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Abstract

Archosaurs diversified and became dominant during the Mesozoic Era, but their earliest relatives (non-archosaurian archo-
sauromorphs) were already scarcely present in the late Permian. Here we describe a new species of non-archosaurian archo-
sauriform from the upper Permian of Xinjiang, China. Preserved as a partial hindlimb, it possesses a few derived features
shared with other archosauriforms, including a much stouter tibia than fibula, a longer metatarsal III than metatarsal I'V, and
a hooked metatarsal V. Phylogenetic analysis confirmed the new taxon to be a non-archosaurian archosauriform. The mor-
phology of the knee, crus, and pes shows traits that are commonly related with a parasagittal posture, including an entirely
proximo-distal articulation of the femur and fibula, the slender and closely spaced tibia and fibula, and a mesaxonic foot
with a reduced fifth toe. The new taxon shows that the parasagittal posture evolved before the end-Permian Mass Extinction.
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Introduction

The rise of the archosaurs (represented by birds and croco-
diles today) is a major event in vertebrate evolution (Brusatte
et al. 2008). Although major clades of archosaurs started
to flourish and diversify in the Triassic, their earliest stem
members (archosauromorphs) were already known before
the end-Permian mass extinction (EPME) (Nesbitt 2011;
Ezcurra et al. 2014; Bernardi et al. 2015; Ezcurra 2016;
Pinheiro et al. 2016). The Permian archosauromorph fossil
record is scarce. So far, only four definite taxa have been
reported: Protorosaurus speneri from England and Ger-
many, Aenigmastropheus parringtoni from Tanzania, and
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Archosaurus rossicus and Eorasaurus olsoni from Rus-
sia (Ezcurra et al. 2014; Bernardi et al. 2015). Prolacerta
broomi and Proterosuchus from South Africa could also
be late Permian (Lopingian) in age following the work of
Gastaldo et al. (2020) (but see Viglietti et al. 2021), so were
some unnamed archosauromorph remains from the Buena
Vista Formation of Uruguay (Ezcurra et al. 2015; Ernesto
et al. 2020).

The late Permian archosauromorph record provides key
information on the early morphological evolution of the
clade, by filling in the gap between the more plesiomorphic
body plan as seen in other diapsids and the highly special-
ized and diverse body forms of crown-group archosaurs. One
of these gaps is how archosaurs transformed from sprawling
to parasagittal posture. Bernardi et al. (2015) reported archo-
sauriform trackways from the upper Permian of southern
Alps. These trackways were characterized by a mesaxonic
foot (toes digits III longer than IV), posterolaterally directed
and reduced digit V, and a narrow trackway, all of which
suggested a parasagittal posture. The late Permian skeletal
record, however, with only Protorosaurus speneri preserv-
ing the hindlimb and clearly a sprawler, is not in accordance
with the footprint record currently. Here we report a new
late Permian archosauriform that provides key information
on the hindlimb morphology and may fill this mismatch.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00114-022-01823-8&domain=pdf
http://orcid.org/0000-0002-1198-7897

1 Page2of10

The Science of Nature (2023) 110:1

Geology of the fossil locality

The specimen was discovered from the Guodikeng Forma-
tion of the South Taodonggou locality, Turpan, Xinjiang
(Fig. 1). South Taodonggou locality is a well-studied local-
ity for Permo-Triassic terrestrial deposits, which are rich
with vertebrate and plant fossils (Wan et al. 2020; Yang
et al. 2021). The Guodikeng Formation is the upper-most
part of the Wutonggou low-order cycle and is Changhsin-
gian and Induan in age (Yang et al. 2021), containing the
Permo-Triassic boundary (PTB) and bearing fossils such
as dicynodonts Turfanodon bogdaensis and Lystrosaurus
(Cheng et al. 1996; Lucas 2001; Angielczyk and Sullivan
2008; Kammerer et al. 2011; Liu and Abdala 2017). The
new specimen was discovered ~26 m below the purported
PTB of Yang et al. (2021) (Fig. 1 and Fig. 7C of Yang et al.
2021), and was Changhsingian in age. The Bayesian age
model estimates the age to be around 252.2 Ma for the new
specimen (Fig. 3 of Yang et al. 2021).

