
and U, distal views. Arrows indicate anterior direction, dot in circle indicates anterior aspect, and cross in circle indicates posterior aspect. Abbrevi-
ations: aca, articular surface for the calcaneum; ame, anteromedial corner; ase, ascending process; atr, anterior trochanter; for, foramen; gtr,
‘greater’ (= dorsolateral) trochanter. Scale bars equal 2 cm.
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The distal end of the right femur (Fig. 7F, G) has been repaired
since it was last figured and described by Long and Murry (1995).
The broken posterolateral corner has been readhered to the
fossil, restoring the lateral condyle and tibiofibular crest. As in
Herrerasaurus ischigualastensis (Novas, 1993), Staurikosaurus
pricei (Galton, 1977), and Tawa hallae (Nesbitt et al., 2009c),
the lateral condyle and tibiofibular crest are not well differen-
tiated from one another in distal view and combined make up a
larger structure that projects more posteriorly than the medial
condyle. The lateral and medial distal articular surfaces are separ-
ated by a shallow groove that continues up the posterior surface.
The distal outline of the medial condyle is subelliptical, and in
posterior view the condyle is fairly tall and tapers proximally.
The lateral condyle and tibiofibular crest are subrhomboidal
and flat distally. Those structures form a low triangle in posterior
view, and a short, angled ridge touches the apex of this triangle
and extends proximally.

Tibia

The right tibia of PEFO 10395 is badly crushed and preserves
portions of the proximal and distal ends (Fig. 9). The proximal
end expands mediolaterally and is flat. The cnemial crest is
incomplete, but it extends down the shaft and points anterolater-
ally. The anterolateral margin of the proximal surface is also
incomplete, so the proximal outline of the bone is uncertain. A
‘U’-shaped notch separates the lateral and medial proximal con-
dyles posteriorly and, like in Tawa hallae, a second smaller notch
is present lateral to that (Figs. 5G, 9A, B). Proximally, the lateral
condyle is much larger in area than the medial condyle. The pos-
terior margin of the lateral condyle is straight. Short longitudinal
striations begin on the posterior end of the proximal surface and
extend down the posterior surface of the proximal end of the
tibia. The distal end of the tibia has a proximodistally oriented
groove on its lateral surface, and the anterolateral process is
broken and incomplete. The distal articular surface for the astra-
galus is flat at the posterolateral process but is convex medially. In
anterior view, the broken base of the broken anterolateral
process forms a straight shelf extending proximolaterally from
the mediodistal corner of the bone (Fig. 9G). That shelf rep-
resents the edge of the articular surface of the missing anterolat-
eral process. The posterolateral process tapers significantly
distolaterally (Fig. 9F); it projects distally and laterally farther
than the rest of the distal end of the tibia and forms a pointed mal-
leolus similar to that of 7. hallae, Guaibasaurus candelariensis,
and Lesothosaurus diagnosticus (Langer et al., 2011, 2016;
Baron et al., 2017c). The anterior surface of the posterolateral
process is concave in distal view. In that view, the anteromedial
corner of the bone forms a 90° angle, whereas the posteromedial
corner is rounded. Part of the posteromedial corner is broken.

Astragalus

The astragalus (Fig. 9J-O) is broken along the posterolateral
margin, and the lateral end is broken such that the contact with
the calcaneum is incomplete (Nesbitt et al., 2007). The medial
surface is semicircular and flat. In distal view, the posterior
margin is straight, but the anterior margin is concave, forming
an obtuse angle between a large medial condyle and the triangu-
lar incomplete lateral condyle, similar to the astragalus of Tawa
hallae (Fig. 5J). In anterior view, the groove between these two
condyles actually continues on the distal surface of the bone in
the holotype of Chindesaurus bryansmalli (Fig. 97J), dividing it
into unequal regions. That ‘V’-shaped groove (Fig. 9N) is what
gives this element the ‘glutealiform’ appearance noted by Long
and Murry (1995). Herrerasaurus ischigualastensis and neothero-
pods exhibit a much shallower version of that groove, and sauro-
podomorphs have flat roller-shaped distal astragalar surfaces. A

