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Abstract

The rapid radiation and dispersal of crown reptiles following the end-Permian mass
extinction characterizes the earliest phase of the Mesozoic. Phylogenetically, this
early radiation is difficult to interpret, with polytomies near the crown node, long
ghost lineages, and enigmatic origins for crown group clades. Better understanding of
poorly known taxa from this time can aid in our understanding of this radiation and
Permo-Triassic ecology. Here, we describe an Early Triassic specimen of the diapsid
Palacrodon from the Fremouw Formation of Antarctica. While Palacrodon is known
throughout the Triassic and exhibits a cosmopolitan geographic range, little is known
of its evolutionary relationships. We recover Palacrodon outside of crown reptiles
(Sauria) but more crownward than Youngina capensis and other late Permian diapsids.
Furthermore, Palacrodon possesses anatomical features that add clarity to the evo-
lution of the stapes within the reptilian lineage, as well as incipient adaptations for

arboreality and herbivory during the earliest phases of the Permo-Triassic recovery.
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1 | INTRODUCTION

Reptiles rapidly diversified following the end-Permian mass extinc-
tion, evolving disparate body plans (Botha & Smith, 2006; Ezcurra &
Butler, 2018). However, the early evolution of reptilian subclades is
obscured by this rapid radiation in the wake of the biotic crisis. Our
understanding of early reptilian diversification is further hampered
by sampling bias—fossiliferous continental deposits close to the PT
boundary are rare (Romano et al., 2020). As a result, the origins of
many distinctive, specialized taxa that appear in the latter portions
of the Triassic are enigmatic, and the acquisition of important adap-
tations (e.g., impedance matching ears) are inscrutable. Transitional
forms from this time have excellent potential to shed light on reptil-
ian phylogeny and provide information on the homology and origins
of key adaptations that enabled reptiles to dominate the Mesozoic,
and arguably today.

arboreal, evolution, fossil, mass extinction, paleontology, Permian, reptile, stapes

The Lower Triassic Fremouw Formation of Antarctica is one of the
few fossiliferous terrestrial localities that straddles the Permo-Triassic
boundary (McManus et al., 2002; Peecook et al., 2018). Historical
excavations there have yielded numerous tetrapods, including tem-
nospondyls, cynodonts, stem and crown reptiles, and the enigmatic
reptile genus Palacrodon (Romano et al., 2020), which was collected in
1969 from Kitching Ridge, an Early Triassic exposure of the Fremouw
Formation (Kitching et al., 1972). Palacrodon has a varied phylogenetic
history in which it has been dubbed a rhynchocephalian, “lizard,” pro-
colophonid, and trilophosaurid, though currently stands as Diapsida
incertae sedis (Gow, 1992, 1999; Kligman et al., 2018; taxonomic his-
tory further summarized in Figure S1). Palacrodon has the potential to
fill some of these gaps in Permo-Triassic reptile evolution, but it re-
mains mostly known from isolated cranial fragments containing teeth
that provide few phylogenetically informative characters. Because of
this, Palacrodon was distinctly omitted from the earliest phylogenetic
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analyses of reptiles (Gauthier et al., 1988), and its phylogenetic po-
sition has not been considered in more recent studies. Despite this,
Palacrodon is an important biostratigraphic marker for the South
African Cynognathus Assemblage Zone (Hancox et al., 2020), and
its 35-million-year stratigraphic range spanning both hemispheres
(Kligman et al., 2018) makes it an important global index taxon that
biostratigraphically links the northern and southern continents. Still,
Palacrodon as well as many other taxa from this time are undersam-
pled and understudied (Pusch et al., 2021), highlighting the gaps in our
understanding of Triassic ecology.

Here we use CT scans to reexamine the most complete specimen
of Palacrodon Gow 1906 (BP/1/5296, Evolutionary Studies Institute,
University of the Witwatersrand, Johannesburg, South Africa),
which preserves portions of the skull in articulation and postcranial
elements that were never described before. Our revised description
of Palacrodon provides new insights into the morphology of this
taxon, allowing us to place it within a quantitative phylogenetic anal-
ysis for the first time.

2 | METHODS
2.1 | CT scanning and segmentation

The specimen is a partial, mostly disarticulated skeleton (BP/1/5296).
The specimen was scanned at the Evolutionary Studies Institute at the
University of the Witwatersrand in Johannesburg, South Africa, using
a Nikon Metrology micro-CT scanner with a resolution of 22.5 pm and
produced a stack of 1161 tomographs. The stack was imported into
VGStudio Max version 3.0 where the fossil was digitally segmented
from the surrounding matrix using the region growing tool. 3D render-
ings were created using the Scatter HQ setting, while slice images are
shown as is. Raw pCT scan data as well as 3D meshes of segmented

bones have been uploaded to Morphosource.org.

2.2 | Phylogenetic analyses

We investigated the phylogenetic position of Palacrodon in both
parsimony and Bayesian frameworks using all available material of
BP/1/5296 and its published latex peel and photograph. Other South
African and North American material for this genus was not consid-
ered for character scoring as we question the intergeneric relation-
ships of various specimens. We used a previously published matrix
consisting of 337 morphological characters and 62 taxa including
early diapsid and crown reptiles, including Palacrodon (Pritchard &
Sues, 2019). Two modifications were made to the characters within
this matrix: (1) we added an additional character state to Character
118 to capture the intermediate shape of the stapes in Palacrodon
and other near-crown stem-reptiles, and (2) Character 338 was
added to capture the ratio of the posterior portion of the skull to
that of the orbit, inferred from the outline of the skull seen in the
published photograph of the latex peel that shows portions of the
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skull in situ. More detailed information on these characters can be
found in the Supplement. Colobops noviportensis was also removed
from the taxon list of this matrix due to the conflicting placement
of this taxon within Archosauromorpha (Pritchard et al., 2018) or
Lepidosauromorpha (Scheyer et al., 2020).