Institutional abbreviation

IVPP, Institute of Vertebrate Paleontology and Paleoanthro-
pology, Chinese Academy of Sciences, Beijing, China.

Method

The specimen was prepared under microscope, and CT-
scanned at the high-resolution CT lab of IVPP at the
resolution of 36.2 um. The 3-D segmentation was recon-
structed in the software VGstudio Max 3.5 using the region
growing method and manual drawing in 2-D slices. The
CT data is stored at IVPP and is available upon request to
the authors.

Systematic paleontology

Diapsida Osborn 1903.

Archosauromorpha von Huene 1946 (sensu Gauthier et al.
1988).

Archosauriformes Gauthier 1986.

Vigilosaurus gaochangensis gen. et sp. nov.

Holotype

IVPP V22764, a partially left hindlimb, missing the proxi-
mal part of the femur and some toe digits.
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Fig. 1 Map and age of the fossil locality of Vigilosaurus gaochangensis. The map and satellite photo were modified from Google Maps. The
horizon of the specimen was modified based on Fig. 7 of Yang et al. (2021)
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Etymology

Vigil- means “to stay awake”; -saurus means reptiles;
-gaochang is the name of an ancient kingdom where the fossil
was discovered.

Locality and horizon

South Taodonggou, Daheyan, Turpan, Xinjiang, China;
Guodikeng Formation, late Permian (Changhsingian).

Diagnosis

An archosauriform that differs from all other non-archo-
saurian archosauriforms by the combination of the fol-
lowing character states: a medial crest on the distal end
of the fibula, the calcaneum overlapping the astragalus
proximo-medially, the absence of an anterior hollow on
the astragalus; a greatly expanded distal end of the meta-
tarsal II, and an L-shaped metatarsal V with a tapering
distal end.

Fig.2 Holotype (IVPP V22764)
of Vigilosaurus gaochangensis.
a—Photo of IVPP V22764;
b—3-D reconstruction of the
specimen; c. demonstration of
orientation. The scale bar equals
10 mm. Abbreviations: as,
astragalus; ca, calcaneum; dt4,
distal tarsal 4; fe, femur; fib,
fibula; mt2, metatarsal II; mt3,
metatarsal III; mt4, metatarsal
IV; mt5, metatarsal V; phl,
phalanges; tib, tibia

Description

The holotype preserves a partial left hindlimb on red fine sand-
stone (Fig. 2). It is easily identified as a hindlimb rather than a
forelimb based on the distinct morphology of the astragalus-
calcaneum, and an L-shaped metatarsal V. For an explanation
of the orientation of the hindlimb morphology, see Fig. 2c.

Femur

Only the distal portion of the shaft and the distal end are pre-
served. The shaft is slightly bowed towards the dorsal side.
The adductor crest is inconspicuous on the ventral surface.
The distal end gradually expands from the shaft without
forming an abrupt bulbous end (Fig. 3). The medial (tibial)
and lateral (fibular) condyles are separated by a shallow
intercondylar fossa ventrally, and are roughly at the same
proximo-distal level, without the latter projecting distally
beyond the former. From the distal view, the lateral condyle
is similar in size to the medial condyle (Fig. 3b). The distal
articulation surface of the femur with the crus is generally
rounded and restricted to the distal side. There is no obvious
articulation surface with the fibula on the lateral side.
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Fig.3 Left femur (IVPP
V22764) of Vigilosaurus
gaochangensis. a—dorsal view;
b—distal view; c—ventral view.
The scale bar equals 5 mm.
Abbreviations: me¢, medial
condyle; if, intercondylar fossa;
Ic, lateral condyle

Tibia and fibula

Both the tibia and fibula are long and slender. The tibia is
slightly longer than the fibula (tibia: 44 mm, fibula: 41 mm),
and much stouter. From the middle shaft region, the tibia is
proximally twice the width of the fibula (Fig. 4). Most of the
weight bearing must fall on the tibia, rather than the fibula.