subtriangular fossa (= astragalar cranial platform of Langer,
2003) is present lateral to the proximal extent of the distal
groove in anterior view. A circular foramen perforates that
fossa beneath the anterolateral ascending process of the astraga-
lus. That process is triangular in lateral/medial views and capped
by an anteroproximally facing flat surface that would articulate
with the anterolateral process of the tibia. A basin for the articu-
lation of the posterolateral process of the tibia is posterior to the
ascending process, and another circular foramen lies at the
bottom of that depression. A ridge extends posteromedially
from the posterior margin of the ascending process, setting the
above-mentioned basin apart from another depression, which
occupies the posterior part of the medial surface of the astragalus.
That ridge ends in a low triangle at the posterior margin of the
astragalus. A subelliptical fibular notch is visible lateral to the
ascending process and dorsal to the broken lateral surface.

PHYLOGENETIC ANALYSES
Parsimony Analysis

We included only the holotype specimen of Chindesaurus
bryansmalli (PEFO 10395) into a character-taxon matrix con-
structed by Nesbitt et al. (2009¢) and modified by Ezcurra and
Brusatte (2011) and Nesbitt and Ezcurra (2015). We modified
the states of three characters (336, 342, and 343), rescored
taxa for those characters, and added nine characters (characters
344-352; see Supplemental Data 1 for complete character
descriptions and taxon scores). This particular data set was
chosen for the analysis because it includes a broad sampling of
operational taxonomic units (OTUs) within groups to which
C. bryansmalli previously was hypothesized to belong (e.g.,
non-dinosaurian Dinosauromorpha, Herrerasauridae, Sauropo-
domorpha, non-neotheropod Theropoda) and includes some of
the most up-to-date character scores for the taxa in the
matrix. Only the holotype specimen of the neotheropod
Lepidus praecisio, TMM 41936-1.3 (Nesbitt and Ezcurra,
2015), was included in our analysis. The final matrix comprises
352 characters and 45 species-level taxa (the TNT file and
most parsimonious trees [MPTs] are available in MorphoBank
(http://morphobank.org/permalink/?P3384). Characters 17, 30,
67, 128, 174, 184, 213, 219, 231, 236, 248, 253, 254, 273, 329,
and 343 were ordered, and all characters were weighted
equally. Erythrosuchus africanus and Euparkeria capensis serve
as the immediate outgroups to Archosauria in this analysis
(Nesbitt et al., 2009¢c). The matrix was constructed in Mesquite
(Maddison and Maddison, 2015), and an equal-weight parsimony
analysis was performed in TNT (Goloboff et al., 2008). The phy-
logenetic analysis utilized a heuristic search of Wagner trees with
1,000 repetitions and randomly added sequences before tree
bisection and reconnection branch swapping. Ten trees were
held for each replicate, and zero-length branches were collapsed.

The resulting two MPTs had lengths of 1,086 steps, a consistency
index of 0.390, and a retention index of 0.685. The best tree score
was hit in every replication. In the strict consensus tree, we find
Chindesaurus bryansmalli removed from a monophyletic Herrera-
sauridae (Herrerasaurus ischigualastensis + Staurikosaurus pricei)
and pulled crownward up the tree as the sister taxon of Tawa
hallae (Fig. 10). The Chindesaurus bryansmalli + Tawa hallae
clade and Herrerasauridae are both included within Theropoda
but along with Eodromaeus murphi are excluded from Neother-
opoda. Theropoda is supported by 11 apomorphies (common to
both MPTs), and the node representing the most recent
common ancestor of Chindesaurus bryansmalli and all other
theropods is united by seven apomorphies (apomorphy lists
are provided in Supplemental Data 1). The Chindesaurus
bryansmalli + Tawa hallae sister relationship is also supported
by seven apomorphies. Neotheropoda (Coelophysoidea + stem
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FIGURE 9. Chindesaurus bryansmalli, PEFO
10395, holotype, hind limb elements. A-I,
right tibia and J-O, right astragalus in A,
M, proximal, B, F, K, posterior, C, H, L,
medial, D, E, O, lateral, G, J, anterior, and
I, N, distal views. Solid arrows indicate
anterior direction, dot in circle indicates
anterior aspect, and cross in circle indicates
posterior aspect. Dashed arrows and areas
indicate the two notches in the posterior
edge of the proximal surface of the tibia.
Abbreviations: af  articular surface for
fibula; alp, anterolateral process; ame, antero-
medial corner; asc, ascending process; cn,
cnemial crest; for, foramen; Ilc, lateral
condyle; me, medial condyle; plp, posterolat-
eral process; st, striations. Scale bars equal
2 cm.
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FIGURE 10. Strict consensus tree resulting
from the two MPTs recovered in the phyloge-
netic analysis. Numbers above each node
reflect Bremer support values, and numbers