Parsimony analyses were conducted in TNT version 1.5 (Goloboff
& Catalano, 2016), with Petrolacosaurus kansensis selected as the out-
group (Figure S2-S5). For equal weights analyses, driven searches
were performed using the new technology search function starting
with 50 random addition sequences and searching for the minimum
length 100 times. Sectorial searching, ratchet, drift, and tree fusing
were all active and default settings for all were used with the exception
of extending the ratchet to 100 total iterations. The resultant trees in
the RAM were then subjected to a round of traditional search by TBR
to further explore tree islands. For all parsimony analyses, characters
were ordered as indicated within the Supplement.

Parsimony analyses were performed using implied weights
(K = 12), because it has been suggested to outperform other meth-
ods of phylogenetic inference for morphological data (Goloboff
et al., 2018). The implied weight analyses were conducted in the same
fashion as the equal weights parsimony analyses, with the exception
of using the default settings for reaching a stabilizing consensus. As an
additional measure of sensitivity, we performed weighted analyses for
K values of 3 and 6. Without implied weighting, branch supports were
calculated with a bootstrap analysis using frequency differences (“GC")
and absolute frequencies of 1000 pseudoreplicates utilizing a tradi-
tional (heuristic) search with 1000 Wagner trees holding 100 trees per
replicate. Implied weighting bootstrap supports were calculated with
a new technology search (sectorial search, ratchet, drift, tree fusing)
of 1000 pseudoreplicates with 10 random additional sequences and
finding a minimum length one time. Additional supports for all anal-
yses were calculated through symmetric resampling (GC) with a 33%
change probability using a new technology search (sectorial search,
ratchet, drift, tree fusing) with 10 random additional sequences and
finding a minimum length one time.

Anunconstrained Bayesian analysis was also conducted using the
Mkv model of morphological character state evolutionin the program
MrBayes version 3.2.7 (Figure S6; Huelsenbeck & Ronquist, 2001),
with Lewis correction for using parsimony-informative characters
(Lewis, 2001). Ten million generations were requested, and the anal-
ysis terminated once average deviation of split frequencies dropped
below 0.01. Convergence was achieved after <10,000,000 gener-
ations and was checked using the output garnered from the sump
command in MrBayes. The resulting phylogeny was then imported
into FigTree version 1.4.4 to reroot Petrolacosaurus kansensis as the

outgroup taxon.

3 | SYSTEMATIC PALEONTOLOGY

Reptilia Laurenti, 1768.
Diapsida Osborn, 1903.
Type genus: Palacrodon Broom, 1906.
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Generic diagnosis

The presence of labiolingually expanded crowns, often described
as molariform, that are ankylosed to the apex of the bone (i.e.,
acrodont). The basal portion of the crown is often bulbous, and
labial and lingual surfaces protrude past their respective mar-
gins of the jawbone, and in some specimens, appear fused to
one another. Teeth are triangular in lateral view and there is no
evidence of replacement. Unworn crowns bear two to three la-
biolingually oriented cusps on their occlusal surface attached by
aridge.
Constituent species: Palacrodon browni, Palacrodon sp.

Known distribution

Specimens of the genus Palacrodon are known from the Early Triassic
of Antarctica (Gow, 1992), the Early to Middle Triassic of South Africa
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(Broom, 1906; Gow, 1999; Neveling, 2004), and the Late Triassic of
Arizona (Kligman et al., 2018).

Type species

Palacrodon browni, SAM-PK-5871, partial left lower jaw contain-
ing six teeth, lziko South African Museum, Cape Town, South
Africa. The holotype was collected by Alfred “Gogga” Brown
from an unknown South African locality, likely near Aliwal North
(Broom, 1906).

Remarks
The specimen examined herein was originally described as the diapsid

Fremouwsaurus geludens before it was synonymized with Palacrodon
(Gow, 1992, 1999). BP/1/5296 represents the stratigraphically

ulna

ulnare
forelimb bone

vertebrae

dentary

FIGURE 1 BP/1/5296 Palacrodon sp. from the lower Fremouw formation of Antarctica. (a) Specimen in its current form; (b) CT scanned

material in situ.
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lowest instance of this taxon, but the precise stratigraphic posi-
tion of BP/1/5296 is unknown. Other taxa collected from Kitching
Ridge (Lystrosaurus, Procolophon, Prolacerta) suggest it was collected
from a lower member of the Fremouw Formation and is approxi-
mately Induan in age (Collinson et al., 2006; Sidor et al., 2008; Smith
et al., 2011). The faunal composition of the lower Fremouw forma-
tion is similar to that of the Lystrosaurus Assemblage Zone of South
Africa, though some taxa such as Palacrodon are only found in the
Cynognathus Assemblage Zone (Hancox et al., 2020).

BP/1/5296 is the most complete specimen of Palacrodon
(Figure 1), and it is described herein. This specimen has been referred
to as Palacrodon broomi in recent publications (Smith et al., 2011;
Spiekman, 2018), but that epithet is likely a misquoting of the only
established species name Palacrodon browni. The apomorphic den-
tition present in South African and North American specimens link
BP/1/5296 to the genus Palacrodon, but because other comparative
material is lacking, we cannot refer to this specimen as Palacrodon

browni and do not assign it a species name.

3.1 | Osteology of Palacrodon sp. (BP/1/5296)

BP/1/5296 was originally described using a latex peel created from
an impression of the original material in the matrix (Gow, 1992). Since

that description, the specimen was prepared within a resin backing
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(Figure 1A), obscuring many of the details originally described, though
some impression of the maxilla and dentary, including dentition, are
still visible. The latex peel that is the basis of the original description is
also lost and cannot be referenced other than the photograph figured in
the earlier publication. The latex peel revealed the shapes of some un-
preserved elements visible in negative relief and the CT scan revealed

portions of the specimen that were formerly embedded in the matrix.

