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ABSTRACT
Poposaurus gracilis is a bipedal pseudosuchian archosaur that has

been poorly understood since the discovery of the holotype fragmentary
partial postcranial skeleton in 1915. Poposaurus. gracilis is a member of
Poposauroidea, an unusually morphologically divergent clade of
pseudosuchians containing taxa that are bipedal, quadrupedal, toothed,
edentulous, and some individuals with elongated thoracic neural spines
(i.e., sails). In 2003, a well preserved, fully articulated, and nearly complete
postcranial skeleton of P. gracilis was discovered with some fragmentary
cranial elements from the Upper Triassic Chinle Formation of Grand
Staircase-Escalante National Monument of southern Utah, USA. The aim
of this work is to describe the osteology of this specimen in detail and com-
pare P. gracilis to other closely related pseudosuchian archosaurs. The
open neurocentral sutures throughout the majority of the vertebral column,
the small size of this individual, and the presence of seven evenly spaced
cyclic growth marks in the histologically sectioned femur indicate that this
specimen was a skeletally immature juvenile, or subadult when it died.
The pes of P. gracilis contains multiple skeletal adaptations and osteologi-
cal correlates for soft tissue structures that support a hypothesis of
digitigrady for this taxon. When coupled with the numerous postcranial
characters associated with cursoriality, and the many anatomical traits
convergent with theropod dinosaurs, this animal likely occupied a similar
ecological niche with contemporaneous theropods during the Late Triassic
Period. Anat Rec, 00:000–000, 2019. © 2019 American Association for
Anatomy
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The Late Triassic Epoch comprises a key interval dur-
ing which pseudosuchian archosaurs possessed high
diversity and morphological disparity, coming to
dominate many terrestrial ecosystems in terms of diver-
sity and size until the end of the Triassic Period
(e.g., Brusatte et al., 2008; Brusatte et al., 2010; Nesbitt,
2011; Benton et al., 2014). One lineage, the
Poposauroidea (Fig. 1A), originated from this group dur-
ing the Early Triassic, and successfully evolved and diver-
sified to fill a range of ecological roles and morphospaces
right up until the end of the Triassic Period (Butler et al.,
2011; Nesbitt et al., 2011). These animals display a vari-
ety of body forms including the bipedal and edentulous
shuvosaurids (e.g., Effigia okeeffeae and Shuvosaurus
inexpectatus) (Long and Murry, 1995; Nesbitt and Norell,
2006), a bizarre sail-backed and edentulous taxon
(Lotosaurus adentus, Zhang, 1975), the possibly aquatic
Qianosuchus mixtus (Li et al., 2006), the theropod-mimic

Poposaurus gracilis (Mehl, 1915), and the early sail-
backed carnivorous quadrupeds, for example,
Arizonasaurus babbitti (Nesbitt, 2005) and Xilousuchus
sapingensis (Nesbitt et al., 2011).

Within Poposauroidea, P. gracilis, a bipedal, toothed
form, has a striking resemblance to contemporary theropod
dinosaurs (Fig. 1B,C). When initially discovered, P. gracilis
was hypothesized to be related to theropod dinosaurs,
based on similarities in the vertebral column and other
convergent postcranial characters (Mehl, 1915). The holo-
type (FMNH UR 357) of this species comprises several ver-
tebral elements, a left ilium, the right femur, the proximal
part of the left femur, and a distal part of the ischium; all
of which showed considerable signs of taphonomic distor-
tion. Since this discovery, a handful of specimens preserv-
ing similar elements have been discovered across the
Upper Triassic basins of western North America (Long and
Murry, 1995; Weinbaum and Hungerbühler, 2007; Nesbitt,

Fig. 1. (A) Simplified phylogeny for Archosauria, modified from Nesbitt et al. (2011). (B) Skeleton reconstruction of Poposaurus gracilis in left
lateral view with bones present in the YPM 57100 specimen in white, and the bones of the skeleton that were not recovered in gray. Scale
bar = 10 cm. (C) Life restoration of P. gracilis (illustration by C. Layton).
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2011). Moreover, the unusual postcranial morphology of
P. gracilis, and the lack of cranial material present in most
of the known specimens save one (Parker and Nesbitt,
2013), has rendered our understanding of the animal and
the evolution of Poposauroidea largely incomplete.

A nearly complete, well-preserved, articulated postcra-
nial skeleton assigned to P. gracilis (Fig. 2) with a few cra-
nial elements was discovered in 2003 by a field team from

Yale University from the Upper Triassic Chinle Formation
of Grand Staircase-Escalante National Monument of
southern Utah, USA. (Benoit and Yarborough Fitzgerald,
2004). Gauthier et al. (2011) provided a brief descriptive,
phylogenetic, and functional analysis of this specimen.
Subsequently, Nesbitt et al. (2011) incorporated anatomi-
cal data from the specimen in a large early archosaur phy-
logenetic analysis, and Schachner et al. (2011b) generated

Fig. 2. Overview of bones preserved in P. gracilis (YPM 57100). Diagrammatic outline (A) and composite photograph (B) of the skeleton in its
original field jackets. Scale bars = 10 cm.
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a reconstruction of the hindlimb musculotendinous system
using phylogenetic bracketing and osteological correlates
for muscle attachment sites preserved in the pelvis and
hindlimb elements. Bates and Schachner (2012) generated
a simplified biomechanical model of the hindlimb muscles
based upon the YPM 57100 specimen in order to test
hypotheses on the evolutionary and functional patterns in
archosaur gait and posture, and Farlow et al. (2014) uti-
lized the pedal morphology to inform inference of archo-
saur trackmakers. However, the osteology of this specimen
has not been described in detail, thus the aim of this work
is to remedy this situation and compare this taxon to other
archosaurs.

Institutional Abbreviations

FMNH UR, Field Museum of Natural History, Chicago,
Illinois, USA; PEFO, Petrified Forest National Park, Ari-
zona, USA; PVSJ, Instituto y Museo de Ciencias
Naturales, Universidad Nacional de San Juan, Argentina;
TMM, Texas Vertebrate Paleontology Collections, Jack-
son School Museum of Earth History, The University of
Texas at Austin, USA; TTU-P, Paleontology Collections,
Museum of Texas Tech University, Lubbock, Texas, USA;
YPM, Yale Peabody Museum of Natural History, Yale
University, New Haven, Connecticut, USA.

METHODS
Imaging and Illustrations

Individual bones were photographed with a Nikon
D300 and a Nikon AF-S Micro NIKKOR 60 mm Micro
lens. Illustrations were done by hand with Staedler Mars
Lumograph pencils (4B-4H) and Sakura of America
Pigma MICRON archival ink pens (005-01) on Strath-
more Bristol vellum, cleaned up and edited into figures in
Adobe Photoshop CS6. Three-dimensional (3D) digital
models of the left hindlimb and pes were acquired for a
separate project (Bates and Schachner, 2012), and the
models of the ankle and pes were used and manipulated
for this analysis. These models were generated from indi-
vidual scans of each disarticulated bone or bone “cluster”
depending upon the extent of preparation. These scans
were completed with a Polhemus FastSCAN Cobra laser
scanner (www.polhemus.com), which produced a high-
resolution point cloud, which was then processed in
Geomagic Studio 12 (www.geomagic.com). The alignment
of each anatomical element was completed in both
Geomagic and in Autodesk Maya (http://www.autodesk.
com/products/maya/). For more details on mesh produc-
tion and 3D model production see the Supplemental
Information of Bates and Schachner (2012); for more
information on the separation of the individual pedal ele-
ments that were fossilized as a single unit see Farlow
et al. (2014).

Components of the axial skeleton were scanned at the
University of Utah Medical Center with a 164 slice dual
energy Siemens SOMATOM Definition computed tomog-
raphy (CT) unit at a slice thickness of 0.6 mm (kVp
140, mAs 500) with data reconstructed in 40 and 60 bone
sharp algorithm kernels. The CT DICOMs are available
via the open-access data curation website www.
datadryad.org.

Bone Histology Sampling and Preparation

Histologic sections of the left femur were prepared in
order to investigate the individual’s ontogenetic status
and patterns of postnatal growth. Prior to thin sectioning,
the entire femur was measured, photographed and CT-
scanned, and molded and cast to preserve aspects of its
gross structure. All of these data are stored in the Yale
Peabody Paleontology collections. Sectioning methods
were modified from standard techniques applied to fossil
bone (Chinsamy and Raath, 1992; Wilson, 1994). These
steps included (1) removal of mid-diaphyseal block (which
was also cast in addition to the whole bone); (2) embed-
ding of the extracted block in a cold-curing resin under
vacuum; (3) cutting of 1 mm wafers from the embedded
block on a low-speed Buehler Isomet precision saw with
diamond blade; (4) dehydration and mounting of individ-
ual wafers onto petrographic slides with 2-ton epoxy
(Devcon); (5) grinding and polishing of resulting thick-
sections on a Buehler Metaserv grinder-polisher to
approximately 90 μm; and (6) digital photography and
image analysis. The thin sections were photographed at
50× and 20× on a Nikon Eclipse polarizing microscope
with a digital image capture system, and the 20× image
series was stitched into a composite high-resolution digi-
tal histology slide for study. The slide was imaged using
normal transmitted light and cross-polarized light with
quarter-wave retardation plate to examine mineral fiber
orientations, interosteonal matrix texture, and growth
marks. High-resolution images of the sections are avail-
able via www.datadryad.org.

SYSTEMATIC PALEONTOLOGY

Archosauria Cope, 1869, sensu Gauthier, 1986
Pseudosuchia Zittel, 1887, sensu Gauthier and

Padian, 1985
Poposauroidea Nopsca, 1923, sensu Nesbitt, 2011
Poposaurus gracilis Mehl, 1915

Holotype

FMNH UR 357, dorsal and caudal vertebrae, partial
pelvis, and partial femora (Mehl, 1915; Colbert, 1961).

Revised Diagnosis

Poposaurus gracilis can be distinguished by the
following unique combination of character states
(autapomorphies marked with asterisks): Distinct
mediolaterally compressed premaxilla with five premaxil-
lary teeth; caudodorsally projecting ascending process of
the maxilla low (20 degrees from the horizontal) (PEFO
34865); mediolaterally compressed and finely serrated
(20 serrations/5 mm) maxillary teeth (PEFO 34865); pos-
terior cervical centra with slight or absent ridge on the
ventral surface; parapophysis split into two articular sur-
faces in the posterior cervical vertebrae; hyposphene-
hypantrum articulations in the trunk vertebrae; four or
five sacral vertebrae; ~56 caudal vertebrae; coracoid with
prominent postglenoid process; humerus with a short
deltopectoral crest; five fingered manus with metacarpal
V the smallest; dorsoventrally compressed unguals pre-
sent on digits I–III; ilium with a tapering anterior process
that extends anteriorly of the pubic peduncle, distinct
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ridge on the dorsolateral portion of the postacetabular
blade of the ilium*; ventral margin of the acetabulum
concave in lateral view; pubis with a posteriorly hooked
expansion (=boot) that is rounded in lateral view and
tapered*; deep pit on the proximal surface of the ischium

that receives a concave ischial process of the ilium*;
ischium with a ventral expansion at the distal end; calca-
neum with a deep groove on the caudal surface of the cal-
caneal tuber; metatarsal III longest; phalanges absent on
digit V; pedal unguals dorsoventrally compressed.

Referred Specimen

YPM 57100, fragmentary premaxillae, teeth, and an
articulated postcranial skeleton (see Gauthier et al., 2011
for justification of the referral). See Weinbaum and
Hungerbühler (2007) and Parker and Nesbitt (2013) for
other referred specimens.

Locality and Horizon

Circle Cliffs, Grand Staircase-Escalante National
Monument, Garfield County, Utah, USA. The site,
which also contained the nearly complete articulated
skeleton of a small crocodylomorph, is within the upper
Monitor Butte Member of the Upper Triassic Chinle
Formation. The Monitor Butte Member in this area is
~50–60 m thick (Stewart et al., 1972), and the site is
~40 m above the base of the unit. This stratigraphic
interval is likely early-middle Norian (~227–215 Ma) in
age based on radioisotopic and magnetostratigraphic
age constraints from the lower Chinle Formation of
northern Arizona and New Mexico (Irmis et al., 2011;
Ramezani et al., 2011, 2014; Zeigler et al., 2017; Kent
et al., 2018). The lower part of the Monitor Butte Mem-
ber interfingers with the Shinarump Member in the
Circle Cliffs area, including just east of the fossil site
(Fig. 3; Stewart, 1957; Stewart et al., 1972; Martz et al.,
2017: Fig. 16D; RBI, personal observation). Locally, the
lower Monitor Butte can also form channel-fill deposits
scoured into the sandstones and conglomerates of the
Shinarump Member (e.g., Stewart et al., 1972: Fig. 7,
p. 27; Dubiel, 1987: p. 37). Lateral equivalents of the
Shinarump Member (i.e., Mesa Redondo Member) have
been radioisotopically dated to between 225 and
227 Ma in northern Arizona (Ramezani et al., 2011;
Atchley et al., 2013); however, the Poposaurus specimen
comes from high in the Monitor Butte Member, and it
is unclear exactly how this stratigraphic level correlates
to dated Chinle Formation units (e.g., Blue Mesa and
Sonsela members) further south in Arizona (cf. Blakey
and Gubitosa, 1983: Fig. 3C). Poposaurus gracilis speci-
mens in Arizona have been found in the middle Blue
Mesa Member through lowermost Sonsela Member
(Parker and Nesbitt, 2013: Fig. 2), an interval dated to
between ~223 and 218 Ma (Ramezani et al., 2011;
Atchley et al., 2013), though occurrences from Texas
and Wyoming are likely older.