3
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Syntarsus kayentakatae

Coelophysis bauri

Coelophysis rhodesiensis

below the node represent bootstrap scores as MPTs =2 Camposaurus arizonensis
(absolute bootstrap, GC bootstrap). Clades Lepidus praecisio

that were not reconstructed in the bootstrap L=1086 Liliensternus liliensterni
analyses are marked with an ‘-, and only one L.
bootstrap score is reported where the two ana- Cl=0.3904 Zupaysaurus rougieri
lyses calculated the same score. Abbreviations: Dilophosaurus wetherilli
A, Archosauria; B, Pseudosuchia; C, Ornitho- RI = 0.6879

dira; D, Pterosauria; E, Dinosauromorpha; F,
Lagerpetidae; G, Dinosauriformes; H, Silesaur-
idae; I, Dinosauria; J, Ornithischia; K, Saur-
ischia; L, Sauropodomorpha; M,
Herrerasauridae; N, Neotheropoda; O, Coelo-
physoidea; P, Averostra.

Cryolophosaurus ellioti
Ceratosaurus nasicornis
Velociraptor mongoliensis
Allosaurus fragilis
Piatnitzkysaurus fioresi

averostrans + Averostra in this analysis) is supported by 16
apomorphies.

Sensitivity Analyses

In order to better understand the effect of fragmentary speci-
mens and missing data on our phylogenetic results, we first calcu-
lated the percent completeness for each character (how many
taxa were scored for a given character) and for each taxon
(how many characters were scored for a given taxon) in the

matrix (Supplemental Data 2). Then, we iteratively removed
the most incomplete taxon and reran the tree search using the
same parameters given above, calculating GC bootstrap values
for the nodes in the recovered consensus trees. In effect, we
reran the original analysis (1) first without Dromomeron gregorii,
then (2) without D. gregorii and Camposaurus arizonensis, and
finally (3) without D. gregorii, Ca. arizonensis, and Eucoelophysis
baldwini. The results of these sensitivity analyses are shown in
Figure 11 and Supplemental Data 2; support for Coelophysoidea
was not considered in these analyses because it was not recovered
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with the same membership during the resampling. All four ana-
lyses resulted in two MPTs, with the non-omitted taxa keeping
congruent positions across the analyses, that consequently
decreased in length from 1,086 to 1,080 steps (Supplemental
Data 1). The GC bootstrap values for Dinosauria dropped 1%
from 80% between A and A’ but rose to 84% when all three
taxa were excluded (Fig. 11). The support for the Chindesaurus
bryansmalli + Tawa hallae clade ranged between 57% and 60%
and was highest when only D. gregorii was removed. The
support for Sauropodomorpha did not change much between
88% and 89%. All of the other clades considered in the sensitivity
analyses increased in support as each taxon was removed. The
largest increases in GC bootstrap values occurred in Saurischia
(from 83% to 94%). Support for Theropoda and Neotheropoda
each increased by 10% during the analyses (from 47% to 57%
and from 69% to 79%, respectively), and that for Ornithischia
increased by 7% (from 85% to 92%). The group that changed
the least (smallest increase in GC bootstrap) was Averostra
(from 65% to 69%).