3.2 | Cranial skeleton

The right maxilla, jugal, lacrimal, postorbital, and ectopterygoid are
the only well-articulated cranial elements (Figure 2), while the left
postfrontal, right stapes, a fragment of the right quadrate, and the
anterior portion of the dentary and splenial are not articulated with
other elements of the skull. However, the articulated cranial bones
and at least the dentary are thought to be preserved in situ because
impressions of the missing portions of the maxilla and dentary reveal

where these bones would have articulated.

3.21 | Maxilla

The posterior end of the right maxilla is preserved in articulation

with the jugal and lacrimal and measures 9.25mm anteroposteriorly

jugal

jugal lateral ridge ——

maxilla
(lateral side)

tooth—"

. maxilla
(medial side)

w

lacrimal duct

FIGURE 2 Articulated bones of the ventral portion of the right orbital margin from BP/1/5296. (a) Lateral view, (b) medial view, (c) coronal
slice as indicated by the dotted line in (b, d) ventral view, (e) close-up view of molariform tooth in (d, and f) dorsal view.
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(Figure 2). The lateral surface at its tallest measures 2.8 mm and ta-
pers posteriorly. It bears two foramina, the posteriormost of which lies
above a partially preserved molariform tooth. Fine pitting is present on
the lateral surface directly dorsal to these foramina that is not present
on any of the adjacent bones. The medial portion of the maxilla is only
preserved dorsal to the teeth. The maxilla bears a longitudinal sulcus
dorsally, which wraps around the ventral surface of the anterior process
of the jugal. The ventral surface bears three teeth that exhibit acrodont
implantation, which are ankylosed to the adjacent bone. The anterior-
most tooth is only partially preserved but exhibits the apomorphic mo-
lariform shape associated with the genus Palacrodon; this includes an
expanded tooth base relative to the apex, and an apical ridge that runs
labiolingually. Its mesiodistal length measures 1.7 mm. The molariform
tooth is succeeded by two small, conical teeth that respectively meas-
ure 0.53 and 0.39 mm in diameter. Posteromedially, the maxilla contacts

the ectopterygoid, and this contact is visible in ventral and medial views.

3.2.2 | Jugal

The right jugal is approximately triangular in lateral and medial view and

it forms nearly the entire ventral edge of the orbit (Figure 2). Anteriorly

postorbital facet
lateral ridge
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it meets the posterior process of the lacrimal, excluding the maxilla from
the orbital margin. Its lateral surface bears a prominent ridge that ex-
tends anteroposteriorly along the surface of the anterior process where
it is received by the maxilla (Figure 2c & 3). The anterior process is ap-
proximately 3mm in diameter. The lateral surface bears two parallel rows
of foramina, orientated in the horizontal plane. The dorsal row comprises
five foramina, while the ventral row comprises four. Unlike what was pre-
viously described (Gow, 1992), the jugal does not possess a backwards
projecting jugal spur (i.e., posterior process); this misidentification is likely
aresult of the broken posterior lamina. Due to the breakage, it cannot be
determined if the jugal was a fully triradiate element indicative of well-
developed temporal fenestration like what is seen in Youngina capensis
(Figure 3e,f), or if the posterior process of the jugal was broader in shape
such as that of more basal taxa (Figure 3a,b). The anterior surface of the
dorsal lamina bears a facet that receives the ventral margin of the postor-

bital. Its maximum anteroposterior length is 9.45mm.

3.2.3 | Lacrimal

The right lacrimal is poorly preserved and the interpretable por-

tion is limited to the orbital margin. The lateral surface is smooth,

FIGURE 3 Jugals of stem reptiles. Right jugal of Euconcordia cunninghami (KUVP 87102, The University of Kansas, Lawrence, Kansas,
United States) in (a) lateral and (b) medial view; right jugal of Palacrodon sp. in (c) lateral and (d) medial view; right jugal of Youngina capensis

(BP/1/375) in (e) lateral and (f) medial view.
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other than two minor foramina present on the posterior process.
The medial surface is reinforced by an orbital rim that runs dor-
soventrally, creating the posterior border of the nasal capsule.
The lacrimal duct is mildly exposed in medial view, though is well-
exposed when viewed dorsally. The ventral margin of the lacrimal
contacts the maxilla, though this contact is somewhat degraded,
preventing confident assessment of the nature of contact be-

tween the two bones.

3.2.4 | Postorbital

Only a small fragment of the ventral portion of the right postorbital
is present, but it is identifiable due to its articulation with the jugal
posteroventrally. What is preserved of this bone composes the pos-
teroventral portion of the orbital margin. No foramina, pitting, or

other identifying marks are present.

(e) articulation (f)

surface of quadrate

arterial groove

stapedial footplate
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3.2.5 | Ectopterygoid

The portion of the right ectopterygoid that is preserved contacts both
the jugal and the maxilla. However, the portion of the ectopterygoid
that would contact the other bones of the palate, namely the ptery-
goid and perhaps the palatine, is not preserved. It cannot be deter-
mined if an additional facet on the maxilla existed for the reception of

the anterolateral process of the ectopterygoid, if it existed.

3.2.6 | Postfrontal

An isolated left postfrontal is present (Figure 4a-d). The lateral por-
tion of the bone is curved, indicating that it formed a portion of the
orbital rim. The medial portion is flat and likely bordered a midline
element, likely the frontal. It cannot be determined if the postfrontal

participated in the upper temporal fenestra.

FIGURE 4 Postfrontal, stapes, and quadrate from BP/1/5296. Left postfrontal in (a) dorsal, (b) ventral, (c) lateral, and (d) medial views;
right stapes in (e) anterior, (f) dorsal, (g) posterior, (h) and ventral views; fragmented right quadrate in (i) lateral and (j) medial views; stapes

and quadrate in situ in (k) lateral and (I) medial views.
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3.2.7 | Stapes

A right stapes (previously identified as an epipterygoid [Gow, 1992]) is
present and semi-articulated with a partial quadrate (Figure 4e-h,k,l). The
columella is broad dorsoventrally but much narrower anteroposteriorly,
and its maximum length measures 3.30 mm. The stapes is much broader
than those of other near-crown stem reptiles (Gardner et al., 2010), but
not nearly as robust as the condition of earlier-branching forms such
as Captorhinus laticeps (Heaton, 1979), Australothyris smithi (Modesto
et al., 2009), and Orovenator mayorum (Ford & Benson, 2019). The artic-
ular surface of the stapes for the quadrate is present, but is not a promi-
nent feature. No stapedial foramen is present, but an arterial groove is

visible at the occipital margin of the stapedial footplate.