Fig.4 Left crus IVPP V22764)
of Vigilosaurus gaochangensis.
a to d—Tibia in dorsal, proxi-
mal, distal, and ventral view,
respectively; ¢ to h—fibula in
dorsal, proximal, distal, and
ventral view, respectively. The
scale bar equals 10 mm. Abbre-
viations: de, depression; le,
lateral condyle, me, medial crest
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The derived condition of a much narrower fibula compared
with the tibia strongly suggests its archosauromorph affinity
(Ezcurra 2016), in contrast to the plesiomorphic condition
as seen in non-saurian diapsids (e.g. Youngina capenensis),
in which the fibula and tibia have similar width. The proxi-
mal head of the tibia is broad with well ossified epiphysis.
The cnemial crest is absent, and the lateral condyle forms a
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single convex articulation with the distal surface of both the
medial and lateral condyles of the femur (Fig. 4). A shallow
depression is present from the dorsal view near the proximal
head (Fig. 4a). The shaft of the tibia is slightly sigmoid in
dorsal view and dorso-ventrally flattened. The distal surface
is essentially flat and not much laterally expanded, articulat-
ing with the astragalus.

Both the proximal and distal ends of the fibula are unex-
panded. The fibula is closely adjacent with the tibia for the
most length of the element, with only a narrow space on the
proximal part and little space on the distal part (Fig. 2). The
proximal end does not extend beyond the tibia nor does it
articulate with the lateral part of the femur. Instead, it is con-
fluent with the tibial epiphysis to form a single proximo-distal
articulation with the femur (Fig. 2). The shaft of the fibula
is straight and cylindric in cross-section. It lacks an obvious
attachment site for the iliofibularis muscle. The distal end of
the fibula bears a small medial crest towards the tibia, result-
ing in a pointed medial edge from the distal view (Fig. 4e, g).
The distal surface is flat, articulating with both the astragalus
and calcaneum.

Tarsus

Three tarsal elements are preserved: the astragalus, calca-
neum, and distal tarsal 4. Another element appears lateral to
the distal tarsal 4 and superficially resembles a distal tarsal
5 on the holotype. However, CT reconstruction reveals that
the density of this element is distinctively lower than that
of bones but is close to the rock matrix, so we interpret this
as a very thin slice of bone surface broken off, instead of
representing an actual tarsal element.

Fig.5 Tarsals (IVPP V22764)
of Vigilosaurus gaochangensis.
a to f—astragalus in dorsal,
ventral, proximal, distal, medial,
and lateral view, respectively;

g to l—calcaneum in dorsal,
ventral, proximal, distal, medial,
and lateral view, respectively;

m to r—distal tarsal 4 in dorsal,
ventral, proximal, distal, medial,
and lateral view, respectively.
The scale bar equals 5 mm.
Abbreviations: acc, astragalus-
calcaneum canal; a.as, articula-
tion for astragalus; a.cal, articu-
lation for clacaneum; a.dt4,
articulation for distal tarsal 4;
a.fib, articulation for fibula;
a.mt4, articulation for metatar-
sal IV; a.mt5, articulation for
metatarsal V; a.tib, articulation
for tibia; de, depression; df,
dorsal flange; f, perferating fora-
men; ne, neck

The two proximal tarsals are compact in size, not much
laterally expanded over the metatarsal and phalanges. Both
the astragalus and calcaneum are trapezoid in dorsal view.
The astragalus is slightly larger than the calcaneum. It bears
two articulation surfaces proximally, one with the tibia and
one with the fibula, separated by a non-articulation “neck”
(Fig. 5a, b). The two articulation surfaces form an angle
of about 90°. The tibial articulation surface is larger and
slightly concave, and the fibular articulation is smaller and
flat. The dorsal surface of the astragalus is essentially flat,
lacking an obvious “anterior hollow” (sensu Cruikshank
1979) as seen in some non-archosaurian archosauriforms
(e.g. Proterosuchus fergusi, Erythrosuchus africanus, and
Euparkeria capensis). The articulation between the astra-
galus and calcaneum is obscure under the microscope but
easily distinguishable from the 3-D reconstruction. It is of
the simple flat articulation type, similar with other non-
archosaurian archosuriforms (e.g. Proterosuchus fergusi and
Euparkeria capensis) but unlike the “crocodile normal” or
the “crocodile reversed” types as seen in crown archosaurs.
The perforating foramen is present and is almost entirely
enclosed by the astragalus (Fig. 5a). From the lateral view
(Fig. 5f), the astragalo-calcaneal canal can be seen, and it
extends continually onto the calcaneum (Fig. 5k).