The fossiliferous horizon itself (Fig. 3B) comprises a
~1.3 m thick moderate reddish-brown (10R 4/6) micaceous
siltstone with rare greenish gray (5GY 6/1) small mottles,
containing thin (1–2 cm) lenses of greenish-gray (5GY
6/1) very fine- to fine-grained sandstone whose abundance
increases up-section. The sediment surrounding the bones
(laterally up to 2 m away from the skeletons) contains
abundant spherical carbonate concretions (5–10 mm
diameter) that are so dense right around the skeleton
they sometimes form a solid concretionary layer
(e.g., Figs. 2B, 17–19). These concretions comprise radial
calcite spar crystals with minor detrital siliciclastic grains

Fig. 3. (A) Map of Utah showing location of Grand Staircase-
Escalante National Monument (GSENM) with a star indicating the
discovery site of YPM 57100. (B) Chinle Formation lithostratigraphy in
the Circle Cliffs area (GSENM) (following Stewart et al., 1972; Martz
et al., 2017), with a detailed stratigraphic section showing the
fossiliferous level.
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(i.e., quartz and clay) and are interpreted to represent an
early diagenetic phase, possibly related to the decomposi-
tion of organic matter (e.g., Benoit and Yarborough Fitz-
gerald, 2004; Smith, 2012). The fossiliferous unit is
capped by a 10–20 cm thick pale greenish-yellow (10Y
8/2) ripple-laminated, horizontally bedded fine-grained
sandstone. This sequence likely represents distal splay
overbank deposits (cf. Bown and Kraus, 1987; Kraus and
Bown, 1988; Dubiel and Hasiotis, 2011; Howell and
Blakey, 2013; Hartley and Evenstar, 2018) with weak
pedogenic development. It thus seems likely that the two
pseudosuchian archosaur carcasses (i.e., Poposaurus and
a crocodylomorph) were perhaps transported and buried
by floodwaters that broke through the channel levee and
spread across the floodplain. The nearly completely artic-
ulated nature of both specimens (including the very distal
small elements) indicates that any transport of the skele-
tons must have taken place before advanced decay
occurred so that the soft tissues kept the specimen intact.
Additionally, the specimens were likely not exposed for
any prolonged amount of time after death given the well-
preserved condition of the bone surfaces (cf.
Behrensmeyer, 1978).

DESCRIPTION
Skull

The skeleton weathered out of the matrix head-first,
thus most of the skull was lost to erosion prior to

discovery. The remaining cranial material collected from
the surface consists of partial right and left premaxillae,
12 tooth fragments, a large unidentified fragment likely
pertaining to the back portion of the skull, and various
fragments. The left premaxilla (Fig. 4) is fragmentary
but can be articulated at the midline with the right to
reconstruct a narrow rostral portion of the skull
(Fig. 4C). The right premaxilla has a broken nasal (=ros-
trodorsal) process, but the caudal (=caudodorsal, maxil-
lary) process is nearly complete. The lateral surface is
gently rounded and the narial fossa has gently sloping
margins with no distinct ventral or rostral margins. The
body of the premaxilla is about twice as long
craniocaudally as it is tall, similar to Batrachotomus
(Gower, 1999), Fasolasuchus (Bonaparte, 1981), and the
other poposauroids Xilousuchus, Effigia, and
Shuvosaurus (despite the lack of teeth in the latter two
taxa) (Nesbitt, 2007; Nesbitt et al., 2011). However, the
body of the premaxilla is not nearly as elongated as in
Qianosuchus (Li et al., 2006), and it is different from the
relatively short premaxillae in Saurosuchus (Alcober,
2000) and rauisuchids (e.g., Sulej, 2005; Weinbaum,
2011). The caudal process is short like that of Effigia
(Nesbitt and Norell, 2006; Nesbitt, 2007) and
Qianosuchus (Li et al., 2006). This is in contrast to the
long process present in Lotosaurus (SJN, pers. obs.).
Here, the premaxilla overlaps the maxilla laterally, with
a simple flat articulation. Considering the short length
of the process, it is likely that the maxilla contributed to

Fig. 4. Right premaxilla of YPM 57100. A photograph (left), line image (middle), and illustration (right) in lateral (A) and medial (B) views. (C)
Articulated left and right premaxillae in rostral view. (D) Fragments of teeth found associated with the specimen. Abbreviations: mg, medial grooves;
nf, narial fossa; nu, nutrient foramina; pmt, premaxillary teeth; pos, caudal process. Scale bars = 1 cm.
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the external naris as in other poposauroids (Nesbitt,
2011), and this is consistent with the maxilla assigned to
the taxon (Parker and Nesbitt, 2013). There are multiple
nutrient foramina along the rostral and ventral surfaces
of both premaxillae (Fig. 4C).

Medially, small but distinct ridges and grooves on a
flat surface mark the midline suture (Fig. 4B). The right
premaxilla preserves the alveoli and roots of five pre-
maxillary teeth, which are oval in cross-section, but none
of the crowns is preserved. The number of premaxillary
teeth is highly variable in poposauroids ranging from
none in the beaked shuvosaurids, to five in Xilousuchus
(Nesbitt et al., 2011), to nine in Qianosuchus
(Li et al., 2006).

There are 12 isolated tooth fragments associated with
YPM 57100 (Fig. 4D). They are strongly laterally com-
pressed and recurved with distinct fine serrations
(approximately 3.4 per millimeter) consistent with the
dental morphology described by Parker and Nesbitt
(2013) for a Poposaurus specimen from Petrified Forest
National Park, Arizona (PEFO 34865) that preserves the
only other known cranial material of the taxon. There are
other small cranial fragments (Fig. 5) with some con-
taining alveoli; however, a more specific identification
could not be determined.

Cervical Vertebrae

Four cervical vertebrae are preserved with YPM 57100
(Fig. 6), representing the middle and caudal portion of the
cervical column. The position of each cervical vertebra was
determined based on the position of the parapophysis and
comparisons with other archosaurs (e.g., Qianosuchus, Li
et al., 2006). The vertebrae are moderately well preserved;
however, the majority of the processes are broken off
because the vertebrae were found on or near the
weathering surface. All of the cervical vertebrae have a lat-
erally constricted spool-shaped centrum (Fig. 6C,F,I,L) with
parapophyses that contact the caudolateral margin of the
adjacent vertebra. The centrodiapophyseal laminae are
well developed and more prominent than in Xilousuchus
(Nesbitt et al., 2011). The middle cervical centra are
shorter in height and length relative to Qianosuchus, and
those preserved for Xilousuchus, Arizonasaurus, and
Effigia (Nesbitt, 2005; Li et al., 2006; Nesbitt, 2007, 2011;
Nesbitt et al., 2011), but not as short as those of
Poposaurus langstoni (Stefanic and Nesbitt, 2018). The
articular facets of the centra are round in the cranialmost
preserved cervical vertebrae (Fig. 6C), becoming more
craniocaudally ellipsoid (height > width) toward the caudal
part of the cervical column (Fig. 6L). In the middle cervi-
cals, there are marked fossae without rims on the lateral
surfaces of the centra just ventral to the neurocentral
suture. These fossae become shallower and less distinct in
the caudalmost cervical vertebrae. The surface of the cen-
trum is smooth ventrally in most of the preserved cervicals,
whereas the cranial part of the ventral surface of C6 is
slightly flattened and this surface on C7 preserves a slight
ridge. The parapophyses (Fig. 6A,D,G,J) appears divided
similar to other specimens of Poposaurus (Weinbaum and
Hungerbühler, 2007) and other poposauroids (Nesbitt,
2005, 2011).

Trunk (Thoracic) Vertebrae

Twelve reasonably well-preserved trunk (T) vertebrae
remained in articulation with the sacrum (Figs. 7–14).
The transverse processes are broken off in all but two of
the vertebrae, but they are otherwise complete. In the
first three trunk vertebrae, the parapophysis projects
from the neural arch, just dorsal to the neurocentral
suture (Figs. 7 and 8). The parapophysis moves dorsally
in T4, becoming slightly raised off of the neural arch by a
short, laterally projecting pedicle. In the first three trunk
vertebrae, the prezygaparapophyseal, paradiapophyseal,
and centrodiapophyseal laminae are distinct with the lat-
ter two forming well-developed sharp lateral expansions
with deep fossae between them (Figs. 8 and 11). The neu-
rocentral sutures are clearly interdigitated and without
any sign of closure (Figs. 7 and 8; sensu Brochu, 1996). In
the dorsal view, when the neural arch is missing or
removed, there are deep ventral depressions within the
neural canals. These depressions reach their maximum
depth in the midcentrum.

In general, the cranial trunk vertebrae are more
transversely compressed and become more laterally
expanded caudally in the column more toward the sacrum
(Fig. 10); this also occurs in the poposauroid
Arizonasaurus (Nesbitt, 2005) and the rauisuchid Post-
osuchus (Weinbaum, 2013). Caudal to the first three
trunk vertebrae, the cranial articular surface of the centra

Fig. 5. Unidentified possible cranial fragments of YPM 57100. Large
fragment in two views (A, B). Small fragments (C). Scale bars = 1 cm.
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Fig. 6. The four caudalmost cervical vertebrae of YPM 57100, in left lateral view (A, D, G, J), ventral view (B, E, H, K), and cranial view (C, F, I, L),
with the cranialmost cervical vertebra at the top (A) and the caudalmost cervical at the bottom (J). Scale bar = 1 cm.
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Fig. 7. Thoracic vertebrae 1–11 of YPM 57100 in left lateral view (A–K). Abbreviations: d, diapophysis; ncs, neurocentral suture; p, parapophysis;
prz, prezygapophysis. Scale bars = 1 cm.
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Fig. 8. Legend on next page.

SCHACHNER ET AL.10



(Fig. 9C–F) are oval (with a longer dorsoventral axis),
amphicoelous, and similar to those of Arizonasaurus
(Nesbitt, 2005) and the isolated Waldhaus material from
the Middle Triassic of southern Germany (Butler et al.,
2011). In lateral view, the centra are more deeply
“waisted” (i.e., the ventral surface of the centrum arches
dorsally and in ventral view, the lateral sides of centra
converge toward the midline) in the middle of the centrum
in the cranial half of the column whereas caudally, the ver-
tebrae become proportionately less waisted toward the
sacrum (Figs. 7 and 10). The ratio of the cranial articular
faces cross-sectional area to midcentral cross-section area:
T4 = 4.9137, T9 = 4.707, and T12 = 3.302. This configura-
tion is the opposite of the trunk central morphology found
in Effigia and Shuvosaurus in which the centra are wider
than tall throughout much of the thoracic column.

Additionally, there are pronounced fine radiating
ridges emanating from the margin of the central faces
and extending craniocaudally, as in most poposauroids
(Nesbitt, 2007), some rauisuchids (e.g., Postosuchus;
Weinbaum, 2013), and dinosaurs (Nesbitt et al., 2013).
There is clear intervertebral ligament marginal endplate
corrugation. Very shallow depressions are present on the
lateral surfaces of the centra, apneumatic fossae
(O’Connor, 2006), much like Arizonasaurus,
Ctenosauriscus, and Hypselorhachis (Nesbitt, 2005;
Butler et al., 2009; Butler et al., 2011) and other
pseudosuchians, but less deep than the fossae present in
Effigia, Shuvosaurus, and Sillosuchus (PVSJ 85; Nesbitt,
2007). The articular facets of the centra become less ovate
(i.e., more circular) and larger proportionally closer to the
sacrum (Fig. 9).

The neural spines increase in height and craniocaudal
width caudally and have a flat dorsal margin with no lat-
eral expansion at the dorsal surface (=spine table of
some; see (Nesbitt, 2011) (Figs. 7–9). Nonetheless,
the neural spines are not particularly long, similar
to shuvosaurids (Nesbitt, 2007) and loricatans such
as Batrachotomus and Postosuchus (Gower and Schoch,
2009; Weinbaum, 2013), and unlike the long sail-forming
neural spines in the early poposauroids Xilousuchus,
Arizonasaurus, Ctenosauriscus, Hypselorhachis, Lotosaurus,
and the Waldhaus taxon (Zhang, 1975; Nesbitt, 2005;
Butler et al., 2009; Butler et al., 2011; Nesbitt et al.,
2011). Additionally, the neural arches project dorsally
only, and there is no cranial or caudal arching as in the
sail-backed forms (Nesbitt, 2005). Throughout the tho-
racic column, the neural arches expand slightly cranially
and caudally in the lateral view. The length of the neural
spines of P. gracilis is also proportionally shorter than
the purported sister taxon Poposaurus langstoni (Long
and Murry, 1995; Stefanic and Nesbitt, 2018). The trans-
verse processes are only preserved in three of the caudal
thoracic vertebrae (T8, T9, and T11), and are dorsoven-
trally flattened and project caudolaterally (Figs. 7H–I
and 8E–F). The diapophysis is oval (i.e., elongated
craniocaudally) in lateral view and the articular surface
is flattened. The parapophyses are slightly expanded lat-
erally near the base of the neural arch throughout the

vertebral column. The diapophysis is only slightly dorsal
to the parapophysis but remains separate and distinct
throughout the entire thoracic series (Figs. 8E–G); they
do not merge as in Effigia (Nesbitt, 2007) and
Arizonasaurus (Nesbitt, 2005). Very shallow fossae on the
lateral surface of the base of the neural spine constrict
spine thickness; these fossae are bound ventrally by the
prezygadiapophyseal and postzygadiapophyseal laminae.