3.2.8 | Quadrate

Only a small portion of a partial right quadrate (Figure 4i-I; previ-
ously identified as a squamosal [Gow, 1992]) is identified, contrary
to what is figured in the original description. The original description
illustrated a larger portion of the right quadrate, including its articu-
lar surface, visible in lateral profile from the impression of the latex
peel. However, the specimen in its current state does not preserve
impressions of a larger portion of the quadrate. The preserved por-
tion possesses little identifiable anatomy, other than the stapedial

notch located on the medial side.

3.29 | Dentary

The anterior portion of a right dentary is preserved (Figure 5). Eight

teeth are present, aligned in a single tooth row and increase in height

symphysis

Jdurnal of Anato my ANAT(S)gACIICE/%\IfWI LEYM

as they progress posteriorly. The first six teeth are somewhat slen-
der and conical, while the last two are more bulbous and possess
a tapering apex. No ridges or serrations are present on the teeth.
Tooth implantation appears acrodont and teeth are ankylosed to the
adjacent bone (Figure 5d,e). The anteriormost two teeth of the tooth
row are procumbent, while the rest of the teeth are aligned more or
less vertically. Eight large foramina are aligned horizontally along the
lateral surface of the dentary. The medial portion of the dentary is
poorly preserved, but the anterior dentary symphysis is visible. The
symphysis is oriented dorsoventrally and does not possess any dis-
tinct curvature. What is visible of the Meckelian canal is subcircular
in coronal sliced view and excavates the internal dorsal surface of
the splenial (Figure 5d), however, it is degraded in the more anterior

portion of the lower jaw (Figure 5e).

3.2.10 | Splenial

The anterior portion of the splenial is preserved on the medial side
of the dentary (Figure 5b). Medially, a large foramen intermandibu-
laris is present, located ventrally beneath the sixth tooth; it is fully
contained by the splenial. The anterior end does not participate in
the jaw symphysis.

3.3 | Postcranial skeleton

3.3.1 | Vertebrae

Two disarticulated dorsal vertebrae are preserved along with por-
tions of eight semi-articulated caudal vertebrae (Figure 6). Potentially

another neural arch is preserved (Figure 1a, “vertebra?”) but it is

splenial
foramen intermandibularis

(d) (e)

Meckelian canal

FIGURE 5 Lower jaw from BP/1/5296. Right dentary in (a) lateral view, (b) medial view, with splenial indicated by white dotted outline, (c)

dorsal view, (d, e) slice views as indicated by the dotted lines in a.
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compressed dorsoventrally, distorting the interpretation of this
bone. While the two dorsal vertebrae do not appear compressed,
the neural arches are somewhat distorted as they are tilted laterally.
The articulating surfaces of all centra are flat, indicating acoelous
vertebral articulation, and vertebrae are not notochordal. No traces
of intercentra or haemal arches are present.

Of the two dorsal vertebrae, one is represented only by the neu-

ral arch (Figure 6p-u). The two vertebrae likely occupied a proximal
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(d) postzygapophyses (e)
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position to one another if they did not directly articulate. While they
are not articulated, the neural arches are similar in morphology and
size (Table 1). Laterally both the transverse processes are partially pre-
served on the right and left sides, and the neural spine is better de-
veloped. It preserves an anteroventrally-to-posterodorsally inclined
transverse process. The latter vertebra (Figure 6j-0) also preserves an
anteroventrally-to-posterodorsally inclined transverse process on the

right lateral side, though it is more steeply inclined. This inclination of

anterior

prezygapophyses

transverse process
ventral keel

el prezygapophyses

neural spine

FIGURE 6 Vertebrae from BP/1/5296. Eight partial or complete semi-articulated caudal vertebrae in (a) right lateral, (b) dorsal, and (c)
ventral view. (d-i) vertebrae 2 from (a-c) in (d) right lateral, (e) left lateral, (f) anterior, (g) posterior, (h) dorsal, and (i) ventral view. Single
dorsal vertebra in (j) right lateral, (k) left lateral, (I) anterior, (m) posterior, (n) dorsal, and (o) ventral view. Neural arch from dorsal vertebra in
(p) right lateral, (q) left lateral, (r) anterior, (s) posterior, (t) dorsal, and (u) ventral view.
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TABLE 1 Dorsal vertebrae measurements from BP/1/5296 as they appear in Figure 6. Measurements reported in millimeters.

Anteroposterior length

Vertebra of centrum Centrum height
Figure 6d-i 4.48 1.42

Figure 6j-o 3.70 1.78

Figure 6p-u — _

the transverse process is similar to what is seen in the anterior dorsal
vertebrae of Youngina capensis (Gow, 1975) and the mid-to-posterior
dorsal vertebrae of Thadeosaurus colcanapi (Carroll, 1981). Well-
developed, horizontally inclined zygopophyses are visible dorsally, and
aside from a ventral keel, no distinct features are present on the ventral
surface. Interestingly, the neural arch is quite tall, best visible anteriorly
and posteriorly, and is taller than the height of the centrum (Table 1).

The series of eight caudal vertebrae are laterally compressed,
and would have appeared more cylindrical in life. These vertebrae
possess low neural arches and no transverse processes, and only
possess weak zygapophyses (Figure 6a-i). Of the eight, the second
in the series is the best preserved (Figure 6d-i). Dorsally it is smooth,
and there are no distinct features ventrally, though this may be a fac-
tor of compaction as a distinct ventral keel is present on the ventral
surface of the dorsal vertebra (Figure 60).