The calcaneum is specialized in bearing a distinct dorsal
flange that overlaps the astragalus proximodorsally near the
articulation surface (Fig. 5g). The articulation facet for the
fibula is on the flange, in continuation with the fibular facet
of the astragalus. Neither a laterally nor posteriorly directed
calcaneal tuber is present (Fig. 5g—1). The distal margin of
the astragalus and calcaneum are both rounded for the articu-
lation with the distal tarsal 4.
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Distal tarsal 4 is of triangular shape from the dorsal view,
with a depression on the dorsal surface (Fig. 5m. Proximally,
it articulates with both the astragalus and calcaneum, fit-
ting into the concave area embraced by the latter two bones.
Distally, it bears two articulation surfaces, separated by an
angle. The medial one articulates with the metatarsals III
and IV and the lateral one with the hooked metatarsal V.

Pes

All five metatarsals are preserved in IVPP V22764; meta-
tarsals I-IV are more or less in situ and are exposed on the
specimen, whereas metatarsal V is disarticulated and buried
in the rock matrix, only discovered with the help of the CT
scanning (Fig. 2b; Fig. 6b—e).

Metatarsals I-IV are straight rod-like. The relative length
from the longest to the shortest is: III (10.14 mm) > IV
(9.16 mm) > II (8.84 mm) >1(6.38 mm) (Fig. 2; Fig. 6a). A
longer metatarsal III than IV in IVPP V22764 is a derived
condition as seen in crown-group archosaurs and some
non-archosaurian archosauriforms close to the Archosauria
(Nesbitt 2011; Bernardi et al. 2015). In contrast, non-sau-
rian diapsids (e.g. Youngina capensis, Kenyasaurus maria-
kaniensis), non-archosauriform archosauromorphs (e.g. Pro-
torosaurus speneri, Prolacerta broomi), and proterosuchids
all have the plesiomorphic condition of metatarsal IV longer
than the III. The proximal heads of the metatarsals I-IV are
expanded medio-laterally and overlap each other. Metatarsal
Il is specialized in having a strongly expanded distal end,
articulating with a proximally wide pedal phalanx (Fig. 2).
Metatarsal V is distinctly L-shaped in dorsal view (Fig. 6b),
with a long proximomedial process that articulates with the
distal tarsal 4 and possibly the calcaneum too. The medial
articular surface is concave (Fig. 6d). The lateral edge bears

Fig.6 Metatarsals of Vigilosau-
rus gaochangensis. a. metatar-
sals IIT and IV in dorsal view;
b-e. metatarsal V in dorsal,
ventral, medial, and lateral
views, respectively. The scale
bar equals 2 mm. Abbreviations:
a.dt4, articulation for distal
tarsal 4; mtt3, metatarsal III;
mtt4, metatarsal IV; op, outer
process; s, shaft
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an outer process near the proximal end (Fig. 6b, ). The shaft
is somewhat broken, and the medullary cavity is exposed
(Fig. 6¢). Towards the distal end it tapers, and no associated
phalanges was found near the bone, indicating that the fifth
digit lacks phalanges.

The pedal digits are incompletely preserved, and the exact
phalangeal formula is uncertain. The third toe is probably
the longest. A few phalanges not exposed on the specimen
were found underneath the surface with the help of the CT
reconstruction (Fig. 2b).