DISCUSSION
Revised Diagnosis

The sister-taxon relationship of Chindesaurus bryansmalli and
Tawa hallae recovered in this study was also recently found in
other analyses (e.g., Langer and Bittencourt, 2014; Cabreira
et al., 2016; Baron et al., 2017b). We refrain from naming this

group owing to the fact that it only includes taxa that could be
separated in future analyses by the discovery of more complete
specimens or novel characters or taxa. That said, both
C. bryansmalli and T. hallae are diagnosable based on several
anatomical differences and remain as valid taxa. The holotype
specimen of C. bryansmalli is diagnosed by a unique combination
of four character states: smooth proximal surface of the femoral
head, lacking a groove (shared with actosaurs, pterosaurs, lager-
petids, Lesothosaurus diagnosticus, and averostran theropods);
‘dorsolateral trochanter’ of the femur forming a rounded ridge
(shared with sauropodomorphs and coelophysoids); relatively
short dorsal centra (centrum length less than 1.33 times the
height of the anterior articular surface; shared with other thero-
pods but not T. hallae or coelophysoids); and short prezygapo-
physes on the distal caudal vertebrae (plesiomorphic for
dinosaurs but not found in pterosaurs or other theropods). With
respect to the above characters, Tawa hallae has a curved trans-
verse groove on the proximal surface of the femur, a ‘dorsolateral
trochanter’ on the proximal end of the femur formed by a sharp
ridge, and relatively longer dorsal centra and prezygapophyses
on the distal caudal vertebrae compared with those of
C. bryansmalli. Tawa hallae is similarly diagnosed by a unique
combination of three character states: middle portion of ventral
keel of cervical centra is ventral to the centrum rims (shared
with Effigia okeeffeae, Eocursor parvus, and Herrerasaurus ischi-
gualastensis), femoral head orientation is medial and the angle
with respect to the transverse axis through the femoral condyles
is less than 20° (shared with tetanurans), and the absence of an
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anterior trochanteric shelf (the plesiomorphic condition that may
be ontogenetically variable; Griffin and Nesbitt, 2016a, 2016b;
Evans et al., 2018).

The Chindesaurus bryansmalli + Tawa hallae clade is diagnosed
by one apomorphy, the posterior margin of the proximal end of
the tibia is divided by two notches (see Figs. 5G, 9A, B), and a
unique combination of five character states: the oblique ligament
sulcus on the posterior surface of the femoral head is absent (this
sulcus is present in Herrerasaurus ischigualastensis and other
dinosaurs; Novas, 1993; Rauhut, 2003; Nesbitt and Chatterjee,
2008), the cnemial crest makes up <35% of the total anteroposter-
ior width of the tibia in proximal view (shared with Dromomeron
romeri and Efraasia minor), the posterolateral process of the tibia
tapers while projecting laterodistally (shared with Lesothosaurus
diagnosticus; see Description), the proximal outline of the astra-
galus is relatively short such that the anteroposterior-mediolateral
width is >0.7 (shared with some ornithischians such as Scutello-
saurus lawleri), and the anterior margin of the astragalus is
strongly concave and is continuous with an anteroposterior con-
cavity on the distal surface (= ‘glutealiform’ shape of Long and
Murry, 1995; shared with Dimorphodon macronyx and
Marasuchus lilloensis; see Figs. SH-K, 8P-U, 9J-O). Right
tibiae (TTU-P11044 and TTU-P11175) from the Cooper
Canyon Formation of Garza County, Texas (Nesbitt and Chatter-
jee, 2008; Sarigiil, 2017), may be referred to this clade owing to
the presence of two notches on the posterior margin of the prox-
imal end of the tibia.