3.3.2 | Ribs
Portions of ribs are preserved but are moderately fragmented and do
not preserve any articulating or distal surfaces (Figure 7). Unfortunately,

it is difficult to tell how many ribs these fragments represent in total.

3.3.3 | llium

The left ilium is the only pelvic element preserved (Figure 8). In lat-
eral view, the anterior margin of the acetabulum is somewhat dete-
riorated, though it can be determined to be roughly circular, and a
pronounced supraacetabular crest frames the dorsal margin of the
acetabulum. More posteriorly, the dorsal margin of the acetabulum
smoothly transitions into the dorsal blade and lacks any sculpturing.
The dorsal blade is posteriorly directed and is similar in morphology
to that of Youngina capensis (Gow, 1975). A sacral facet is present
on the medial surface on the posterior margin of the ilium. In dor-
sal view, the dorsal blade is laterally compressed andpossesses no
distinct features or expansions. Its maximum anteroposterior length
and dorsoventral height is 7.60 and 5.75mm, respectively. No preac-
etabular process is present.

3.34 | Zeugopodium/Stylopodium

Four fragmented elements are identified as limb bones (Figure 9),
though they are quite badly compressed and preserve few distinct

Centrum Total

width Neural arch height Neural arch width height

0.74 0.64 091 2.06

1.46 2.68 1.80 4.46
- 2.90 2.05 -

FIGURE 7 Ribsfrom BP/1/5296 in situ.

features, hampering reliable identification. Perhaps the most identi-
fiable bone is the ulna, as it is found semi-articulated with the ulnare
(Figure 9k,l). The distal articulating surface of this bone is flat and

would make a good fit with the flat articulating surface of the ulnare.

3.3.5 | Ulnare and Intermedium

A collection of small bones is found in close proximity to one another
and are likely wrist bones (Figure 1). Of these bones, we identify an
ulnare and intermedium (Figure 9k,l,p-s). The proximal surface of the
intermedium possesses a furrowing groove that matches with that of
the ulnare for the perforating artery. The ulnare is a disk-like element

with thickened margins.

3.3.6 | Phalanges

Two digits are partially preserved (Figure 10). The less complete of the
two is presumed to belong to the manus because of its close proximity to
the ulnare, intermedium, and a series of other wrist bones. The more com-
plete digit is thought to belong to the pes because of its proximity to the
pelvic girdle and caudal vertebrae. The more complete digit (Figure 10a,b)
is composed of four nearly complete and semi-articulated phalanges as-
sociated with a partial ungual phalanx. The first three phalanges decrease
in size, while the penultimate phalanx is slightly longer than that of the an-
tepenultimate phalanx (Table 2). The associated phalanx is eroded proxi-
mally, but the preserved portion shows no evidence that it was strongly
recurved. The second digit (Figure 10c,d) is represented by three phalan-
ges, the two most proximal of which are complete or nearly so. The most
distal phalanx is only represented by a proximal fragment. Notably, the
largest, most proximal phalanx is quite robust, compared with the more
slender nature of the other phalanges present in both digits.
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iliac blade

(C) acetabulum

sacral facet

(d)

acetabulum

FIGURE 8 Leftilium from. BP/1/5296. (a) Lateral, (b) medial, (c) dorsal, and (d) ventral view.

groove for
perforating artery

FIGURE 9 Limb bonesfrom BP/1/5296. (a) Material in situ, (b-d) limb 1 in a, (e-g) limb 2 in a, (h-j) limb 3 (ulna) in a in (h) dorsal, (i) distal,
and (j) ventral view, (k, I) limb 3 (ulna) from a with the ulnare and intermedium in situ in (k) dorsal and (l) ventral view, (m-o) limb 4 from a.
Intermedium in (p) dorsal and (g) ventral view. Ulnare in (r) dorsal and (s) ventral view. While c, f, i, and n likely show the distal articulation
surface, it cannot be determined which views of the long bones represent medial or lateral view.

3.4 | Phylogenetic analyses

We recover Palacrodon as branching immediately prior to

the crown diapsid node in all parsimony analyses. Our equal

weights parsimony analysis resulted in 28 most parsimonious
trees (length = 1242 steps; Cl = 0.304; Rl = 0.641) in which the
strict consensus tree generated from the optimal trees shows

Palacrodon within a polytomy with Thadeosaurus colcanapi,
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™~
ungual
phalanx

FIGURE 10 Two partial pedal digits from BP/1/5296. The first digit in (a) extensor and (b) flexor view, and the second digit in (c) extensor

and (d) flexor view.

TABLE 2 Pedal digit measurements from BP/1/5296 as they appear in Figure 10. Measurements reported in millimeters.

Width of proximal articulation

Phalange Proximal-distal length surface
Figure 10a-1 4.31 -
Figure 10a-II 3.19 1.88
Figure 10a-Ill 2.66 1.59
Figure 10a-1V 3.36 1.20
Figure 10c-I 4.40 2.59
Figure 10c-Il 3.28 —

Hovasaurus boulei, Acerosodontosaurus piveteaui, Claudiosaurus ger-
maini, the younginids, and wiegeltisaurids, just outside of crown
Diapsida. Weighted parsimony analyses also consistently recover
Palacrodon just outside of the diapsid crown, regardless of K value,
and more consistently resolve the position of Thadeosaurus col-
canapi, Acerosodontosaurus piveteaui, and Hovasaurus boulei. Using
the recommended K value of 12 (Goloboff et al., 2018), we recover
Palacrodon outside of the crown node (Figure 11; Fit: 52.72016).
In this analysis, we recover T. colcanapi, A. piveteaui, and H. boulei
in a clade sister to Youngina capensis. All of these relations are
maintained in the analysis using a K value of 6 (Fit: 84.66270).
The analysis with K of 3 (Fit: 123.52917) recovers the same posi-
tion for Palacrodon as well as the T. colcanapi, A. piveteaui, and H.
boulei clade, but recovers Y. capensis successively stemward. The
Bayesian analysis corroborates the stem position of Palacrodon just
outside of the crown reptilian node, though it recovers Palacrodon
in a polytomy with Thadeosaurus colcanapi, Acerosodontosaurus
piveteaui, Hovasaurus boulei, and Youngina capensis, similar to the

equal weights parsimony analysis.