Phylogenetic position of IVPPV 22,764

We performed two phylogenetic analyses to determine the
phylogenetic position of IVPP V 22,764. In the first analysis,
we coded 14 hindlimb characters of Vigilosaurus gaochan-
gensis in the early amniote phylogeny of Ford and Benson
(2020). The data matrix contains a total of 294 morphologi-
cal characters coded for 71 taxa (suppl. S1). We analyzed
the data in TNT (Goloboff et al. 2008) using Wagner build-
ing (1000 replications), ratchet (10 iterations), drifting (10
cycles), and tree fusing (3 rounds), until 20 hits of minimum
tree length. It resulted in 49 most parsimonious trees (MPTs)
with a tree length of 1559 steps, and recovered the new spe-
cies at the base of the Neoreptilia (including Parareptilia) in
an unresolved polytomy, together with other early diapsids,
lepidosauromorphs, and archosaromorphs (suppl Fig. 1).
In the second analysis, we used the data matrix of Ezcurra
and Sues (2021), which is the newest version of the ongoing
Complete Archosauromorph Tree Project, first introduced in
Ezcurra (2016). This matrix has an extensive sampling of
archosauromorphs and samplings of several early diapsids
and lepidosaromorphs, which is suitable for determining the
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position of the new species. We coded 85 hindlimb char-
acters for the new species. The data matrix contains 191
terminals and 887 morphological characters (suppl. S2).
We analyzed the data in TNT (Goloboff et al. 2008) using
Wagner building (1000 replications), ratchet (50 iterations),
drifting (50 cycles), and tree fusing (5 rounds). It resulted
in 91 most parsimonious trees (MPTs) with a tree length of
6293 steps. The simplified diagram of the strict consensus
tree was shown in Fig. 7, and the complete strict consensus
tree can be found in supplementary Fig. 2. It is fairly well
resolved, and the tree topology largely agrees with Fig. 9
of Ezcurra and Sues (2021, Fig. 9). V. gaochangensis is
weakly supported (bootstrap: S/Bremer support:1) as clus-
tered with Vancleavea campi and Litorosuchus somnii in
an unresolved polytomy within the Proterochampsia. Nev-
ertheless, the archosauriform affinity of the new species is
confirmed.

As the first late Permian archosauriform fossil reported
from Xinjiang, China, Vigilosaurus gaochangensis, despite
only preserved as a partial hindlimb, shows a few diagnostic
features that can indicate its relationships.

IVPP V22764 difters from the non-saurian diapsids or lepi-
dosauromorphs and resembles the archosauromorphs in two
derived characters: a much stouter mid shaft of the tibia than
fibula, and a L-shaped metatarsal V in dorsal view. In non-
saurian diapsids (e.g. Araeoscelis, Youngina, Kenyasaurus,

Fig. 7 Simplified strict consen-
sus of the phylogenetic analysis
to show the relationships of
Vigilosaurus gaochangensis

and Petrolacosaurus), the tibia and fibula are of similar width
in the mid shaft (Peabody 1952; Harris and Carroll 1977;
Reisz et al. 1984; Smith and Evans 1996; Ezcurra 2016). All
archosauromorphs have the tibia much stouter than the fibula
(Romer 1956; Nesbitt 2011; Ezcurra 2016), and Ezcurra
(2016) recognized it as a synapomorphy of the Archosau-
romorpha. Basal lepidosauromorphs such as Gephyrosaurus
bridensis have the tibia and fibula similar in width in the mid
shaft (Evans 1981), but some lepidosauromorphs close to the
crown group (e.g., Huehuecuetzpalli mixtecus, Clevosaurus
hudsoni) and modern Sphenodon punctatus have a stouter
tibia than fibula (Frazer 1988; Reynoso 1998). The evolution
of this character in lepidosauromorphs is not well understood
and deserves further study. The shape of the metatarsal V has
been a “classic” character in diapsid phylogeny (Goodrich
1916; Romer 1956; Robinson 1975; Gauthier 1984; Sereno
1991; Lee 1997; Dilkes 1998; Nesbitt 2011; Ezcurra 2016;
Borsuk-Bialynicka 2018; Spiekman et al. 2021). A sim-
ple rod-like metatarsal is the plesiomorphic condition as it
appeared in the outgroup of the diapsids and stem diapsids
such as Araeoscelidia and Younginiformes, whereas a hook-
shaped metatarsal V is the derived condition as seen in most
lepidosauromorphs, archosauromorphs, and turtles (if it is a
diapsid), either homologous at the base of Sauria or conver-
gent in each clade (Nesbitt 2011; Ezcurra 2016). Metatarsal
V is further derived in certain archosauromorph taxa (e.g.