The Chindesaurus bryansmalli + Tawa hallae Clade

Except for the holotype specimen of Chindesaurus bryansmalli
(PEFO 10395), other published specimens referred to the taxon
are isolated and often incomplete elements, a taphonomic bias
that excludes the possibility of preserving the unique combination
of character states that diagnose the taxon. The fact that the holo-
type specimens of C. bryansmalli and Tawa hallae are morpho-
logically similar enough to one another to form a clade in a
parsimony analysis suggests that these two taxa belong to the
same evolutionary lineage, and it may be difficult or impossible
to identify isolated specimens to one taxon or the other. This is
especially true given that many of the features that diagnose
C. bryansmalli and T. hallae (and their respective clades) have
recently been shown to be ontogenetically variable in early dino-
saurs and their immediate outgroups (Griffin and Nesbitt, 2016a,
2016b; Evans et al., 2018; Nesbitt et al., 2018). This problem is not
unique to early dinosaurs; other important Triassic taxa such as
the archosauriform Vancleavea campi (Long and Murry, 1995)
and the crocodylomorph Hesperosuchus agilis (Colbert, 1952)
also have incomplete holotype specimens that are difficult to
diagnose (Walker, 1970; Parker and Barton, 2008), more com-
plete skeletons of anatomically similar individuals (Parrish,
1991; Clark et al., 2000; Nesbitt et al., 2009a), and long strati-
graphic ranges (Parker, 2006; Parker and Martz, 2011; Morris
and Werning, 2012) that make it difficult to assess the alpha tax-
onomy within their respective groups.

Although its current members are North American (including
the possible referred specimens TTU-P11044 and TTU-P11175),
the Chindesaurus bryansmalli+ Tawa hallae clade may also
include Guibasaurus candelariensis, a problematic early dinosaur
from the Caturrita Formation of southern Brazil (Bonaparte
etal., 1999, 2007; Langer et al., 2011). Guibasaurus candelariensis
was not included in this study, but it shares a tapering posterolat-
eral process of the distal end of the tibia with C. bryansmalli and
T. hallae (Langer et al., 2016). Chindesaurus bryansmalli has been
suggested to possess a much broader geographic and stratigraphic
range than 7. hallae, because the latter is so far only known from
its type locality in the Hayden Quarry at Ghost Ranch, New
Mexico (Fig. 1). In contrast, specimens referred to

C. bryansmalli have been found in the Petrified Forest Member
(PFV 020; Long and Murry, 1995) and Sonsela Member (PFV
89) of the Chinle Formation at Petrified Forest National Park,
the Petrified Forest Member at Ghost Ranch, New Mexico
(occurring in the same quarry as 7. hallae, Hayden Quarry Site
2; Irmis et al., 2007; Nesbitt et al., 2009c), and the Colorado
City Formation (Otis Chalk Quarry 3, TMM 31100/MOTT
2000; Stocker, 2013) of the Dockum Group in Howard County,
Texas.

It should be noted that the holotypes of C. bryansmalli and
T. hallae are from approximately the same stratigraphic interval
and time (Petrified Forest Member, ~212 Ma; Riggs et al., 2003;
Irmis et al., 2011; Ramezani et al., 2011). This stratigraphic inter-
val in the Chinle Formation includes more dinosaur fossils than
older units, and at the Hayden Quarry, dinosaurs make up
around 20% of the vertebrate assemblage (Irmis, 2008; Parker
and Martz, 2011). This corresponds to a spike in species diversity
in North America during the late Norian in theropods and dino-
saurs in general, a trend that is sensitive to alpha taxonomy, taph-
onomy, and the availability of Triassic sedimentary units
containing vertebrate fossils, but it is still misunderstood how it
pertains to overall early dinosaur diversity (Langer et al., 2009;
Irmis, 2011; Irmis et al., 2011; Ramezani et al., 2014). Our
current understanding of the North American theropod fossil
record suggests that the most complete specimens come from a
similar stratigraphic interval, and other occurrences are far
more fragmentary, which may artificially obscure actual diversity
of early Theropoda throughout the Chinle Formation and into the
Dockum Group.