Width of proximal articulation Width

surface midshaft
1.73 1.15
1.56 0.93
1.38 0.84
1.04 0.67
1.96 1.63
1.64 1.11

4 | DISCUSSION

While crown reptiles, particularly archosauromorphs, experi-
enced a major radiation during the Triassic (Brusatte et al., 2010;
Ezcurra, 2016; Foth et al., 2016; Nesbitt, 2011), few stem repre-
sentatives survived the Permo-Triassic mass extinction, includ-
ing procolophonid parareptiles (Ruta et al., 2011), weigeltisaurids
(Brinkman, 1988), tangasaurids (Ketchum & Barrett, 2004), and po-
tentially drepanosaurs, which have been recovered both outside and
within crown reptiles (Pritchard & Nesbitt, 2017). The phylogenetic
placement of Palacrodon within the stem lineage is not only informa-
tive for understanding the success and longevity of the stem group
following the Permo-Triassic mass extinction as well as Triassic ecol-
ogy, but also anatomical transitions between the stem and crown
group.

The bones preserved in BP/1/5296 suggest possible scansorial
capabilities for Palacrodon. In many ways the postcranial elements
preserved are unspecialized for arboreality, including the unspecial-

ized pelvis and the ungual phalanx that lacks pronounced curvature
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(Figure 12). The close proximity of the sacral facet and acetabulum
seen in Palacrodon, with the sacral facet located at the base of the
dorsal blade, is similar to that of extant iguanians capable of facul-
tative bipedality (Borsuk-Bialynicka, 2008). Additionally, the dorsal
margin of the acetabulum smoothly transitions into the dorsal blade
and lacks any sculpturing, a feature said to allow the femur to be
raised high during bipedal locomotion (Gow, 1975). Previous work
also shows that claw morphology is linked to substrate use and hab-
itat (Baeckens et al., 2019; D'Amore et al., 2018; Tulli et al., 2009),
and the straight nature of the ungual preserved for Palacrodon would
suggest terrestrial habits. These features would not outright suggest
that Palacrodon regularly scaled trees.

However, it is possible that Palacrodon had enhanced clinging ca-
pabilities, as indicated by the longer length of the penultimate pha-
lanx compared with that of the antepenultimate phalanx (Frébisch
& Reisz, 2009; Luo et al., 2003). This condition has evolved repeat-
edly in arboreal amniotes (Table 3), as seen in various mammals

Guadalupian

Lopingian

JENKINS ET AL.

such as colugos, megachiropterans, and woolly opossums (Boyer &
Bloch, 2008; Hamrick, 2001; Luo et al., 2003), lizards (Arnold, 1998;
Fontanarrosa & Abdala, 2016; Frobisch & Reisz, 2009), and birds
(Hopson, 2001), and the presence of elongate proximal phalan-
ges has been used to infer arboreality for many fossil taxa (Clark
et al., 1998; Evans & Barbadillo, 1998; Frébisch & Reisz, 2009;
Heckert et al.,, 2005; Hopson, 2001; Luo et al.,, 2003; Wang
et al., 2008). Changes in phalangeal proportions are strongly linked
to substrate use and rarely occur in the absence of a locomotor shift
(Arnold, 1998; Tulli et al., 2009), and the degree of elongation seen
in the penultimate phalanx of Palacrodon suggests it was capable of
occasionally climbing or clinging, thought it was likely not adeptly
living in an arboreal habitat.

Though phalangeal proportions have been used to suggest arbo-
real capabilities, the presence of weakly recurved unguals may sug-
gest otherwise of Palacrodon. However, a variety of extant reptiles,
particularly lizards, are capable of climbing despite lacking recurved

I
.95 Ma 259.1 Ma

+— Pet

251 208.5 Ma 201.3 Ma|

Sauria

FIGURE 11 Tree resulting from weighted (K = 12) parsimony analysis. Known or estimated chronostratigraphic uncertainty of taxa are
represented by bracketed bold lines and may underestimate actual stratigraphic ranges. Palacrodon is represented at the generic level with
specimens found in Antarctica, South Africa, and Arizona, and phylogenetic coding for Palacrodon reflects on BP/1/5296. Values at notes are
GC bootstrap (left value), absolute frequency bootstrap (middle), and symmetric (right value) support values.

(@)

s

FIGURE 12 Reconstructions of Palacrodon. (a) Palacrodon composite skeleton based upon the skeletal material present (solid black
outline), the fossil impression visible externally (blue), and photograph of the latex peel (green); (b) Palacrodon life reconstruction (illustration

by K.M. Jenkins).

QSUIDIT SUOWIWO)) d9ANEAI)) dqesijdde ay) £q pOUIIA0S d1e SI[ONIR Y 95N JO SINI 10J AIRIqIT dUIUQ AJ[IAN UO (SUOIPUOD-PUB-SULID)/WO0D AJ[IM" AIRIqI[auI[uO//:sd)Yy) SUONIPUO) Pue SWId L, Y} 39S “[$207/L0/L1] U0 Areiqr sutjuQ AS[Ip ‘ANSIOATUN 9@ A AQ (LLEBOL/ [ 11°01/10p/wod Ad[1m A1eiqI[oul[uo//:sdny woly papeoumod ‘9 ‘7z0T ‘08SL691



14697580, 2022, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/joa.13770 by Yale University, Wiley Online Library on [17/07/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