In the first three trunk vertebrae, the prezygapara-
pophyseal, paradiapophyseal, and centrodiapophyseal
laminae are distinct, with the latter two forming well-
developed sharp laminae, as in other poposauroids
(Nesbitt, 2007; Butler et al., 2009; Butler et al., 2011).
More caudally, the paradiapophyseal, prezygadia-
pophyseal, postzygadiapophyseal, and caudal
centrodiapophyseal laminae are very well developed and
all form sharp crests. These laminae are bound by three
deep and distinct fossae: the centrodiapophyseal fossa,
prezygadiapophyseal-paradiapophyseal fossa, and
postdiapophyseal-centrodiapophyseal fossa (sensu Wilson
et al., 2011). Hyposphene-hypantrum articulations are
clearly present in thoracic vertebrae 7–12, and the cranial
portion of the first sacral bears a hypantrum (Fig. 13).
The cranial surface of T5 is broken and missing, and the
cranial and caudal surfaces of T4 are broken and missing,
but these vertebrae also likely had hyposphene-
hypantrum articulations based on the preserved morphol-
ogy. The articular processes on the more cranial trunk
vertebrae are not well-enough preserved to determine if
they are present or not. The morphology of the
hyposphene structures are similar to that of other speci-
mens of P. gracilis and Poposaurus langstoni (Weinbaum
and Hungerbühler, 2007; Stefanic and Nesbitt, 2018), as
well as other paracrocodylomophs (e.g., Weinbaum and
Hungerbühler, 2007) in that they slightly expand later-
ally in the ventral direction. The hypantra are just simple
gaps between the prezygapophyses, as in Poposaurus
langstoni (Stefanic and Nesbitt, 2018).

Sacral Vertebrae

There are five total sacral vertebrae (Figs. 14 and 15)
whereas in other specimens of Poposaurus, there are only
four preserved (Weinbaum and Hungerbühler, 2007). It
appears that sacrals 2–5 of YPM 57100 are the same as
those labeled sacrals 1–4 of TMM 43683-1 in Weinbaum
and Hungerbühler (2007). To clarify the homologous iden-
tity of the five sacral vertebrae of YPM 57100, we deploy
the methods of Nesbitt et al. (2011) by identifying the
sacral vertebrae based on their sacral rib morphology and
where they attach to the ilium. From these criteria, we
identify the first sacral as homologous with the last trunk
vertebra of other reptiles (i.e., a dorsosacral), the second
sacral of Poposaurus as the first primordial sacral of rep-
tiles with only two sacral vertebra (e.g., Crocodylomorpha),
the third as an insertion between the primordial sacrals
(sensu Nesbitt, 2011), the fourth as the second primordial,
and last as a caudosacral. The caudosacral possesses a
broad but thin (i.e., dorsoventrally compressed) transverse

Fig. 8. Thoracic vertebrae two (A), four (B), six–nine (C–F), 12, and the first sacral vertebra (G) of YPM 57100, all in right lateral view. (H) Seventh
thoracic rib in dorsal (left) and ventral (right) views. Abbreviations: c, capitulum; d, diapophysis; ncs, neurocentral suture; ns, neural spine; p,
parapophysis; pdl, paradiapophyseal lamina; prz, prezygapophysis; pzl, prezygaparapophyseal lamina; r, rib; t, tuberculum. Scale bars = 1 cm.
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Fig. 9. Legend on next page.
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process that barely touches the caudal part of the iliac
blade. The configuration of the sacral vertebrae is nearly
identical to that of other specimens of P. gracilis
(Weinbaum and Hungerbühler, 2007), but it is clear that
the thin transverse process of the last sacral may easily be
broken if not well preserved. Compared to other
poposauroids, the first three sacral vertebrae (first primor-
dial, insertion, and second primordial) are identical to that
of Arizonasaurus (Nesbitt, 2005) and similar to that of
shuvosaurids with the addition of one or more caudosacrals
(e.g., Sillosuchus; Alcober and Parrish, 1997).

The sacral centra of P. gracilis are more dorsoventrally
flattened than the trunk vertebrae and caudally, the cen-
tra have a more equant shape and a flatter ventral surface
in the more caudal vertebrae, with the exception of the last
caudosacral (Fig. 15). Unlike most other specimens of Pop-
osaurus, in which the sacrals are partially or completely

coossified (including the bases of the neural spines; see
Long and Murry, 1995; Weinbaum and Hungerbühler,
2007), the sacral centra are not coossified, but the first and
second sacral, and second and third sacral, are very closely
appressed to each other with only a slight gap between the
rims. The fourth sacral centrum (=second primordial) is
the largest, as in Effigia and Shuvosaurus (Nesbitt, 2007;
Nesbitt et al., 2011). Sacrals 1–4 have a moderately deep
fossa on the lateral surface of centrum just ventral to the
attachment locations of the sacral ribs. As in the trunk
vertebrae, the edges of the articular facets of the centra
have radiating fine ridges. The neurocentral and alar/
transverse process sutures are highly interdigitated and
narrow without closure (Fig. 14). The articular facets of
the sacral centra are roughly circular to minimally dorso-
ventrally compressed, with a height to width ratio of
0.806 at the cranial face of S2. There is minimal wasting

Fig. 9. Thoracic vertebrae of YPM 57100. First thoracic vertebra in cranial (A) and caudal (B) views. Second thoracic vertebra in cranial (C) and
caudal (D) views. Third thoracic in cranial (E) and caudal (F) views. Sixth thoracic vertebra in cranial (G) and caudal (H) views. Seventh thoracic
vertebra in cranial (I) and caudal (J) views. Eighth thoracic vertebra in cranial (K) and caudal (L) views. Ninth thoracic vertebra in cranial (M) and
caudal (N) views, (neural spine not pictured). Scale bars = 1 cm.

Fig. 10. Thoracic vertebrae 1–12, and the first sacral vertebra of YPM 57100 in ventral view (from left to right: A–L). Scale bars = 1 cm.
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at the mid centrum with a cranial intervertebral articular
face cross-sectional area to midcentral cross-sectional area
ratio of 1.18 at S2. There are deep ventral depressions of
the spinal canal floor similar to that described for the
trunk vertebrae (see above). On sacrals 1–3, the strut of
the neural arch between the dorsal edge of the centrum
leading to the postzygapophysis is thin and has a large
concave embayment directed cranioventrally just above
the neurocentral suture. Structures that would be the
equivalent of the prezyga- and postzyga-diapophyseal lam-
inae of dinosaurs are well developed as thin horizontal
crests in all sacral vertebrae. The neural spines of the first
two sacrals are very similar in height to that of the trunk
vertebrae but are broader at the dorsal apex in lateral
view. The neural spine of the third sacral vertebra
broadens to the apex like sacrals one and two but also has
a slight caudodorsal inclination. The fourth and fifth neu-
ral spines (the caudosacrals) are much narrower
craniocaudally in lateral view and also possess a distinct
caudodorsal inclination.

The sacral ribs are paired with their respective verte-
brae (Fig. 15B,C), and are not shared between centra,
unlike Effigia and Sillosuchus (see Nesbitt, 2007) where
sacral ribs attach on the centrum rims. The sacral ribs
are broken across the vertebrae and the ilium and have
been slightly compressed. All of the sacral ribs are
restricted to the dorsal part of the centrum and do not
expand ventrally (Fig. 15B,C). The attachment point of
the sacral rib to the vertebra is cranially placed relative
to the origin on sacral one (=first primordial), and the
other sacral ribs are progressively more caudally placed
through the sacral column. Sacral rib one attaches
mostly to the preacetabular process and nearly contacts
the cranial tip; the caudal margin of the first sacral rib
is on the medial side of the pubic peduncle. The sacral
rib of the second sacral vertebra is horizontally oriented

and attaches to just dorsal to the acetabulum on the
medial surface. The sacral rib of the third sacral (=sec-
ond primordial) attaches to the caudal portion of the
iliac blade, is dorsoventrally expanded cranially, and it
barely reaches the medial surface of the base of the
ischial peduncle. The rib of the fourth sacral attaches to
the caudal aspect of the caudal iliac blade. The attach-
ment site of the sacral rib of the fifth sacral barely
touches the caudal tip of the caudal iliac blade and
slightly overlaps the caudal margin of the sacral rib of
sacral four dorsally.

Caudal Vertebrae

All of the caudal vertebrae appear to be present
(Figs. 16–20); however, a short series of middle caudals
(likely five individual vertebrae) after caudal vertebra
14 was still buried in the matrix at the time of analysis.
Therefore, we estimate that there are a total of approxi-
mately 56 caudal vertebrae. The number of caudal verte-
brae exceeds estimates of other poposauroids with
partially preserved tails (e.g., Qianosuchus, 50 vertebrae,
(Li et al., 2006). It is similar to the estimation of 55 caudal
vertebrae for the pseudosuchian archosaur, Ticinosuchus
ferox (Krebs, 1965). The number of caudal vertebrae in
Poposaurus also exceeds that in neotheropod dinosaurs
(estimated at 40 for Coelophysis bauri; Colbert, 1989).
Neurocentral sutures are clearly open in proximal caudal
vertebrae but are not visible more distally; the exact
change to closed sutures is not clear because of poor sur-
face detail in the middle portion of the column.

The caudal centra are robust with a wide centrum near
the sacrum, becoming gradually more slender in lateral
view and elongate craniocaudally, with a morphological
transition occurring at caudal vertebra 13, in which they
are at least twice as long as they are tall. The proximal
caudal centra are amphicoelous, whereas the mid and dis-
tal caudal centra are platycoelous. In the proximal caudal
vertebrae, there is a shallow fossa on the lateral surface
of the centra ventral to the boundary between the cen-
trum and the neural arch; craniocaudal length of this
depression is approximately one-third of the length of the
centrum. Starting on the second caudal vertebra, (Figs. 2
and 16) distinct chevron facets are present on the ventro-
lateral margin of the caudal articular surfaces of the cen-
tra. In the middle caudal vertebrae, paramedian ridges
on the ventral surface of the centrum extend cranially
from the chevron facets, bounding a shallow, ventrally
open fossa on the midline.

The prezygapophyses of the middle and distal caudal
vertebrae are elongated, extending cranially to overlap
with one-fifth of the length of the preceding vertebra
(Figs. 19 and 20). The cranial third of each prezygapophysis
extends beyond the articulation with the corresponding
postzygapophysis. This is also present in shuvosaurids
(Nesbitt and Norell, 2006; Nesbitt, 2007) but is absent in
the poposauroid Qianosuchus (Li et al., 2006). The post-
zygapophyses extend caudal to the cranial rim of the subse-
quent vertebra. The neural spines of the first eight caudal
vertebrae are compressed, craniocaudally wide in lateral
view, project caudodorsally, and gradually widen
craniocaudally toward the dorsal margin (Figs. 17 and 18).
More distal caudal vertebrae display a marked decrease in
height distally; however, the exact transition of this

Fig. 11. Photograph (A) and diagrammatic illustration (B) of thoracic
vertebra nine of YPM 57100 in right lateral views. Pink lines
indicate lamina and blue lines indicate articulation with the ribs.
Abbreviations: c, centrum; cdl, centrodiapophyseal lamina; di,
diapophysis; ha, hypantrum; ncs, neurocentral suture; ns, neural spine;
pa, parapophysis; pdl, paradiapophyseal lamina; prz, prezygapophysis;
pzl, prezygaparapophyseal lamina, tvp, transverse process. Scale
bar = 1 cm.
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Fig. 12. Legend on next page.

OSTEOLOGY OF THE ARCHOSAUR POPOSAURUS GRACILIS 15



morphological change is not clear given that the change
occurs in the section of the tail that is still buried in the
matrix (Figs. 2, 17, and 18). The transverse processes of
the proximal caudal vertebrae are dorsoventrally flattened
and angled caudolaterally. Like the transition in the neural
spines, the transverse processes diminish distal to the 12th
vertebra, but the exact vertebral position where the trans-
verse processes disappears remains covered in matrix. No
vertebral laminae are present on the neural arches of the
caudal vertebrae.

Ribs and Chevrons

The cranial and mid-thoracic rib heads have distinct
capitula and tubercula separated by a thin lamina of bone
(Fig. 8H), as in most archosaurs. The capitulum is larger
and has a subcircular articular facet, whereas the
tuberculum is smaller and has a craniocaudally oriented
elliptical articular facet. The rib heads articulate in a
near-horizontal plane throughout the thoracic series, with
the tuberculum only slightly elevated relative to the
capitulum. Proximally, the rib shaft is subtriangular in

Fig. 12. Serial transverse CT images comparing the morphologies of vertebrae T4, T8, T11, S2, Ca2 (columns) of YPM 57100. Rows (A–E) are
axial slice images obtained at the same relative locations spaced at 25% increments of the vertebral lengths (localizer images with slice locations
are provided in the upper left corner). The middle row (C) is midcentral. The increase in size and transition from transversely compressed to more
circular cross-sectional shape is evident form T4 through Ca2. Comparison between the end rows (A) and (E) to the midcentral row (C) illustrates
the degree of midcentral waisting or tapering of the centra. Red arrowheads indicate the neurocentral sutures. Green arrowhead in (S2/B) shows
the alar/transverse process suture. All images are to scale. Scale bar = 1 cm.