Early Dinosaur Evolution and Missing Data

In general, it should not be surprising that Chindesaurus
bryansmalli was not recovered in this analysis as a member of
Herrerasauridae along with Herrerasaurus ischigualastensis and
Staurikosaurus pricei. In fact, the first phylogenetic analysis to
suggest that C. bryansmalli is a non-herrerasaurid, non-neothero-
podan theropod is more than a decade old (Yates, 2007), albeit
that analysis focused on the relationships within Sauropodomor-
pha. Character states formerly considered to place
C. bryansmalli within Herrerasauridae were either not supported
in a phylogenetic context (e.g., the relatively anteroposteriorly
shortened trunk centra, Long and Murry, 1995; Novas, 1997
Hunt et al., 1998), are also found plesiomorphically in theropods
(e.g., having two sacral vertebrae, Irmis et al., 2007; no distinct
brevis fossa, Sues et al., 2011), have been improperly scored or
are not possible to be unambiguously scored based on the frag-
mentary holotype (e.g., no groove on the dorsolateral surface of
the proximal end of the ischium, Sues et al., 2011; shape of the
acromion process of the scapula, Baron et al., 2017a), or are
highly variable within Dinosauriformes (e.g., the presence of an
anterior trochanteric shelf, Sues et al., 2011; Griffin and Nesbitt,
20164, 2016b; Griffin, 2018; Nesbitt et al., 2018). Although varia-
bility itself is not problematic in phylogenetic analyses (for
example, many tree-search algorithms account for multistate
scoring), skeletally immature individuals often have different
combinations of character states than mature individuals
(Tykoski, 2005), and this could prove difficult in this part of the
dinosaur family tree (Griffin and Nesbitt, 2016a, 2016b; Griffin,
2018; Nesbitt et al., 2018).

Two reasons for the ongoing shake-up of early dinosaur
relationships (Baron et al., 2017a, 2017b; Langer et al., 2017)
are the continuous introduction of new taxa and the incomplete-
ness of the holotype fossils at the base of Dinosauria. With respect
to new taxa, the discovery or reinterpretation of early members of
major clades such as Dromomeron romeri (Lagerpetidae; Irmis
et al., 2007; Nesbitt et al., 2009b), Asilisaurus kongwe (Silesauri-
dae; Nesbitt et al., 2010), Tawa hallae, Eodromaeus murphi,
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Daemonosaurus chauliodus, Tachiraptor admirabilis, and Chile-
saurus diegosuarezi (Theropoda; Nesbitt et al., 2009¢c; Martinez
et al., 2011; Sues et al., 2011; Langer et al., 2014; Novas et al.,
2015), Laquintasaura venezuelae and Pisanosaurus mertii
(Ornithischia; Barrett et al., 2014; Angolin and Rozadilla,
2017), and Saturnalia tupiniquim and Eoraptor lunensis (Sauro-
podomorpha; Langer, 2003; Langer et al., 2007; Martinez et al.,
2011; Sereno et al., 2012) continually provides new opportunities
to optimize and redistribute character states across the trees,
which can turn long-standing apomorphies of major groups into
plesiomorphies. Redistribution of character states with the intro-
duction of new taxa is a strength of phylogenetic analyses and
results in more meaningful biological hypotheses. One example
of this is within Dinosauria; the offset (or ‘in-turned’) femoral
head was a long-standing apomorphy of the group (e.g., Benton,
2004; Langer and Benton, 2006), but subsequent finds among
other archosaurs suggest that this feature is found homoplasti-
cally in shuvosaurids and crocodylomorphs (Long and Murry,
1995; Nesbitt, 2007, 2011), may be present plesiomorphically in
non-dinosaur dinosauromorphs (Carrano, 2000; Dzik, 2003; Feri-
golo and Langer, 2007; Irmis et al., 2007; Nesbitt et al., 2009b,
2010), and probably is a complex of multiple character states
with variable distribution along the archosaur tree (Langer
et al., 2010; Nesbitt, 2011; Nesbitt et al., 2017).