1453

>~
0
-
| '$9]€)G PaluN ‘BplIo|4 ‘B|IASDUIED) ‘Bp1IO|H JO AUSIDAIUN ‘WNISN|A| BPLIO|{—-4 (N (S9IBIS PA}IUN ‘S}IdSNYDeSSe|A|
MW ‘a3pliquie) ‘AlisiaAlun piealeH ‘A30j007 aAlzeledwo) JO WN3SN|AN—ZDIA :SUOIIBIASIGQY "BXE] 10UlIXa a1ed1pul (1) s1e83eq /810 921nosoydiowrmmm//:sd1ay Aq papiroad paduaiaal susawidads 210N
mw (6007) zs19y
Mm (886T) uewulg |e143sa44a| OoN ON J1z3j0y2s snuiyoajpo pue yosiqol4 |eaJoqay SOA SOA Jinoupbwia8 piuiwing
W (T86T) @2144nD Jl3enby OoN oN J1a1nog sninbsproH
M Jidpbupojod
N (T86T) ||041eD onenby ON ON/SOA sninpsoapoy |
A Jiupwias
(T861) ll011eD dljenby ON ON sninosolpnp|)  (TZ0Z) '|e 3@ pleydilid |ealoquy SOA S9N 111220[ sninpsiyjaiapm
JsisuaipxyspSopow
WJ (TTOZ) 1gsaN |e143salia] SOA OoN snunpbsyopuazyy  (S00Z) ‘| 32 329 H |eaJoqay BIOA SOA J1auzzang snunosoydoyiiy
o LsnjAyovposopw (866T) ollipeq.eg
+— (P66T) suea3 |eli3saaa) OoN oN SNINDsLIbADG pue sueAj |ealoquy SOA SOA Jsisuantaid sisuapupos
©
| 10C1€
A 4N (6002) ‘18 1@ NinL |ea10q4y S9N S9N suoHiwi| sijouy
© $8058
..lm 4N (60072) 18 32 N1 |ealoquy SOA SOA 1yop[punsg sijouy
w 9¥8LLT ZOW GE9ELZNNN
! (6007) “le 12 1L |el3sadis] ON ON sijiwny sijouy (6002) ‘18 32 1inL |ealoqly SOA SOA LaiAnd sijouy
(866T) plouy |easoqiy SO\ SOA 14ayjuans sidspjoH
(866T) ploudy  Suiquid 320y SOA SOA p3v||121dsiad S1240[225
sninJyiAia
(866T) plouy |el3saaa] OoN oN snjA3oppoyaupdy (866T) plouly Suiquid 300y SOA SOA p|bYdadAxo s124p|j225
924n0g A80]023 sme[d  3jewnnuadajue uoxe}-193sis 22.nog AS0]029 sme|[d 9jewiyjnuadajue uoxej
pa.tuajul paAINdRYy ueyj 498uo| patisjul  paAinday ueyj 198uo|
10 A30]003 xuejeyd 10 A80]023 xuejeyd
ajewyjnuad ajewyjnuad

"BXE}-19)SIS pajejal A[9so[d Yy3m patedwod se ‘sajdwexa [ISSO pue JUBIXd Ul 2injeAIndal mejd pue xuejeyd ajewrynuad ayj jo uoiesuols jo saduesu| ¢ 379VL

JENKINS ET AL.


https://www.morphosource.org/

claws. Particularly, the trunk-ground ecomorph associated with the
Anolis adaptive radiation possesses distinctly less recurved claws than
the fully arboreal ecomorphs, though it is capable of occasionally scal-
ing trees (Yuan et al., 2018). Even the reduction and complete loss of
claws is seen in some geckos whose climbing abilities are enhanced by
gripping toepads and digital lamellae (Khannoon et al., 2015; Russell
& Bauer, 2008). We cannot confirm the presence of such soft tissue
structures in Palacrodon, just as we cannot assert a fully arboreal life-
style for this taxon. But, we assert that the presence of elongated pha-
langes is indicative of some locomotor shift, potentially the ability to
occasionally climb vegetation. Frequently, an organism's performance
in and interaction with its environment relies on the composite of its
phenotype, and less so on the phenotype of a singular trait, such as
claw curvature (Yuan et al., 2018). Coupled with the characteristically
herbivorous dentition found in Palacrodon, these traits suggest some
regular interaction with vegetation.

Few known vertebrates explored arboreal habitats during the
Paleozoic (Evans & Haubold, 1987; Frobisch & Reisz, 2009; Mann
et al.,, 2021; Spindler et al., 2018), while there is widespread evidence
of arboreality by the Late Triassic (Figure 13) (Ezcurra et al., 2020;
Heckert et al., 2005; Renesto et al., 2010; Stein et al., 2008).
Widespread arboreality seems to be limited to the latter phases of the
Triassic, as there are few examples of arboreal or even scansorial taxa
from the earlier phases of the Triassic. Not only did the end-Permian
mass extinction eliminate numerous animal lineages, but it devas-

tated plant life as well, with a preferential loss of vegetation capable

Late Triassic drepanosaurs,
trilophosaurs, and kuehneosaurs fill
empty niche space as forests recover.

Late Permian and Early Triassic
weigeltisaurs are the first known
arboreal vertebrates to develop
gliding patagia via dermal ossifications. |

JENKINS ET AL.

of sustaining arboreal vertebrates (e.g., conifers, lycopsids), which
did not fully recover until the Middle to Late Triassic (Grauvogel-
Stamm & Ash, 2005; Looy et al., 2001; Visscher et al., 2011). This
loss of trees may have contributed to the extinction of late Permian
arboreal vertebrates, including grasping anomodonts (Frobisch &
Reisz, 2009) and gliding weigeltisaurids (Evans & Haubold, 1987;
Pritchard et al., 2021). The subsequent return of arboreal ecosystems
in the Late Triassic reestablished niche space that drepanosaurs, trilo-
phosaurs, kuehneosaurs, and pterosaurs occupied (Bennett, 1997;
Heckert et al., 2005; Evans & Jones, 2010; Renesto et al., 2010; po-
tentially also lagerpetids, see Ezcurra et al., 2020). The presence of
manual anatomy congruent with the grasping ability necessary for
a climbing habitus and potentially scansorial semi-arboreal lifestyle
in Palacrodon, combined with dentition that is suited toward griding
plant material (Gow, 1992; Jones, 2009; Sues & Baird, 1998), indi-
cates the presence of some vegetation in the earliest phases of the
Triassic. It also shows that plant recovery was possibly enabling the
reptile clades that persisted into the Triassic to begin to fulfill new
ecologic roles (Singh et al., 2021).