Fig. 13. Interlocked hyposphene-hypantrum: cranial view of T11 of
YPM 57100 with axial CT image inserts—cranial surface in (A), and
caudal surface in (B), showing the CT scan image correlation between
the appearance of the articulated zygapophyseal joints and
hyposphene-hypantra in (A). The postzygapophysis and hyposphene
are indicated by the green arrow in (A), and highlighted green in (B). The
blue arrows indicate the prezygapophyses. The pink arrows in
(A) correlate with the disarticulated hypantrum in the associated CT
image; the pink arrows in (B) correlate with the disarticulated
hyposphene on the CT image of the caudal side of T11. Abbreviations:
ha, hypantrum; ho, hyposphene; poz, postzygapophysis; pre,
prezygapophysis. Scale bar = 1 cm.

Fig. 14. Sagittal reconstruction of a CT scan of T10-S1 of YPM
57100. Rows (A) through (C) progress from lateral/superficial to medial/
deep. White arrow in (A) shows apneumatic lateral fossa that terminates
in vascular foramen [white arrow in (B)]. Note how midcentral vascular
foramen approximates the deepest extent of spinal cord ventral
depression indicated with green arrowheads in (B) and (C). Red
arrowheads indicate neurocentral sutures. Note serrated/interdigitated
morphology. Serrations are deeper and wider laterally as the sutural
ridges radiate from the midcentrum. The thickness of the “white line”
contact throughout the length of the sutures is similar from T10 through
T12 as best shown in (A). There is no effacement/remodeling to indicate
fusion and all appear similar in maturity.
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Fig. 15. Sacral vertebrae with attached right ilium of YPM 57100 in ventral (A) and right lateral views (B, C). Abbreviations: ac, acetabulum; pap,
preacetabular process; pup, pubic process; sr, sacral ribs. Scale bar = 1 cm.
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cross-section with a distinct flange on the lateral edge;
about halfway down the shaft, the flange disappears and
the cross-section becomes slightly more oval in shape.
The rib heads never converge in the caudal thoracic verte-
brae like that of extant crocodilians (Schachner et al.,
2011a), but in the caudalmost trunk vertebrae of P.
gracilis, the capitulum and tuberculum are separated
only by a narrow ridge.

The chevrons associated with the proximal caudal ver-
tebrae are long (approximately 2.5× the length of the
proximal caudal centra), laterally compressed, oriented

caudoventrally, and slightly expand distally in lateral
view into a rounded spatulate tip (Figs. 17 and 18). The
proximal chevrons are long, and about equal in length to
the overall height of its corresponding vertebra (Fig. 18).
The chevrons reduce in length distally at caudal vertebra
20, where they are approximately equal to the
craniocaudal length of the corresponding centrum, and
eventually the chevrons disappear at approximately two-
third the length of the tail (Fig. 19). The chevrons in the
middle portion of the tail are more caudally directed than
the proximal ones.

Fig. 16. Proximal caudal vertebrae of YPM 57100 in left lateral view.
Scale bar = 1 cm.

Fig. 17. The caudal vertebrae (minus the three most proximal
caudals) of YPM 57100 in the original field jackets. Scale bars = 10 cm.

Fig. 18. (A) Detailed view of the proximal third of the caudal vertebrae
of YPM 57100 in the original field jacket, in left lateral view. Regions
identified in (A) are represented at a higher resolution in (B) and (C).
Scale bars = 5 cm.
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Scapula

Both scapulae are present. The much more complete
left scapula is missing the craniodorsal margin, whereas
the right is missing most of the scapular blade except
the distal end (Fig. 21A–D). The scapulae possess a
narrow, constricted shaft with proximal and distal
expansions. They are more similar in form to the
scapulae of the poposauroids Arizonasaurus (Nesbitt,
2005) and Lotosaurus (IVPP unnumbered), and other
pseudosuchians (e.g., aetosaurs and loricatans), than they
are to the craniocaudally wide, but mediolaterally thin-
bladed scapula of Effigia, Shuvosaurus, and possibly Sil-
losuchus (Nesbitt, 2007) or the short craniocaudally wide
scapula of Qianosuchus (Li et al., 2006). The scapular por-
tion of the glenoid fossa of P. gracilis is completely ori-
ented caudoventrally, with no lateral component. This

orientation is present in other poposauroids (e.g., Effigia;
Nesbitt, 2007), and other loricatans such as
Batrachotomus (Gower and Schoch, 2009), rauisuchids
(Postosuchus kirkpatricki; Weinbaum, 2013), and
crocodylomorphs (Clark et al., 2004). Additionally, this
glenoid orientation is also present in ornithodirans that
hold their forelimbs in a more ventrally oriented position
(e.g., Langer and Benton, 2006; Nesbitt, 2011). In proxi-
mal view, the proximal end of the scapula is sub-
triangular in outline and this surface articulates with the
coracoid. Unlike Arizonasaurus (Nesbitt, 2005), the scap-
ular shaft of Poposaurus lacks a distinct groove on the
caudolateral surface, although there is a small but dis-
tinct obliquely oriented raised muscle scar on the ventral
surface (Fig. 21), approximately one-third of the distance
from the proximal end. This scar would likely be an
attachment site for m. scapulohumeralis posterior
(Dilkes, 1999), based on comparisons with living
crocodylians (Brochu, 1992; Meers, 2003). There is a very
shallow but distinct groove on the caudomedial surface
that leads from this muscle scar distally along the shaft.
This could either be a continuation of the attachment site
for m. scapulohumeralis, or an origin site for m. serratus
superficialis based on the reconstruction for Maiasaura
(Dilkes, 1999), and extant crocodylians (Brochu, 1992;
Meers, 2003). The preserved portion of the craniodorsal
margin is mediolaterally thin and distinctly convex in lat-
eral view. Because the complete craniodorsal margin is
missing on both scapulae, it is unclear if the scapula of
Poposaurus shares the unusual axe-shaped anatomy of

Fig. 19. (A) Detailed view of the middle third of the caudal vertebrae
of YPM 57100 in the original field jacket, in left lateral view. Regions
identified in (A) are represented at a higher resolution in (B–D). Scale
bars = 2 cm.

Fig. 20. (A) Detailed view of the distal third of the caudal vertebrae of
YPM 57100 in the original field jacket, in left lateral view. Regions
identified in (A) are represented at a higher resolution in (B–D). Scale
bars = 2 cm.
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the distal portion of the scapula in Qianosuchus (Li et al.,
2006). Nonetheless, it is clear that the distal margin is
convex and markedly flared (Fig. 21A), similar to the
scapula of Arizonasaurus.

Coracoid and Clavicle

Only the proximal portions of the coracoids are pre-
served (Fig. 21E–I) because they were found weathered
and fragmented. The surface that articulates with the

Fig. 21. Left scapula of YPM 57100 in lateral view (A) and ventral view (B). Distal portion of the right scapula (C) and proximal portion of the right
scapula (D) in lateral views. Left coracoid in medial (E) and lateral (F) views. Right coracoid in medial (G), lateral (H), and articular (I) views.
Abbreviation: as., articulates with; cf, coracoid foramen; co, coracoid; gl, glenoid; pgp, postglenoid process; sc, scapula; sr, scar. Scale bar = 1 cm.
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scapula is rugose, and in contrast to the scapula, the
glenoid is oriented caudally with a slight lateral compo-
nent. The caudoventral edge is thickened relative to the
preserved cranial portion and is rugose as in
Arizonasaurus (Nesbitt, 2005), and other suchians and
dinosauromorphs (Nesbitt, 2011). A short, but
mediolaterally thick postglenoid process is present, and
this expansion is similar to Arizonasaurus (Nesbitt,
2005), Qianosuchus (Li et al., 2006; Nesbitt, 2007),
Batrachotomus (Gower and Schoch, 2009), and
rauisuchids (Postosuchus kirkpatricki; Weinbaum, 2013).
In contrast, the shuvosaurids have much longer pos-
tglenoid processes (Nesbitt, 2007, 2011). A coracoid fora-
men is present; however, the exact shape of the foramen
is not clear because the cranial margin is broken
(Fig. 21).

Flat pieces of bone recovered on the surface are inter-
preted to be the remains of the clavicle and possibly the
interclavicle (Fig. 22). The fragments possess a flattened
ellipsoid shape in cross-section, and there are faint longi-
tudinal striations on both of the surfaces. Similar frag-
ments were interpreted as clavicle pieces in
Arizonasaurus (Nesbitt, 2005) and the pseudosuchian
Nundasuchus (Nesbitt et al., 2014).

Humerus

The left humerus is mostly complete (Fig. 23A–G), but
only the proximal end of the right humerus is preserved
(Fig. 23H-J). Overall, the humerus of P. gracilis has a
more gracile morphology when compared to
pseudosuchians with greatly expanded proximal and dis-
tal ends, for example, Prestosuchus (von Huene, 1938)
and aetosaurs (Long and Murry, 1995), but it is more sim-
ilar in proportions to that of the rauisuchid Postosuchus
(Chatterjee, 1985; Weinbaum, 2013). Among
poposauroids, the proportions of the proximal and distal
ends relative to shaft of P. gracilis are similar to
Qianosuchus (Li et al., 2006), less robust than Lotosaurus
(Zhang, 1975), but more expanded relative to
shuvosaurids (Nesbitt, 2007). The proximal expansion is
slightly greater than the distal expansion, but only
slightly.

In proximal view (Fig. 23F,J), the articular surface is
morphologically similar to Postosuchus alisonae; however,
the articular surfaces and deltopectoral crest are slightly
more gracile (i.e., less developed). The humeral head is
distinct but not hemispherically shaped as in Effigia and
Shuvosaurus (Long and Murry, 1995; Nesbitt, 2007).

There is a slight craniocaudal expansion of the proximal
articular surface just medial to the deltopectoral crest.
The deltopectoral crest (Fig. 23A,B) is mediolaterally nar-
row with a rounded margin in medial view. Its crest is
contiguous with the proximal articular surface. The apex
of the crest is located approximately one-sixth of the
length of the humerus, distal from the proximal surface,
and the base of the crest is located approximately one-
quarter of the length of the humerus. The length of the
entire crest is longer than in Shuvosaurus (Long and
Murry, 1995) but is similar to that of Lotosaurus (Zhang,
1975). The deltopectoral crest in Poposaurus projects
more cranially than in Effigia (Nesbitt, 2007) or
Shuvosaurus (Long and Murry, 1995) but is not as robust
or distinct as in the loricatans Postosuchus alisonae and
Batrachotomus (Nesbitt, 2011). The lateral margin of the
humeral shaft is largely straight, whereas the medial
margin is distinctly concave in the proximal third.

Despite a slight oblique mediolateral distortion of the
left humerus, a modest flaring of the distal condyles is
evident (Fig. 23D). Both condyles are equally expanded.
The cranial margin of the ectepicondyle is flat, whereas it
is rounded on the entepicondyle, a condition also present
in Effigia and Shuvosaurus (Long and Murry, 1995;
Nesbitt, 2007). Both condyles have a caudal margin that
forms a rounded ridge that extends proximally onto the
shaft of the humerus and these ridges bound a triangular
fossa between the condyles. There is a distinct groove on
the caudolateral surface of the shaft, just proximal to the
ectepicondyle (an ectepicondylar groove) (Fig. 23B). This
condition is present in phytosaurs, aetosaurs, and most
loricatans, but absent in Effigia and Shuvosaurus and
other poposauroids, most early archosauriforms, and
crocodylomorphs (Nesbitt, 2011). On the cranial surface
just proximal to the distal condyles, there is an ovoid
fossa (Fig. 23D).

Ulna

The complete left ulna is present but the proximal half
is crushed (Fig. 24A,B). It is equal in length to the
humerus. Despite the damage, the ulna is clearly gracile
overall, with a constricted shaft and poorly expanded
proximal and distal ends. The olecranon process is short
but distinct (Fig. 24A,B), and small relative to other early
archosaurs (Nesbitt, 2011). In the proximal view, the
articular surface is triangular with rounded edges
(Fig. 24E), whereas it is teardrop-shaped in Effigia. The
lateral (=radial) tuber is distinct and tapered in proximal
view, and both this process, as well as the olecranon pro-
cess, are distinct as in most pseudosuchians (e.g., Peyer
et al., 2008; Gower and Schoch, 2009; Nesbitt, 2011;
Weinbaum, 2013), unlike the gently rounded surface of
the proximal ulna in Effigia (Nesbitt, 2007). The medial
surface of the proximal quarter of the ulna is slightly con-
cave, as in Batrachotomus (Gower and Schoch, 2009) and
Postosuchus alisonae (Peyer et al., 2008), but unlike the
convex surface in Effigia and Fasolasuchus (Nesbitt,
2011). This proximal articular surface is convex caudally
and concave cranially, differing from the completely con-
vex surface in Effigia (Nesbitt, 2007).