non-archosauriform archosauromorphs

Proterosuchidae

(labeled in red). Several clades
(Avemetatarsalia, Erythrosuchi-

Antarctanax shackletoni

dae, and Proterosuchidae) are

Sarmatosuchus otschevi

merged into a single terminal.
The complete strict consensus
tree is in supplementary Fig. 2

Cuyosuchus huenei

Erythrosuchidae

Dorosuchus neoetus

Asperoris mnyama

Euparkeria capensis

Halazhaisuchus qgiaoensis
Polymorphodon adorfi

Vigilosaurus gaochangensis

Litorosuchus somnii

—— Vancleavea campi
Sphodrosaurus pennsylvanicus
Jaxtasuchus salomoni
Rugarhynchos sixmilensis
Doswellia kaltenbachi
Proterochampsa nodosa
Proterochampsa barrionuevoi
Cerritosaurus binsfeldi
Tropidosuchus romeri
Gualosuchus reigi

—— Chanaresuchus bonapartei

Rhadinosuchus gracilis

Pseudochampsa ischigualastensis

Proterochampsia

—<] Avemetatarsalia
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in Macronemus bassanii, Boreopricea funerea, Prolacerta
broomi, proterosuchids and erythrosuchids), in which the
medial process is elongated and the proximolateral corner is
squared, making it distinctly L-shaped (Ezcurra 2016). This
is also the case in IVPP V22764. Metatarsal V is L-shaped
(Fig. 6), the long medial process of which forms an angle of
120° with the shaft and articulates with distal tarsal 4.

IVPP V22764 differs from all non-archosauriform archo-
sauromorphs (e.g., Protorosaurus speneri, Procalerta broomi,
tanystropheids, and rhynchosaurs) and Proterosuchidae (e.g.
Proterosuchus fergusi) in that the metatarsal III is longer
than metatarsal IV (Colbert 1987; Sereno 1991; Gottmann-
Quesada and Sander 2009; Bernardi et al. 2015; Spiekman
2018; De-Oliveira et at. 2020). Nesbitt (2011) recognized
this as a synapomorphy of the clade comprising Erythro-
suchus + Archosauria. The earliest occurrence of a longer
metatarsal III was documented in the late Permian footprints
from northeastern Italy (Bernardi et al. 2015), without skeletal
evidence. This character was used as evidence of the earliest
footprints produced by archosauriforms. IVPP V22764 cor-
roborates the ichnologic evidence that a longer metatarsal 11
than IV was indeed present in the skeletal record prior to the
Triassic and indicates that the phylogenetic position of IVPP
V22764 was within the Archosauriformes.

Within the Archosauriformes, IVPP V22764 possesses
a few character states, especially in the ankle bones, which
are unusual (Ewer 1965; Cruickshank 1978; Sereno 1991;
Gower 1996; Dilkes 1998; Wu and Russell 2001; Dilkes
and Sues 2009; Nesbitt 2011; Li et al. 2008, 2012; Trotteyn
et al. 2012; Ezcurra et al. 2013; Trotteyn and Ezcurra 2014;
Bernardi et al. 2015; Ezcurra 2016; Li et al. 2016; Sookias
2016; Maidment et al. 2020; Trotteyn and Ezcurra 2020).
Most notably are the absence of either a lateral or a posterior
calcaneal tuber on the calcaneum in IVPP V22764. In Con-
trast, in other archosauriforms, a calcaneal tuber is present
either laterally (e.g. Proterosuchus fergusi, Erythrosuchus
africanus, and Euparkeria capensis) or posteriorly (bird and
crocodile-line archosaurs) (Ewer 1965; Gower 1996; Sereno
1991; Nesbitt 2011). Furthermore, the astragalus-calcaneum
articulation is flat but not of a ball-and-socket type as seen
in the Archosauria. IVPP V22764 further differs from the
Euparkeriidae and Archosauria in two plesiomorphic condi-
tions: the presence of a perforating foramen on the astragalus
and an astragalo-calcaneal canal (char. 365, Nesbitt 2011),
and the presence of a non-articulation neck between the
tibial and fibular articulation surface of the astragalus (char.
369, Nesbitt 2011).