4.1 | Palacrodon illustrates an intermediate
stapedial morphology

Stapedial morphology changes drastically during the transition

from early tetrapods to that of crown reptiles (Figure 14). Stem

i Early pterosaurs such as Dimorphodon
/ show arboreal adaptations indicative of grasping.

Early Triassic occurence of Palacrodon
Y with mild arboreal adaptations
s marks re-exploration of arboreal habitats.

Arboreal habitats decimated
during PT extinction with
recovery lasting through

the Middle Triassic.

Stem-mammals, including varanopids and
); | anomodonts, show scansorial adaptations
|
|

by the Permian.

Late Carboniferous stem-reptile

Anthracodromeus longipes marks oldest
known occurence of arboreality among vertebrates.

FIGURE 13 Earlyinstances of arboreality among amniotes and the reentry into arboreal niche space following the end-Permian
extinction. Diagram is to be read from the bottom toward the top as if progressing on a timeline spanning the Late Carboniferous to the Late

Triassic.
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FIGURE 14 Stapes from early tetrapods and stem and crown reptiles. Stapedial morphology of an early tetrapod (a), stem reptiles (b-

g), and crown reptiles (h). (a) Acanthostega gunnari modified from (Clack et al., 2016), (b) Euconcordia cunninghami (original), (c) Orovenator
mayorum modified from (Ford & Benson, 2019), (d) Australothyris smithi modified from (Modesto et al., 2009), (e) BP/1/5296 (original), (f)
Avicranium renestoi (original), (g) Youngina capensis modified from (Gardner et al., 2010), (h) Crocodylus sp.(original). Morphology of Crocodylus
is similar to that of testudines and Lepidosauria. All stapes are in ventral view. Objects are not to scale.

and crown reptiles are described as having either robust or slender
stapes, indicative respectively of low- and high-frequency hearing
(Clack, 2002; Clack et al., 2016). This is often discussed in a bi-
nary context in combination with a presence-absence concept of a
tympanic membrane based on quadrate emargination or the pres-
ence of an otic notch (Sobral et al., 2016). The stapes of Palacrodon
(Figure 14e) lack the structural robusticity seen in early tetrapods
and stem reptiles, but it is not as slender as the stapes of taxa
known or inferred to have impedance-matching ears (Figure 14h).
The columellais slightly flattened like most stem reptiles and early
tetrapods, but it approaches the more rod-like and elongate mor-
phology of crown reptiles. As it is found in weak articulation with a
fragment of the quadrate (Figure 4k,l), it is unlikely that Palacrodon
possessed a tympanic membrane. Its weak articulation compared
with earlier stem reptiles, such as the captorhinid Euconcordia cun-
ninghami and the diapsid Orovenator mayorum (Figure 14b,c), may

indicate some free movement of the stapes (Mdller et al., 2018;
Sobral et al., 2016). Though not capable of transmitting high fre-
quency sounds like crown reptiles, the morphology of the stapes
therefore suggests the ability to transmit sounds of a higher fre-
quency than that of earlier taxa. Similar hearing capabilities were
suggested for Youngina capensis (Gardner et al., 2010; Walsh
et al., 2013), though its stapes is considerably more elongate than
that of Palacrodon.

Transitions in hearing have been discussed to some extent
within parareptiles (Mdiller et al., 2018; Miiller & Tsuji, 2007), but
the sequence of events that occurred during the independent ac-
quisition of impedance-matching in crown reptiles is still ambiguous.
Competing hypotheses exist for the evolution of high-frequency
(tympanic) hearing among crown reptiles: (1) it is ancestral to crown
reptiles, or (2) it arose independently in Lepidosauria, Archosauria,
and Testudines (Clack, 1997; Mdiller et al., 2018; Sobral et al., 2016).
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Some recent work favors the second and argues that the shallow
guadrate emargination of stem-saurian Youngina capensis would
not have supported a tympanic membrane, thus suggesting a lack
of tympanic hearing at the base of the crown (Gardner et al., 2010;
Mdiller et al., 2018; Sobral et al., 2016). Furthermore, the somewhat
robust but columnar stapes of the stem-turtle Proganochelys quen-
stedti would not have been impedance-matching (Gaffney, 1990;
Lautenschlager et al., 2018). The stapes associated with Palacrodon
here, Y. capensis, early crown reptiles such as P. quenstedti, along with
our inferred phylogenetic position of Palacrodon, implies an interme-
diate state of hearing capabilities and a gradual transition from low
frequency to high frequency in the late Permian and Early Triassic.
We posit that stapedial evolution was more gradual than previously
hypothesized, and middle ear specializations for higher-frequency

hearing preceded external ear (tympano-quadrate) specializations.

5 | CONCLUSIONS

The Antarctic specimen of Palacrodon reveals the taxon's phyloge-
netic placement as a near-crown stem reptile and preserves anatom-
ical features that support the presence of some robust vegetation
during the end-Permian mass extinction recovery phase. The pres-
ence of a moderately robust stapes in articulation with a fragment
of the quadrate in the studied specimen supports the notion of an
intermediate phase of hearing within the reptilian lineage and the
hypothesis that middle ear specializations preceded that of the ex-
ternal ear. Further faunal analyses of Early Triassic tetrapods have
the potential to untangle the complex evolutionary origins of crown
reptiles, and the success of the stem group following the Permo-

Triassic boundary.
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