The distal end of the ulna is mediolaterally compressed
and flares craniocaudally (Fig. 24F), similar to the condi-
tion in other archosauriforms (Proterosuchus, Vancleavea,
and phytosaurs) as well as some early pseudosuchians,

Fig. 22. Clavicular fragments of YPM 57100. Scale bar = 1 cm.
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Fig. 23. Photographs and illustrations of the left humerus of YPM 57100 in medial (A, B), caudal (C, D), lateral (E), and proximal (F) and distal (G)
articular views. Proximal articular surface and head of the right humerus in cranial (H), caudal (I), and proximal articular views. Abbreviations: dpc,
deltopectoral crest; ect, ectepicondyle; eg, ectepicondylar groove; ent, entepicondyle; of, ovoid fossa. Scale bars = 1 cm.
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including aetosaurs (Nesbitt, 2011). This flaring is dis-
tinct relative to Effigia, in which the distal articular sur-
face is gently convex and craniocaudally elliptical in the
ventral view.

Radius

The left radius is well preserved and does not exhibit
any of the crushing observed in the ulna (Fig. 24C,D).
The radius is subequal in length relative to both the ulna
and humerus. A small portion is missing from the caudal
half of the proximal articular surface of the radius, but
the overall bean-shaped outline of the surface remains
clear, distinct from the ellipsoid shape and less flared
proximal articular surface of Effigia (Nesbitt, 2007). The

proximal head is not as expanded as much as that of
aetosaurs (Long and Murry, 1995) or Hesperosuchus
agilis (Colbert et al., 1952) but is much more subtle like
that of Postosuchus alisonae (Peyer et al., 2008),
Batrachotomus (Gower and Schoch, 2009), and
Lotosaurus (Zhang, 1975). The proximal articular surface
is slightly saddle-shaped in lateral view (Fig. 24G,H,K).
The proximal head fits into the craniolateral concavity on
the proximal portion of the ulnar shaft. The radial shaft
constricts immediately distal to the proximal end
maintaining a subcircular cross-sectional shape through-
out its length. There are slight grooves that are located
all around the shaft that are likely associated with the
interosseous membrane, and the origin of the digital
flexors and extensors (Meers, 2003). Distally, the radius

Fig. 24. The left ulna of YPM 57100 in (A) lateral (B) medial, (C) cranial and, (D) caudal views. Proximal (E) and distal (F) articular surfaces of the
left ulna. The left radius in lateral (G), medial (H), cranial (I), and caudal (J) views. Proximal (K) and distal (L) articular surfaces of the left radius.
Abbreviations: ol, olecranon process; rg, radial groove. Scale bars = 1 cm.
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Fig. 25. (A) The original field jacket containing the thoracic and forelimb elements of YPM 57100; (B) the left manus after removal and articulation
Abbreviation: DI, digit I. Scale bar for A = 10 cm; for B = 1 cm.

Fig. 26. The left ilium YPM 57100 in lateral view, without (A) and with (E) sacral vertebrae 2–5 attached. The right ilium of YPM 57100 in medial
(B, F), lateral (C, G), and ventral (D, H) views. The ventral portion of the postacetabular process is pictured separately in (E). Abbreviations: ac,
acetabulum; pap, preacetabular process; pop, postacetabular process; sac, supraacetabular crest; sra, sacral rib articulation. Scale bar = 1 cm.
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Fig. 27. The left ilia of various specimens of Poposaurus in lateral view (with two exceptions). (A, B) Photograph and illustration of the Yale
specimen (YPM VP 57100). (C, D) Photograph and illustration of the ilium of the holotype of P. gracilis (FMNH UR 357). (E, F) Photograph and
illustration of the ilium of P. gracilis (TMM 4368). (G, H) Photograph and illustration of the right ilium in lateral view of P. gracilis (TTU-P 11203); ilium
has been flipped horizontally to visually match the others. (I, J) Photograph and illustration of the ilium of P. gracilis (TTU-P 9243). (K, L) Photograph
and illustration of P. gracilis (TTU-P 11203). (M, N) Photograph and illustration of the right ilium of P. langstoni (TMM 31025-12) in lateral view; ilium
has been flipped horizontally to visually match the others. Abbreviations: a, acetabulum; ip, ischial process; lr, lateral ridge; pp, pubic process; pap,
preacetabular process; pop, postacetabular process; sac, supraacetabular crest. Image modified from Gauthier et al. (2011). Scale bars = 1 cm.
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Fig. 28. The right and left pubes of YPM 57100 in left lateral (A, B), cranial (C), right lateral (D), caudal (E), proximal (F), and distal (I) views. (G)
Cross-section of pubes at a natural midshaft break. (H) Diagrammatic illustration of the cross-section. Abbreviations: as, articular surface; ga,
gastralia; m, matrix; ob, obturator foramen; pa, pubic apron. Red “L” indicates the left pubis to assist with orientation. Scale bars = 1 cm.
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flares modestly laterally and slightly medially, terminat-
ing in a subcircular distal articular end and the overall
morphology of the distal end is strikingly similar to that
of Postosuchus alisonae (Peyer et al., 2008). This surface
is relatively flat but more convex medially and flat later-
ally. There is a shallow longitudinal groove on the caudal
side of the distal end (Fig. 24J), as in Postosuchus
alisonae (Peyer et al., 2008), Hesperosuchus agilis
(Colbert et al., 1952), and Revueltosaurus callenderi
(Nesbitt, 2011).

Manus

The left manus of YPM 57100 is complete and as a
result, is one of the most complete examples of any early
pseudosuchian manus found thus far (Fig. 25). The small
size of the manus of P. gracilis is perhaps its most
remarkable feature; the maximum length, at digit III, is
subequal to metatarsal I alone, and less than 30% the
maximum length of the pes. Although most early archo-
saur taxa have a smaller manus relative to the pes com-
pared to early archosauriforms (Nesbitt, 2011: char. 245),
in both early archosauriforms and early archosaurs, the
manus is generally 40%–50% the size of the pes
(e.g., Padian et al., 2009). In contrast, the length of MC
III is approximately 30% the length of MT III in P.
gracilis and Postosuchus (Peyer et al., 2008; Weinbaum,
2013), and even smaller (~20%) in the shuvosaurid Effigia
(Nesbitt, 2007). The complete manus of P. gracilis demon-
strates and confirms that the manus of poposauroids are
highly reduced relative to most of their pseudosuchian
cousins.

No carpals are preserved and it appears that none was
ossified at death. There are five digits, with a phalangeal
formula of 2–3-4-?4–3 (Fig. 25). Metacarpal I is approxi-
mately two-thirds the length of metacarpals II and III,
and about 80% the length of metacarpal IV. It is dorso-
ventrally flattened relative to the other metacarpals.
Metacarpals II and III are the longest, are subequal in
length, and are less than a quarter of the length of the
radius and ulna. Metacarpal III is flared proximally,
unlike the asymmetrical shape of this element identified

in Effigia (Nesbitt, 2007). Metacarpal IV is approximately
80% the length of metacarpal III. The proximal articular
surfaces of metacarpals III and IV are much more
rounded than the blocky articular surfaces of Effigia
(Nesbitt, 2007). Metacarpal V is present but not well
exposed; both the medial and lateral surfaces are
obscured by matrix; however, it can be determined that
metacarpal V is the smallest of the series. A similar ele-
ment found with the manus of Effigia, originally identi-
fied as potentially metacarpal I may, in fact, be
metacarpal V; thus, it is possible that the partially articu-
lated manus of Effigia identified as digits III–IV of the
right manus may pertain to digits I–III or the left manus.

All of the metacarpals of P. gracilis are expanded both
proximally and distally, with convexly rounded proximal
articular surfaces. They are more gracile (longer with
waisted midshafts) than in early archosauriforms,
Revueltosaurus, aetosaurs, and Postosuchus, but similar
to those of phytosaurs (Nesbitt, 2011: Fig. 32). Metacar-
pals I–IV have clear well-developed extensor pits, and the
lateral ligament pits are well developed.

All of the phalanges are shorter than the shortest
metacarpal, longer than wide, and have well-developed
ligament pits at the distal ends. Phalanx 1 of digits II
and III has more developed extensor pits in comparison
with the other phalanges. Distal phalanges may be miss-
ing for digits IV and V. We suspect only the ungual is
missing for digit IV because of the size of the last pre-
served phalanx; however, other pseudosuchian specimens
lack preserved unguals here (SJN, pers. obs.) so this can-
not be determined with any certainty. The unguals are
shorter than their articulating phalanx and taper dis-
tally. Unlike other pseudosuchians with a recurved
ungual, like the first digit in Postosuchus alisonae (Peyer
et al., 2008), the unguals of P. gracilis are flattened ven-
trally into hooflike elements. This morphology is consis-
tent with the unguals of the pes (Figs. 35 and 36; see
below).

Ilium

Both ilia, found in articulation with the sacral vertebrae,
are well preserved with little distortion (Fig. 26). The ilium
of YPM 57100 is near identical to that of the holotype and
the other referred ilia to P. gracilis (Fig. 27), but there are
a few minor differences noted below. The preacetabular
process is elongated, prong-like, mediolaterally compressed,
and it extends cranially to the pubic process. A nearly iden-
tical process is present in Poposaurus langstoni (Long and
Murry, 1995; Weinbaum and Hungerbühler, 2007). In con-
trast, the process is mediolaterally thinner and longer than
that of Arizonasaurus, Bromsgroveia, Lotosaurus, the Wal-
dhaus taxon, and Qianosuchus (Galton, 1985; Galton and
Walker, 1996; Nesbitt, 2005; Li et al., 2006; Butler et al.,
2011), in which the preacetabular process does not extend
beyond the pubic peduncle. The lateral side of the cranial
tip of the preacetabular process is covered in long, deep,
striated muscle scars and these scars have been
reconstructed as being associated with the origin of
m. iliotibialis and m puboischiofemoralis internus
1 (Schachner et al., 2011b). In P. gracilis, the cranial pro-
cess narrows just caudal to a dorsally enlarged ridge that
is reconstructed as the origin site for m. iliotibialis
1 (Schachner et al., 2011b), unlike the dorsally expanded

TABLE 1. Length measurements of the left pelvic
girdle and hindlimb elements in Poposaurus gracilis

YPM57100

Limb element Measurement (mm)

Ilium (anteroposterior length) 286*
Pubis 510*
Ischium 327*
Femur 356
Tibia 300
Fibula 283
Metatarsal (MT) I 100
MT II 131
MT III 151
MT IV 132
MT V 83
Third digit, phalanx I 56
Third digit, phalanx II 39
Third digit, phalanx III 31

Measures indicated by an asterisk were acquired from
photographs.
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and broad cranial process of shuvosaurids (Long and
Murry, 1995; Alcober and Parrish, 1997; Nesbitt, 2007).

The iliac blade dorsal to the acetabulum is low with a
straight dorsal margin in lateral view, similar to most

early archosauriforms and pseudosuchians (Nesbitt,
2011), but unlike the tall convex blade of shuvosaurids
(Nesbitt, 2007, 2011; see Fig. 11B Martz et al., 2013). A
sharp raised ridge originates just ventral to the origin for

Fig. 29. The right and left appressed ischia of YPM 57100 in left lateral (A, B), right lateral (B), proximal/articular (D), and distal (E) views.
Abbreviation: ib, ischial boot. Red “L” indicates the left ischium to assist with orientation. Scale bars = 1 cm.
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m. iliotibialis 1 on the preacetabular process and extends
caudoventrally, terminating at the dorsal margin in the
craniocaudal center of the supraacetabular crest. This
ridge divides the cranial and caudal origin of the

m. iliofemoralis (Schachner et al., 2011b), and is present
in most paracrocodylomorphs (Nesbitt, 2011: char. 265),
but its length and craniodorsal-caudoventral inclination
in P. gracilis is shared only with Lotosaurus and

Fig. 30. Photographs and illustrations of left femur of YPM 57100 in lateral (A, B), caudal (C, D), medial (E, F), and cranial (G, H) views. The right
femur of YPM 57100 in lateral (I), cranial (J), medial (K), and caudal (L) views. The proximal articular surfaces of the left (M) and right (N) femora. The
distal articular surfaces of the left (O) and right (P) femora. Abbreviations: ctf, crista tibiofibularis; ftr, fourth trochanter; lc, lateral condyle; lsr,
lancelet-shaped rugosity; pt, pathological thickening; mc, medial condyle. Scale bar = 1 cm.
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shuvosaurids (Nesbitt, 2011: char. 266). As in all
poposauroids, the supraacetabular crest of P. gracilis is
well developed and extends cranially onto the lateral

surface of the preacetabular process, forming the margin
of a deep acetabulum (Fig. 26A). The lateral and ventral
edges of the crest are sharper, and project further

Fig. 31. Photographs and illustrations of the left tibia of YPM 57100 in lateral (A, B), caudal (C, D), medial (E, F), and cranial (G, H) views. The
right tibia of YPM 57100 in lateral (I), caudal (J), medial (K), and cranial (L) views. The proximal (M, O), and distal (N, P) articular surfaces of both
tibiae. Abbreviations: act, cranial condyle of the tibia; d, depression; pct, caudal condyle of the tibia; r, ridge; sd, slight depression. Scale
bars = 1 cm.
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ventrolaterally than in Arizonasaurus, Bromsgroveia, the
Waldhaus taxon, and Qianosuchus (Galton, 1985; Nesbitt,
2005; Li et al., 2006; Butler et al., 2011), and is more sim-
ilar to that of shuvosaurids (Nesbitt, 2007, 2011),
although it is not as hood-like (i.e., highly curved dorsally
with a large lateral extension overhanging the acetabu-
lum) as in shuvosaurids Effigia, Sillosuchus, and
Shuvosaurus (Long and Murry, 1995; Alcober and Par-
rish, 1997; Nesbitt, 2007). The ventral border of the ace-
tabulum is concave in lateral view, and it is clear that
the acetabulum was open when in articulation with the
pubes and ischia. This open acetabular morphology is
similar to shuvosaurids (Nesbitt, 2007, 2011), but is in
contrast to the more plesiomorphic convex right angle
ventral margins of the ilia of Arizonasaurus,
Bromsgroveia, the Waldhaus taxon, Qianosuchus, and
most early archosauriforms and archosaurs (Galton, 1985;
Galton and Walker, 1996; Nesbitt, 2005; Li et al., 2006;
Butler et al., 2011; Nesbitt, 2011). The medial surface is
relatively flat, with clear rugose articular surfaces for the
sacral vertebrae. Like other P. gracilis (Gauthier et al.,
2011) specimens (Fig. 27), the pubic peduncle is short and
stout, though not as relatively elongate as in some speci-
mens (TTU-P 10419), and relatively smaller than the
peduncle in Poposaurus langstoni (TMM 31025-12). The
articular surface of the pubic peduncle is rugose and is
triangular in the ventral view. The ischial peduncle is
much smaller than the pubic peduncle, and is rugose with
a rounded edge in lateral view and teardrop shape in the

ventral view. The convex surface of the ischial peduncle
fits a complementary concave surface of the ischium, a
diagnostic character of Poposaurus (Weinbaum and
Hungerbühler, 2007; Parker and Nesbitt, 2013). This size
discrepancy between the two pelvic peduncles is also pre-
sent in Effigia, Sillosuchus, and Shuvosaurus (Long and
Murry, 1995; Alcober and Parrish, 1997; Nesbitt, 2007),
but not in Arizonasaurus, Bromsgroveia, the Waldhaus
material, or Qianosuchus (Galton, 1985; Galton and
Walker, 1996; Nesbitt, 2005; Li et al., 2006; Butler et al.,
2011; Nesbitt, 2011) where the peduncles are much more
similar in size.