Missing data will always be a hurdle to overcome for mor-
phological phylogenetic analyses. However, it is important to
not exclude a priori fragmentary taxa such as C. bryansmalli
from an analysis (even though it is rarely scored for more
than 20% of the characters in a given analysis; Table 1),
because total-evidence approaches can result in more robust
phylogenetic hypotheses (Gauthier et al, 1988; Donoghue
et al.,, 1989; Kluge, 1989, 1998). Taxa with missing data may
be useful in breaking up long branches and in reconstructing
ancestral character states (Wiens, 2003), but this may not
always be the case. Such taxa can also act as ‘wildcards,
however, appearing in disparate parts of the tree with the
addition or removal of important character-state changes or
taxa (Donoghue et al, 1989; Norell and Wheeler, 2003;
Kearney, 2002; Kearney and Clark, 2003). Even though
Bremer support for the ‘traditional’ hypothesis of dinosaur
relationships is fairly high for some major lineages in our analy-
sis (6 for Dinosauria, 5 for Ornithischia, 6 for Saurischia, and 6
for Theropoda), it is low for others (1 for Sauropodomorpha),
and the data set lacks important ingroup members of those
lineages that would help optimize character-state distribution,
such as marginocephalians, ornithopods, and sauropods. The
limitation of this data set in resolving certain ingroup relation-
ships is exemplified by the polytomy at Tetanurae (Fig. 10).
This lack of resolution and support also may be from conflicting
phylogenetic signal across disparate anatomical modules in the
skeleton owing to mosaic evolution, which should be tested in
future studies (Parker, 2016).

It is extremely important when designing a study that research-
ers establish the most suitable data set for the question in mind,
rather than designing a question suitable to a preexisting data
matrix. It can be time-saving to use an existing matrix that
roughly parallels a research question, but it is not true that a
given matrix can be used to answer questions other than those
for which it was first constructed. Using a poorly suited matrix
can introduce parsimony-uninformative characters that can con-
tribute character conflict to the analysis (Nixon and Carpenter,
1993; Milinkovitch and Lyons-Weiler, 1998; Luo et al., 2010). Sys-
tematists need to be intentional when selecting a data matrix; the
best practice is to either construct or choose one (or more) suit-
able data set(s) with a specific question in mind and to document
every decision made regarding character description, outgroup
and ingroup OTU choice, and scoring. It is this documentation
that makes a phylogenetic analysis rigorous, not necessarily the

support values for the topological nodes or other measures of
tree support.

Matrices originally built for the same purpose evolve over time
and the phylogenetic hypotheses derived from them can vary con-
siderably. The Yates (2007) and Upchurch et al. (2007) matrices
were both built to hypothesize ingroup relationships among
non-sauropod sauropodomorphs (or ‘basal sauropodomorphs’).
One recovered basal sauropodomorphs as a paraphyletic grade
of organisms between Saturnalia tupiniquim and Sauropoda
(Yates, 2007), whereas the other found a monophyletic Prosauro-
poda as the sister taxon to Sauropoda (Upchurch et al., 2007).
Subsequently, it has been common for new specimens of basal
sauropodomorphs to be included in modified versions of both
analyses (e.g., Sertich and Loewen, 2010; Rowe et al., 2011; Apal-
detti et al., 2013; Marsh and Rowe, 2018), often with widely differ-
ent results (de Fabrégues et al., 2015). If tree topologies vary
between two different data sets, it is difficult to determine
which of the two hypotheses is ‘better’ than the other one. Phylo-
genetic systematics is an inherently iterative process, and it is
important to remember that the outcomes of such analyses
(trees constructed using parsimony, likelihood, or Bayesian stat-
istics) are hypotheses and that hypotheses are meant to be repeat-
edly tested (Wiley, 1975; Gaffney, 1979).

CONCLUSIONS

Our study contributes to a better understanding of the
anatomy of the holotype of Chindesaurus bryansmalli, and
the novel characters and scoring changes provided here
should be incorporated in future analyses that include this
taxon. Even though C. bryansmalli is at best scored for 26%
of the characters in a phylogenetic analysis, it is well supported
as the sister taxon to Tawa hallae just outside of Neotheropoda.
Its unique suite of anatomical characters, along with its geo-
graphic and stratigraphic range, makes C. bryansmalli an impor-
tant taxon in reconstructing the early evolutionary history of
theropod dinosaurs, especially in North America. We suggest
that despite historic and ongoing changes to the dinosaur
family tree, the phylogenetic hypotheses of stem-averostran
theropods may become increasingly stable, even with the
inclusion of fragmentary taxa.
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