Posture of Vigilosaurus gaochangensis.

The posture shift from a sprawling to the parasagittal
position is a major evolutionary transition in archosaurs
(Bakker 1971; Charig 1972; Cruickshank 1978, 1979; Par-
rish 1986, 1987; Brinkman 1980; Gatesy 1991; Sereno
1991; Hutchinson and Gatesy, 2000; Kubo and Benton,
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2009; Hutchinson 2006; Demuth et al. 2020). Crown-group
archosaurs (birds, dinosaurs, crocodiles, pterosaurs, and
their relatives) are able to stand and move in a parasagittal
position, whereas early archosauromorphs (e.g. Protoro-
saurus speneri, Proterosuchus fergusi) were assumed to be
sprawlers. When the first parasagittal posture occurred and
whether it is plesiomorphic or convergently derived in dif-
ferent archosauromorph clades are still not well understood.
Evidence showed that the Middle Triassic Euparkeria cap-
ensis possessed a semi-erect posture based on hip morphol-
ogy, but the ankle joint was plesiomorphic relative to the
Archosauria (Demuth et al. 2020). Some studies assume
that the parasagittal position occurred in archosaurs and
therapsids independently during the Triassic as an adaptive
response to the drastic climate change (Kemp et al. 1982;
Bonaparte 1984; Parish 1987; Kubo and Benton 2009). But
in recent years, late Permian trackways from Italy indicates
that parasagittal posture might have already occurred prior
to the EPME (Bernardi et al. 2015; Marchetti et al. 2020),
but no skeletal evidence was yet available.

To achieve a parasagittal posture, a suit of girdle and limb
modifications are necessary, some of which can be seen in
V. gaochangensis. The knee joint of V. gaochangensis, espe-
cially the articulation between the femur and fibula, is entirely
dorsoventral, unlike the cases seen in typical sprawlers, in
which the fibula articulates with both the ventral and lateral
facets of the femur. Two distal condyles of the femur are
almost symmetrical. The proximal ends of the tibia and fibula
form a confluent single articulation distal to the femur. The
shaft of the tibia and fibula are closely spaced with little gap
in between, and the tibia, with a much larger diameter, is the
major weight-bearing bone of the crus. The overall build of
the knee and crus closely resembles other parasagittal archo-
sauriforms (e.g., Euparkeria capensis), in which the rotation
of the knee is much limited; it is in contrast with sprawling
diapsids (e.g., Youngina capensis), in which the shafts of the
tibia and fibula are usually of similar width and are separated
by a gap, allowing a greater degree of rotation.

The pes of V. gaochangensis is characterized by a
mesaxonic foot with the reduction of the digit V. A mesax-
onic foot is commonly seen in crown-group archosaurs and
is often associated with parasagittal locomotion. Metatar-
sals I-IV of V. gaochangensis are compact and proximally
overlapped, with metatarsal III the longest. Metatarsal
V is hooked-shaped and loosely detached from the other
metatarsals. The distal end of metatarsal V tapers and no
phalanges of digit V are associated with it as preserved.

The advanced conditions of the knee and pes suggests
that V. gaochangensis was probably parasagittal. It shows
that in the Archosauriformes, the transition from a sprawl-
ing to the parasagittal posture probably took off before the
EPME, corroborated the evidence from ichnology (Ber-
nardi et al. 2015; Marchetti et al. 2020).
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Conclusions

Vigilosaurus gaochangensis documents the first late Permian
archosauriform from Xinjiang, China. Its morphology of the
knee and pes suggests that a parasagittal posture is possible
in V. gaochangensis. The presence of V. gaochangensis as
a small, parasagittal archosauriform in the latest Permian
indicates that this group already underwent considerate taxo-
nomic diversification and acquired some key morphological
innovations before the Triassic, paving the road for them
to become the dominant clade in the upcoming Mesozoic.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00114-022-01823-8.
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