The postacetabular process is subtriangular with a con-
cave ventral margin in the lateral view. Unlike other
specimens of P. gracilis (e.g., FMNH UR 357, TTUP 9243,
and TTUP 11203; Fig. 27C,D,G–L), the postacetabular
process of YPM 57100 is laterally compressed, with a
much smaller brevis shelf than in other poposauroids
(Fig. 27A,B), and thus a smaller origin site for m. cau-
dofemoralis brevis. The small brevis shelf in this speci-
men (YPM 57100; Fig. 27A,B) is likely anatomical and
does not appear to be due to diagenetic or taphonomic dis-
tortion. On the lateral surface of the postacetabular pro-
cess, there is a discernible rugosity on the postacetabular
ridge, which is reconstructed as the origin site of
m. iliofibularis (Schachner et al., 2011b). This is present
on the majority of the length of the postacetabular pro-
cess, merging cranially with the rim of the acetabulum.
This distinct ridge is present in all specimens of

Fig. 32. Photographs and illustrations of the left fibula of YPM 57100 in medial (A, B), cranial (C, D), lateral (E, F), caudal (G, H), proximal (I), and
distal (J) views. Abbreviations: g, groove; ift, iliofibularis trochanter. Scale bars = 1 cm.
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Fig. 33. Legend on next page.
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Poposaurus and appears diagnostic of the clade
(Weinbaum and Hungerbühler, 2007).

Pubis

The left and right pubes remain articulated with little
distortion (Fig. 28), but there is some slight displacement
in the proximal third of the shaft with the right medial
apron overlapping the left. The articulation between the
left and right pubes extends along the entire length, for-
ming a complete apron, which narrows distally (Fig. 28C).
The obturator foramen is elliptical and oriented cau-
dolaterally as with other reptiles. There is a distinct sub-
triangular depression on the lateral surface of each pubis
just distal to the proximal articular surface demarcating
the reconstructed site for the origin of m. ambiens
(Schachner et al., 2011b). In cross-section, the pubic shaft
is subelliptical with a craniocaudally oriented long axis;
the pubic apron is craniocaudally thin and cranially flat in
the distal two-third of the shaft. The apron has an I-beam-
like cross-section proximally (Fig. 28H) and becomes more
rounded distally to form a half-circle in cross-section
(Fig. 28I). The connection of the pubic apron to the shaft is

along the ventral margin of the shaft proximally and the
dorsal margin distally, generating a deep recess between
the two pubes proximodorsally.

The pubes are 154 mm longer than the femora, 196 mm
longer than the ischia, and significantly longer (224 mm)
than the craniocaudal length of the ilium (Table 1). There
is a hook-shaped caudal expansion of the distal end
(=pubic boot) with a minor cranial expansion (Fig. 28A,B,
D). The caudal expansion is not as long craniocaudally as
that of Shuvosaurus or Effigia (Nesbitt, 2007) but is much
longer than the caudal expansion of the poposauroids
Arizonasaurus and Qianosuchus and other suchians
(Nesbitt, 2011). The ventral margins of the expansions con-
tact each other at the cranialmost and caudal aspects,
resulting in a lateral bowing of the boot and a lancelet-
shaped gap between the two sides. This caudal contact is
not typical for other poposauroids and is reminiscent of
that of loricatans with large distal expansions such as
Postosuchus alisonae, (Peyer et al., 2008) and Postosuchus
kirkpatricki, for which there are several complete pubes
(see Weinbaum, 2013), as well as coelurosaurian theropod
dinosaurs (e.g., Tyrannosaurus rex, Brochu, 2003). The ori-
gin site of m. puboischiofemoralis externus 2 is clear

Fig. 34. The right astragalus of YPM 57100 in proximal (A, D), lateral (B, E), and medial (C, F) views. Abbreviations: ar, astragalar ridge; as.f,
articulates with the fibula; as.t, articulates with the tibia. Scale bar = 1 cm.

Fig. 33. The left articulated calcaneum and astragalus of YPM 57100 in proximal (A, C), lateral (proximal is to the left) (B, D), distal (E, G), and
medial (F, H) views. The right calcaneum in proximal/extensor (I, K), lateral (J, L), distal/flexor (M, O), and medial (N, P) views. Abbreviations: as,
articular surface; as., articulates with; ast, astragalus; 4th, fourth tarsal; cal, calcaneum; ctb, calcaneal tuber; gr, groove. Scale bar = 1 cm.
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(Schachner et al., 2011b) and bounded ventrally by a slight
groove. There are three individual gastralia that were dia-
genetically fused onto the left lateral surface of the pubic
boot (Fig. 28A,B), and one to the inside surface of the
apron. This demonstrates that the gastralia were likely
continuous with the pubis.

Ischium

Like all poposauroids and some loricatans, the ischia
(Fig. 29) are closely appressed along their entire length;
however, they are not fused as in shuvosaurids (Nesbitt,
2007, 2011). The proximal portion forms a V in cross-
section (Fig. 29D), with a narrow gap at the dorsal
margin. The articular surface that contacts the ilium is
concave and ellipsoid (craniocaudally oriented long axis)
(Fig. 29D). The shaft of the ischia is semicircular in cross-
section proximally, becoming more oval distally, eventu-
ally flattening out into a dorsal and ventral expansion
(=ischial boot), similar to that of Qianosuchus and
Arizonasaurus, but different from shuvosaurids, where
the shaft is dorsoventrally flattened (Nesbitt, 2007). The
shaft is craniocaudally constricted and more gracile than
Qianosuchus (Li et al., 2006). Proximoventrally, there is a
mediolaterally flattened ischial lamina that is present for
approximately half the length of the ischium and gradu-
ally merges with the shaft. This lamina serves as the ori-
gin site for the m. puboischiotibialis proximally and the
m. adductor 1 distally (Schachner et al., 2011b). Fine

striations on the proximolateral surface of the ischial
shaft indicate the origin site of m. ischiotrochantericus
(Schachner et al., 2011b). Along the dorsolateral surface
of the proximal half of the shaft, there is a distinct groove
reconstructed as being associated with the origin of
m. flexor tibialis internus and m. adductor 2 (Schachner
et al., 2011b). The distal end of the ischium of P. gracilis
flares into a laterally compressed boot that expands in
both directions, but predominantly cranioventrally and
has a convex ventral margin (Fig. 29E). The holotype of
P. gracilis (FMNH UR 357) also has this expansion, but it
was originally interpreted as the distal portion of the
pubis (Mehl, 1915; Colbert, 1961). Unlike the pubic boot,
there is no gap between the left and right ischia
(Fig. 29E). The flattened lateral surface of the ischial boot
serves as the likely origin site of m. puboischiofemoralis
externus 3 (Schachner et al., 2011b).

Femur

The femora of YPM 57100 are both present, mostly
complete (Fig. 30), but compressed postmortem. The left
and right femora possess peculiar differences. For exam-
ple, the left femur (Fig. 30A–H) is straighter and more
robust than the right (Fig. 30I–J). The right femur has a
thickened portion approximately one-third of the way
down the shaft, and an overall medially oriented bowing
of the proximal half of shaft, both of which may have been
pathological (Fig. 30I–L).

Fig. 35. Right pes of YPM 57100 with one associated tarsal attached to metatarsal III in dorsal/extensor (A), plantar/flexor (B), and lateral (C)
views. Scale bar = 1 cm.
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The long axis of the proximal articular head is oriented
mostly craniocaudally, and articulates with the acetabu-
lum in pillar-erect manner found in pseudosuchians
(Bonaparte, 1984). When in articulation, the large ven-
trally projecting supraacetabular crest of the ilium would
have precluded extensive abduction of the femur, limiting
the range of motion largely to the sagittal plane. The
proximal surface of the femoral head (Fig. 30M,N) is

rugose with a shallow median groove as with other
poposauroids (Nesbitt, 2005, 2007, 2011) and identical to
that described for the proximal femur of TTUP-10419
(Weinbaum and Hungerbühler, 2007) and UCMP
A269/28359 (Long and Murry, 1995). The dorsal margin
is convex and semicircular in craniolateral view with a
distinct craniomedial projection of the femoral head that
is angled cranioventrally. All three proximal tubera are

Fig. 36. Left pes of YPM 57100 in dorsal/extensor (A, D), plantar/flexor (B, E), and lateral (C, F) views. Scale bar = 1 cm.
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present and are about equal in size and expansion.
Like most pseudosuchians, the craniolateral tuber is
prominent on the craniolateral surface and forms the cra-
nial margin of a large and well-developed insertion site
for the m. puboischiofemoralis internus 1 and
2 (Schachner et al., 2011b). In addition, like most other
pseudosuchians, both the craniomedial and caudomedial
tubera are well developed, but the craniomedial tuber is
not nearly as hook shaped as in Effigia and Shuvosaurus
(Nesbitt, 2007). The ventral margin of the craniomedial
tuber is distinctly faceted. There is a lancelet-shaped
rugosity on the lateral surface of the femur (Fig. 30A,B)
and this expansion is also present in close relatives of
shuvosaurids (Nesbitt, 2005) and shuvosaurids (Nesbitt,
2007) but not typically in other pseudosuchians (Nesbitt,
2011). This rugosity is just distal to the femoral head and
may be associated with the insertion site of
m. iliofemoralis. On the medial surface and slightly more
distal to the lancelet-shaped rugosity (approximately a
third of the way down the shaft), there are two clear
depressions separated by a small ridge (=fourth trochan-
ter; Fig. 30E,F) associated with the insertion of the
m. caudofemoralis longus tendon and m. caudofemoralis
brevis (Schachner et al., 2011b) as in all poposauroids. At
midshaft on the caudal side, there is a short raised and
rugose tuberosity that is associated with the insertion of
m. adductor 1 (Schachner et al., 2011b). Just distal to the
tuberosity, the caudal surface of the femur exhibits a low
but sharp ridge that is present on the distal third of the
femoral shaft, indicating the boundary of the insertion of
m. adductor 2 (Schachner et al., 2011b). There is a shal-
low depression on the cranial surface of the femur rep-
resenting the distal aspect of the origin of the
m. femorotibialis (Schachner et al., 2011b). As a result,
the cranial margin of the distal portion of the femur is
concave in the distal view, which differs from
Arizonasaurus, but is similar to shuvosaurids (Nesbitt,
2005, 2011).

The distal femoral condyles are slightly crushed in both
elements, mediolaterally in the right femur and
craniocaudally in the left (Fig. 30O,P). There is a large
lateral condyle, which ends distally in a large crest-like
crista tibiofibularis (Fig. 30P). This process is expanded
caudally to a much greater extent than the lateral
and medial condyles, unlike the condition observed
in Arizonasaurus; however, in both Poposaurus and
shuvosaurids, there is a distinct shelf separating the
crista tibiofibularis from the lateral condyle. The medial
and lateral condyles are subequal in size. In the distal
view, a slight depression is present between the lateral
condyle and the crista tibiofibularis (Fig. 30O,P) as in
shuvosaurids (Nesbitt, 2007). Like Effigia, other
poposauroids, and Postosuchus, the femora are hollow
and thin walled (Nesbitt, 2007).

Tibia

The tibiae are mostly complete and well preserved,
with some minor crushing along the shaft of both right
and left elements (Fig. 31). The tibia is more robust and
slightly longer than the fibula, craniocaudally elliptical
in cross-section and thin walled like that of the femur.
The proximal end (Fig. 31M,O) expands caudally and
laterally like other suchians (Nesbitt, 2011), and the
proximal surface is rugose. The cranial margin of the

proximal end is more pointed than the more rounded
margin in Effigia. Like most suchians, there is a well-
developed depression on the lateral condyle of the proxi-
mal surface. On the caudolateral surface (Fig. 31A,B,E,
F,I,J), there is a distinct depression associated with
the insertion of m. puboischiotibialis, m. flexor tibialis
internus, and m. flexor tibialis externus (Schachner
et al., 2011b) (Fig. 31A,B). Cranially to the ridge
(Fig. 31B), there is a slight depression associated with
the insertion site of m. triceps femoris (=m. iliotibialis,
m. femorotibialis, and m. ambiens) (Schachner et al.,
2011b). In Effigia, there is a sharp ridge on the lateral
surface of the tibia distinct to this taxon and
Shuvosaurus; in Poposaurus, there is a rounded convex
area with no indication of a ridge.

The distal end of the tibia expands slightly relative to
the midshaft and has two facets for articulation with the
astragalus (Fig. 31N,P). The cranial condyle, which forms
the main facet for articulation with the astragalus, is
expanded and subrectangular in distal view, whereas this
articular facet is relatively smaller in shuvosaurids. The
caudal condyle is smaller but forms a distinct narrow
ridge in Poposaurus, whereas conversely, in
shuvosaurids, it is a broad feature (Nesbitt, 2007). Both
condyles of Poposaurus project laterally, and appear to be
very slightly oriented proximally, more so than in
Shuvosaurus, Postosuchus, Effigia, crocodylomorphs, and
stagonolepidids (Nesbitt, 2007). There is a distinct
proximodistally oriented ridge on the caudomedial sur-
face of the distal tibia bounded on either side by two

Fig. 37. Photomicrograph of mid-diaphyseal thin-section through the
left femur of YPM 57100 (viewed under polarized light with quarter-
wave retardation plate). (A) Close-up of craniomedial femoral cortex
showing reticular fibrolamellar bone punctuated by several lines of
arrested growth (arrows). (B) Close-up of outermost cortex in caudal
region showing a thin (~50 μm) outer layer of parallel-fibered bone
associated with a single outer growth mark, suggesting that the
individual likely died during an unfavorable growth season.
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shallow depressions. The distal articular surface is L-
shaped, rugose caudally, and smooth cranially.

Fibula

The fibulae are both mostly complete with a small
piece missing from the proximocranial surface of the
right fibula and the proximocaudal surface of the left fib-
ula (Fig. 32). Both are slightly crushed along the shaft,
however, the overall shape is preserved. They are long,
slender, and mediolaterally compressed over their entire
length and semicircular in cross-section with the more
convex side being the lateral surface. The proximal end
is more mediolaterally compressed than the distal end,
which is rounded in a cranial view (Fig. 32I). There is a
rugose swelling approximately one-third of the way
down the shaft from the proximal head associated with
the poorly developed but clear insertion site of

m. iliofibularis (=the “iliofibularis” trochanter) (Fig. 32F),
similar to that of other archosauriforms (Nesbitt, 2007).
Just distal to this rugose surface, the shaft becomes
more constricted, and then flares out at the distal articu-
lar surface (Fig. 32J). The proximal articular surface is
rugose (Fig. 32I), whereas the distal surface is smooth
(Fig. 32J). Just proximal to the distal surface, there is a
shallow groove on the caudal portion of the lateral sur-
face that angles caudodorsally that serves as the origin
site for m. extensor hallucis longus (Schachner et al.,
2011b). The distal end is asymmetrical in the lateral
view, whereas the cranial portion is much more proxi-
mally positioned than the caudal edge. Overall, the fibu-
lae are very similar to those of Effigia; however, the
depression adjacent to the insertions scar for
m. iliofibularis and the groove associated with the origin
of m. extensor hallucis longus (Fig. 32F) are more devel-
oped in P. gracilis.

Fig. 38. (A) Diagrammatic reconstruction of the pelvic and hindlimb musculature of Poposaurus in left lateral view, modified into digitigrade
(A) and plantigrade (B) pedal postures from Schachner et al. (2011b); muscle size and fiber lengths are speculative. (C) Ventral view of a digital
reconstruction of the pes of P. gracilis articulated in a digitigrade posture with the non-weight bearing elements shaded in gray. (D) Ventral view of
a digital reconstruction of the pes of P. gracilis articulated in a plantigrade posture showing the weight-bearing aspect of the pes. Arrows indicate
the “heel” of each respective posture in the four different views. Abbreviations: edb, m. extensor digitorum brevis; edl, m. extensor digitorum
longus; fdl, m. flexor digitorum longus; g, m. gastrocnemius.
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Astragalus

There is some distortion in the right astragalus due to
what is hypothesized to be pathology, but overall the
astragali are complete and well preserved (Figs. 33 and
34). The left astragalus is diagenetically connected with,
and slightly crushed into the associated calcaneum
(Fig. 33A–H), which has distorted the astragular peg to a
minor degree. The maximum mediolateral and
proximodistal dimensions of the astragalus are subequal
and the fibular facet and astragular peg are nearly the
same craniocaudal length. The tibial facet occupies
approximately two-thirds of the proximal surface of the
astragalus whereas the fibular facet occupies the
remaining third. This surface is concave caudomedially
and convex cranially forming an undulating surface that
is complementary to the distal end of the tibia. A rimmed
fossa is present at the base of the facet, similar to extant
crocodylians, Postosuchus kirkpatricki, and early
crocodylomorphs (Nesbitt, 2011), but absent in Effigia
(Nesbitt, 2007). The caudal margin of the tibial facet is
bounded by a tall proximally projecting crest (Fig. 34A,D;
ar). There is a tall proximally projecting pyramidal pro-
cess that separates the tibial and fibular facets and cau-
dal to this, there is a concave fossa with small foramina
located within it. The fibular facet slopes distolaterally
and articulates with the medial half of the distal articular
surface of the fibula. The medial surface of the astragalus
forms a rounded, but lumpy surface (Figs. 33F,H and
34C,F). The ventral aspect of this surface lies proximal to
the articulation with the metatarsals, but the astragalus
and the metatarsals did not contact directly here. There
is a depression with small foramina on the lateral half of
the ventral surface of the astragalus just cranial to the
articulation with the calcaneum (=the “anterior hollow”)
as in other pseudosuchians including extant crocodylians
(Nesbitt, 2011). The articular surface of the astragular
peg is elliptical in cross-section terminating in a laterally
projecting point that articulates with a socket of the
calcaneum.

Calcaneum

Both of the calcanea are well preserved in YPM 57100
(Fig. 33). The calcaneal tuber is elongate, well developed
with a constricted neck and a dorsoventrally flared distal
surface as in other pseudosuchians and specimens
referred to the taxon (Long and Murry, 1995). The tuber
projects directly caudally at a right angle to the long axis
formed by the articulated proximal tarsals. The caudal
surface of the tuber bears a deep dorsoventrally oriented
groove that contained the insertion tendons of the
m. gastrocnemius and the m. flexor digitorum longus as
they traveled distally to the ventral surface of the pes to
insert on the metatarsals and phalanges (Schachner
et al., 2011b). This groove is present in crocodylomorphs
and in some loricatans (e.g., Postosuchus, Fasolasuchus,
Bonaparte, 1981) but absent in other poposauroids
(e.g., Qianosuchus, Lotosaurus, and Shuvosaurus). In
lateral view (Fig. 33B,D,F,H,J,L,N,P), the tuber flares
both dorsally and ventrally at its caudal extent. On the
lateral margin of the caudal surface of the calcaneal
tuber, there is a small raised tuberosity associated with
the insertion tendon of m. peroneus brevis (Schachner
et al., 2011b). There is a robust, but smooth ridge on the

lateral surface of the shaft of the tuber, and another
ridge running along on the ventral surface. Ventrally,
compact bone separates the caudal end of the calcaneum
from the distal surface that articulates with the distal
tarsals.

The surface of the calcaneum that articulates with the
fibula is distinctly convex in lateral view with a surface
that arcs ~170 degrees and is well constricted
mediolaterally. This surface is continuous cranially with
the flat distal surface that articulated with the distal tar-
sals. The socket on the medial side of the calcaneum that
accepts the astragular peg extends laterally to lie distal
to the fibular facet. This articulation surface is bounded
caudally by a thick medially projecting astragular pro-
cess, which is D-shaped in cranial view. There is distinct
bilateral asymmetry between the left and right calcanea
(Fig. 33A,I), likely associated with an unidentified right
hindlimb pathology.

Distal Tarsals

The two left distal tarsals were found articulated with
one another and in their natural arrangement with the
corresponding metatarsals (Fig. 35). Similar to other
crown archosaurs, we interpret these elements as per-
taining to distal tarsals III and IV. The right tarsal III
was found articulated with the third metatarsal whereas
the right tarsal IV is missing. The proximal surface of dis-
tal tarsal III is flat and angles laterally and distally, with
a rounded prominence on the caudomedial surface. There
is a small stepped process on distal tarsal III that is
directed cranially. Laterally, tarsal III tapers to a
rounded crest. Medially, the surface is slightly convex
with a distinct distally positioned depression containing
two vascular foramina separated by a ridge.
Distally, there is a curved facet that corresponds to and
articulates with the proximal (and articular) surface of
metatarsal III.

The cranial part of the proximal aspect of left tarsal IV
is flat whereas the caudal portion of this surface is convex
with a process that projects caudodorsally. The distal sur-
face of tarsal IV is subtriangular in the outline. There is
an elliptically concave facet directed both distally and
slightly craniolaterally. This facet articulates with meta-
tarsal IV. The caudolateral surface is separated from this
facet by a distinct ridge and is convex. The medial surface
is markedly concave for articulation with distal tarsal III.
The facet of distal tarsal IV that articulates with the
metatarsal IV is subtriangular, grooved, and poorly
defined. The caudal aspect of distal tarsal IV is not as
expanded as in Postosuchus alisonae (Peyer et al., 2008)
and tapers similar to that of Revueltosaurus callenderi,
although the cranial portion of the tarsal in P. gracilis is
not as expanded as Revueltosaurus (Nesbitt, 2011). It is
similar to distal tarsal IV of Effigia, although the distal
pyramidal-shaped portion is not as expanded or as elon-
gated as in Effigia (Nesbitt, 2007).

Metatarsals

The five metatarsals in both pedes are well preserved
with minimal crushing in the left metatarsals II, III, and
IV and in all of the right metatarsals (Figs. 35 and 36).
The overall shape of the five metatarsals is nearly identi-
cal to these elements in Effigia; however, distally, the
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metatarsals appear to be wider relative to the shaft of
each metatarsal in Poposaurus relative to Effigia. Proxi-
mally, the metatarsals articulate with one another
tightly, resulting in an overall flaring of the articulated
metatarsals distally in cranial view, reminiscent of early
ornithodiran and theropod metatarsals (Benton, 2004;
Nesbitt, 2011). The proximal aspects of metatarsals I–IV
are oriented craniolaterally and caudomedially. The plan-
tar surfaces of metatarsals I–IV (i.e., the ventrolateral
shaft) all have distinct grooves, which are interpreted as
the osteological correlate for the insertion of the
m. gastrocnemius tendons (Schachner et al., 2011b). The
depth and development of the ligament pits are asymmet-
rical in metatarsals I–IV, with larger pits on the lateral
surface of each metatarsal. The largest asymmetry is
found in the more medial metatarsals.

Metatarsal I is 100 mm long, and craniolaterally to
caudomedially compressed (Figs. 35 and 36). The proxi-
mal articular surface is lenticular with a rounded surface
laterally and a flat surface medially. Proximally, metatar-
sal I articulates tightly with a concave embayment on the
craniomedial surface of metatarsal II. The distal articular
surface is convex and extends onto the cranial surface of
the metatarsal. In the distal view, it is approximately as
wide as it is tall, with a distinct and well-developed lat-
eral trochlea. Metatarsal I is two-thirds of the length of
metatarsal III. Metatarsal I is proportionately much
shorter relative to metatarsal III in Poposaurus, than
metatarsal I is to III in Effigia, Postosuchus alisonae, and
Qianosuchus, in which metatarsal I is over three quarters
the length of metatarsal III.

Metatarsal II (Figs. 35 and 36) is 131 mm long, and
slightly shorter in length than metatarsal III (approxi-
mately 87% of the length), unlike in Effigia in which the
two elements are subequal. Proximally, the articular sur-
face is oriented craniolaterally and caudomedially with a
subrectangular shape that is concave medially for recep-
tion of metatarsal I, and flat laterally for articulation
with metatarsal III. This articular surface is convex cra-
nially and flat caudally. The cranial margin is slightly
concave proximally. The shaft of metatarsal II expands
gradually both proximally and distally from the midshaft
and is wider than metatarsal I but slightly narrower in
width to metatarsals II and IV. There is a shallow but
distinct extensor pit on the cranial surface, just proximal
to the articular surface. The distal articular surface is
convex, wider than tall, and the lateral trochlea is more
developed than the medial one, although this asymmetry
is less distinct than in metatarsal I.

Metatarsal III is 151 mm, and is the longest of the meta-
tarsals (Figs. 35 and 36), in contrast with Effigia,
Saurosuchus, Postosuchus alisonae and some crocody-
lomorphs, where it is subequal in length with metatarsal II
(Nesbitt, 2011). It is approximately half the length of the
tibia (left tibial length: 300 mm) (Table 1). As in metatarsals
I and II, the proximal articular surface is oriented
craniolaterally and caudomedially; proximally, the articular
surface is subrectangular, convex cranially, and slightly con-
cave caudally. The medial margin is flat for articulation with
metatarsal II, and the lateral margin is concave for articula-
tion with metatarsal IV. The extensor pit at the distal end is
deeper than that of metatarsal II, with a slightly raised ridge
bounding the pit laterally. The articular surface extends
proximally to the cranial surface of the distal end of the

metatarsal. Unlike metatarsals I and II, the lateral and
medial trochlea are subequally developed. The articular sur-
face is wider than tall and subrectangular in shape.

Metatarsal IV is approximately 90% the length of
metatarsal III (Figs. 35 and 36). The proximal articular
surface is subtriangular with an expanded cranial margin
and constricted caudal margin, mimicking the overall
shape of distal tarsal IV. In the proximal view, the articu-
lar surface is convex cranially and concave caudally. Both
the lateral and medial surfaces are concave for articula-
tion with adjacent metatarsals. Like metatarsal III, the
extensor pit is well developed, with a ridge bounding the
pit laterally. The distal articular surface is taller than it
is wide, convex, and the trochleae are not as extended as
in metatarsals I–III. The taller than wide asymmetric
distal surface is similar to the condition in Effigia,
Shuvosaurus, P. alisonae, and dinosauriforms, whereas
other early archosaurs have a wider more symmetrical
shape (Nesbitt, 2011).

The fifth metatarsal is slightly less than half the length
of metatarsal III, and overall quite different morphologi-
cally (Figs. 35 and 36). It has a large medially facing oval
articular surface, the distal half of which is flat for articu-
lation with metatarsal IV and the proximal half is
slightly convex for articulation with distal tarsal IV. This
gives the proximal half of the metatarsal a subtriangular
shape in cranial and caudal views. The shaft of metatar-
sal V tapers to a simple rounded and convex distal articu-
lar surface that curves medially. There is a caudally
projecting rugose flange on the distal half of the shaft.
The proximal articular surface of metatarsal V is very
similar to Effigia (Nesbitt, 2007). The overall morphology
of this element is similar in the two taxa; however, a
medially projecting flange is present in Effigia rather
than the laterally directed flange found in P. gracilis.

Phalanges and Unguals

The phalangeal formula is 2-3-4-5-2 (Figs. 35 and 36).
Phalanx I-1 is slightly shorter than phalanges II-1 and
III-1, which are subequal in length, but longer than any
of the more distal phalanges on any pedal digit. Unlike
the first phalanx on digits two through four, PI-1 lacks a
distinct extensor pit on its dorsal surface. This pit is very
poorly developed or absent in all distal phalanges of all
digits. On digits II–IV, there is a sequential reduction in
length distally, and the phalanges are always longer than
wide. The terminal phalanges on digit V decrease in size
rapidly and the terminal phalanx is a small nub with no
distinctive features. The ligament pits are well developed
on both sides of all of the distal phalanges with the excep-
tion of the two small phalanges on digit V. For a detailed
quantitative comparative analysis of the pedal morphol-
ogy of P. gracilis with other archosaurs, see Farlow
et al. (2014).

The unguals are well preserved with some slight
oblique distortion in a few of them (Figs. 35 and 36). The
proximal articular surface is subtriangular with a dorso-
ventrally oriented ridge present on the midline. Ventral
to the lateral groove, there are paired rugose processes
that flare out medially and laterally that were likely
attachment sites for a keratinous sheath (e.g., Clark
et al., 1999; Xu et al., 1999; Xu et al., 2000; Xu et al.,
2003). These processes give the unguals an arrowhead-
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like shape in dorsal and ventral view. Although the
ungual is weakly recurved in medial and lateral profile,
these processes form a flat hooflike ventral surface simi-
lar to that of shuvosaurids (Nesbitt, 2011). In the ventral
view, proximal to the flat hooflike surface, there is a
median ridge bounded by small concave depressions on
either side. Although Effigia and Shuvosaurus have the
laterally flared processes, the ungual in Effigia is more
elongate and recurved along its entire length (Nesbitt,
2007). The ungual on digit I appears to be asymmetrical
in dorsal view; however, it is unclear if this is the actual
anatomy or if it is due to taphonomic processes. The
length of the unguals on digits I–IV is similar to each
other and the reduction in the size of the unguals across
the pedes of loricatans (e.g., Postosuchus alisonae, Peyer
et al., 2008; Crocodylia) is not present in P. gracilis.

Bone Histology and Growth

To investigate the growth patterns and ontogenetic
stage of the individual, we thin-sectioned the midshaft of
the left (non-pathologic) femur and describe its histologic
structure here. In general, the cortex is dominated by
well-vascularized fibrolamellar bone tissue interrupted by
occasional zones of parallel-fibered bone containing cyclic
growth marks. The growth zones, which incorporated
dense primary vascular canals showing combinations of
reticular and subplexiform vascular structure, resemble
those found in other large-bodied archosaurs and mam-
malian herbivores that demonstrate cyclic growth over
many seasons (Köhler et al., 2012). The bone wall is fairly
thin, approximately 5–8 mm with some variation around
the circumference, and shows an abrupt transition
between the cortex and medullary cavity demarcated by a
thin band of endosteally deposited lamellar bone.

The tissue texture of the cortex was predominately
formed by a woven-fibered interosteonal matrix with glob-
ular osteocyte lacunae forming a haphazardly arranged
lacunocanalicular network (Fig. 37). The vascular net-
work consists of large but densely packed primary osteons
thereby comprising a fibrolamellar tissue complex
(Francillon-Vieillot et al., 1990; Huttenlocker et al., 2013;
Lee et al., 2013; Stein and Prondvai, 2014). The predomi-
nant orientation of the primary osteons is reticular to
subplexiform but varying circularly around the cortex.
Vascular arrangements are primarily reticular in the
craniolateral peripheral margins of the cortex but appear
more plexiform on the caudal side of the bone. In this
regard, the tissue texture of Poposaurus is more similar
to other large-bodied, fast-growing archosaurs
(e.g., dinosauriforms) than its smaller-bodied relative
Effigia, which incorporates extensive parallel-fibered
bone with simple longitudinal and reticular vascular
canals, and only localized fibrolamellar bone (Nesbitt,
2007: Fig. 53). However, the vascular canal sizes and den-
sities overlap with those reported in other fossil
pseudosuchians and extant crocodylians, having a mean
vascular density of 55 canals per mm2 and an osteocyte
density of 1,645 per mm2 (Huttenlocker and Farmer,
2017) compared to 47–59/mm2 and 697–1,000/mm2,
respectively, in extant Crocodylus niloticus (Cubo
et al., 2012).

There are as many as seven approximately evenly spa-
ced cyclic growth marks preserved in the cortex in the
form of lines of arrested growth (or “LAGs”), including a

single growth mark in the outermost cortex. The average
thickness of each growth zone bounded by these LAGs is
900 μm, showing no evidence of decreased spacing toward
the outer periphery of the bone. Averaged over ~385 days
in a Triassic year, we estimate that radial bone deposi-
tion would have proceeded at approximately 2.3–4.6 μm/
day (Woodward et al., 2013). Coupled with the individ-
ual’s relatively small size compared to other Poposaurus
specimens and the lack of an outer circumferential layer,
these observations support that the individual was skele-
tally immature, likely a subadult, and that Poposaurus
exhibited a strategy of multi-year growth to adult body
size. A single layer of slower-growing parallel-fibered
bone is punctuated by a LAG in the outermost 50 μm of
the subperiosteal region (Fig. 37B), indicating that the
individual likely died during the unfavorable season. The
lack of histological evidence for slowed growth (i.e., LAGs
becoming more closely spaced toward the periosteum or
an increase in relative abundance of longitudinal vascular
canals toward the periosteum, as observed in Effigia—see
Nesbitt, 2007) is consistent with the presence of open
neurocentral sutures throughout most of the vertebral
column (cf. Brochu, 1996; Irmis, 2007). These data indi-
cate that the individual was still actively growing at the
time of death and not skeletally mature. However, the
presence of at least seven LAGs also indicates that YPM
57100 was not a young juvenile.

DISCUSSION
Plantigrade versus Digitigrade

The posture of the foot and ankle in pseudosuchian
archosaurs has been of interest and remained controver-
sial for decades with many recent papers reconstructing
pseudosuchians in their anatomical silhouettes as both
plantigrade (e.g., Lautenschlager and Rauhut, 2015;
Drymala and Zanno, 2016) and digitigrade (Nesbitt, 2007;
Gower and Schoch, 2009) [for a discussion on the bipedal
posture of Poposaurus see Gauthier et al. (2011)]. It is
highly likely that there is a range of pedal postures in
these taxa, with multiple possible reversals; however, the
pes of Poposaurus exhibits a suite of adaptations and
osteological correlates for soft tissue structures that sup-
port the hypothesis that Poposaurus was digitigrade. The
enlarged calcaneal tuber demonstrates correlates for the
insertion site of m. peroneus longus laterally, and a
groove caudally that has been reconstructed as the path
for the combined insertion tendon of the two heads of
M. gastrocnemius as it travels ventrally to the flexor sur-
faces of metatarsals I–IV (Schachner et al., 2011b). The
tight articulation between the distal articular surfaces of
the tibia and fibula, and the proximal articular surface of
the astragalus, along with the anatomy of the rotary joint
between the astragalus and calcaneum, have been inter-
preted by Gauthier et al. (2011) as evidence indicating a
lack of mediolateral rotation of the ankle joint. Wear
facets on the flexor surfaces of the metatarsals and calca-
neum indicate a large range of motion for each joint, and
that the pes was capable of being positioned in either a
digitigrade or plantigrade position (Gauthier et al., 2011).
When the ankle joint is flexed, if in a plantigrade position
with no lateral rotation, the ventral aspect of the tuber
would be in direct contact with the ground, applying pres-
sure to the tendon of the mm. gastrocnemius and flexor
digitorum longus (Fig. 38). Additionally, this would put
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the seemingly semi-vestigial digit V in contact with the
ground, and there are no obvious discernible aspects of
this digit that indicate that it was weight bearing
(Figs. 35 and 36).

Farlow et al. (2014) conducted a comprehensive quanti-
tative analysis of the pedal proportions of P. gracilis in
comparison to a broad sampling of phylogenetically rele-
vant digitigrade and plantigrade extant taxa, as well as
other basal archosaurs, and dinosaurs. Various individual
pedal elements match different archosaurian groups, but
the overall phalangeal proportions are most similar to
basal ornithopods, basal sauropodomorphs, various non-
avian theropods, and numerous galliform birds, all digiti-
grade taxa (Farlow et al., 2014). Though all of these lines
of evidence together provide a compelling argument that
Poposaurus did indeed habitually possess a digitigrade
posture, the unique nature of the pseudosuchian hip and
ankle joint, and lack of any true extant functional analog
necessitate further investigation to fully address pedal
posture in poposauroids.

Cursorial Specializations

Most definitions of cursoriality are based upon distinct
locomotor categories of modern mammals, with “cursors”
being considered as animals that can generally run for
long distances based upon their morphology (Gregory,
1912) and a parasagittally erect posture (Jenkins Jr.,
1971; Biewener, 1989, 1990). Carrano (1999) found
through statistical evaluation of the morphological mea-
surements of the hindlimbs of extant mammals and both
avian and non-avian dinosaurs, morphology generally
provides a continuum of cursoriality. Despite this, clear
trends are generally accepted within extinct taxa associ-
ated with specific traits, and some distinct features com-
monly associated with cursoriality are present in
Poposaurus. The forelimb-to-hindlimb ratio is 47%, which
is reduced relative to other pseudosuchians but similar to
Effigia and theropod dinosaurs (Nesbitt, 2007) and associ-
ated with bipedality and cursoriality (Coombs Jr., 1978;
Gauthier et al., 2011). Femoral length usually varies very
little with respect to locomotor speed, and evaluation of
cursoriality in the hindlimb is generally associated with
the morphology of the distal limb (i.e., from the tibia and
fibula down) (Carrano, 1999; Persons IV and Currie,
2016). Digit V of the pes is reduced to an almost semi-
vestigial state, and if the pes were in a digitigrade pos-
ture, they would not come in contact with the ground at
any point during the step cycle. Additionally, digit V does
not possess a terminal ungual or claw (Fig. 35). The
reduction of the lateral pedal digits is a largely ubiqui-
tous trait in cursorial taxa (Coombs Jr., 1978). On
digits 1–IV, the terminal unguals are highly modified
and hooflike (Figs. 35 and 36), much like those of
Boverisuchus vorax, a pristichampsine eusuchian
(e.g., see Fig. 1 of Brochu, 2013) also inferred to be curso-
rial. Similar hooflike terminal unguals, with flanges run-
ning along the lateral surfaces, have been described for
the basal ornithischian dinosaurs Zalmoxes (Weishampel
et al., 2003), Hypsilophodon (Galton, 1974), and
Thescelosaurus (Gilmore, 1915), and to a lesser degree in
ornithomimid theropods (e.g., Longrich, 2008; Makovicky
et al., 2010), and an allosauroid (White et al., 2013).
Gauthier et al. (2011) calculated a body mass for this
specimen of Poposaurus as approximately 60–75 kg, and

the holotype as 90–100 kg following the methods of
Anderson et al. (1985), which falls well within the optimal
weight range identified for cursorial mammals (van
Damme and Vanhooydonck, 2001).
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