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ABSTRACT

The Lower Jurassic Lufeng Formation in Yunnan Province of
southwestern China has yielded an important and diverse terrestrial
vertebrate fauna dominated by basal sauropodomorph dinosaurs. Never-
theless, many of them lack detailed descriptions and/or explicit diagno-
ses, hampering systematic analyses of their interrelationships and
further studies. We present a detailed redescription of the cranial osteol-
ogy of Jingshanosaurus xinwaensis and amend its diagnosis. Incorpora-
tion of the revised anatomical data into a phylogenetic analysis finds
Jingshanosaurus to be one of the earliest diverging sauropodiforms.
Moreover, the previously reported Chuxiongosaurus lufengensis is con-
sidered to be a junior synonym of J. xinwaensis. Jingshanosaurus can be
diagnosed by a unique combination of character states, including (1) an
inflection at the base of the dorsal premaxillary process; (2) the level of
the caudal margin of the external naris being caudal to the mid-length of
the maxillary tooth row and the rostral margin of the antorbital fenestra;
(3) a ventrally constricted subtriangular orbit; (4) the height-to-length
ratio of the dentary being greater than 0.2; and (5) a distally recurved
long axis of the premaxillary and rostral maxillary tooth crowns. As the
largest taxon (around 9 m long) currently known among Lufeng basal
sauropodomorphs and one of the best known basal-most sauropodiforms,
a better understanding of Jingshanosaurus will allow for reconstruction
of the ecomorphotypic diversity of the Lower Jurassic Lufeng dinosaurs
and help to decipher the origin and early evolution of sauropodiforms, the
clade ultimately leading to the gigantic sauropods. Anat Rec, 00:000-000,
2019. © 2019 Wiley Periodicals, Inc.
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The Lower Jurassic Lufeng Formation of Yunnan
Province in southwestern China has yielded an impor-
tant and diverse terrestrial vertebrate fauna referred to
as the “Lufeng Saurischian Fauna” (Young 1951), and
within this formation, sauropodomorph dinosaurs are the
dominant large herbivores. Since Lufengosaurus huenei
was reported (Young 1941a), numerous sauropodomorph
specimens have been recovered from the Lower Jurassic of
Lufeng County (Young 1941b, 1942, 1947, 1951; Zhang
and Yang 1995; Li et al. 2010; Sekiya 2010; Sekiya and
Dong 2010; Wang et al. 2017; Zhang et al. 2018). Although
controversies still surround the species validity and precise
interrelationships of some Lufeng taxa (e.g., “Gyposaurus”
sinensis, Lufengosaurus magnus, and Yunnanosaurus
robustus), the type species of Lufengosaurus, Yunnanosaurus,
and Jingshanosaurus have been regarded as distinct
taxa in taxonomic and systematic analyses (Galton and
Cluver 1976; Cooper 1981; Galton 1990; Sereno 1999;
Galton and Upchurch 2004; Barrett et al. 2005; Barrett
et al. 2007; Smith and Pol 2007; Upchurch et al. 2007;
Martinez 2009; Apaldetti et al. 2011; Apaldetti et al.
2013; Otero and Pol 2013; McPhee et al. 2015; McPhee
and Choiniere 2017).

Based on an almost complete specimen (LFGT-ZLJ0113),
Jingshanosaurus xinwaensis was erected as a member of
Plateosauridae, which was supported by a general descrip-
tion of the material (Zhang and Yang 1995). Its phylogenetic
position has been somewhat contentious since its discovery.
For example, Upchurch et al. (2007) regarded this genus as
more derived than Lufengosaurus, Yunnanosaurus, and
Anchisaurus, and less derived than Melanorosaurus and
other derived forms, whereas Yates (2007), Ezcurra (2010),
Apaldetti et al. (2011), and Otero and Pol (2013) all
suggested it to be more derived than Lufengosaurus but less
derived than Yunnanosaurus, Anchisaurus, Melanorosaurus,
and other derived sauropodomorph forms. Recently Wang
et al. (2017) and McPhee and Choiniere (2017) recovered it
as more derived than Yunnanosaurus but less derived than
Anchisaurus, Melanorosaurus, and other derived forms,
while Chapelle and Choiniere (2018) regarded it as less
derived than Lufengosaurus and Yunnanosaurus. Part of
the instability of Jingshanosaurus’ phylogenetic position
stems from the scoring of the cranial features of LFGT-
ZLJ0113, which has depended on the original publication.
Unfortunately, the original publication had unclear photo-
graphs and diagnoses. Based on further preparation, we
present a detailed redescription on the cranium of the holo-
type, revise its morphological diagnoses, and analyze its
phylogenetic position within Sauropodomorpha. Further-
more, Wang (2004) reported additional cranial material
(CXM-LT9401) identified as Jingshanosaurus cf. xinwaensis.
This same specimen was subsequently regarded as a new
genus and species named Chuxiongosaurus lufengensis (Lii
et al. 2010). Our re-examination shows that the anatomical
features of CXM-LT9401 generally resemble those of
LFGT-ZLJ0113, and our cladistic analysis suggests these
two specimens form a sister group. Therefore, we regard

C. lufengensis as a junior synonym of J. xinwaensis and
refer CXM-LT9401 to J. xinwaensis.

Anatomical Abbreviations

an, angular; ar, articular; bo, basioccipital; bpt, basipterygoid
process; bs, basisphenoid; d, dentary; ecp, ectopterygoid; exo,
exoccipital-opisthotic; f, frontal; ic, intercoronoid; j, jugal; 1,
lacrimal; m, maxilla; n, nasal; p, parietal; par, prearticular;
pl, palatine; pm, premaxilla; po, postorbital; pop, paroccipital
process; pf, prefrontal; ps, parasphenoid; pt, pterygoid; q,
quadrate; qj, quadratojugal; s, squamosal; sa, surangular; so,
supraoccipital; sp, splenial.

Institutional Abbreviations

CXM, Chuxiong Prefectural Museum, Chuxiong, China;
LFGT, Bureau of Land and Resources of Lufeng County,
Lufeng, China.

MATERIALS AND METHODS

The holotype (LFGT-ZLJ0113) of J. xinwaensis was dis-
covered by Mr. Zheng-Ju Wang of Cultural Affairs Station
of Lufeng County in October, 1988 from the Shawan Mem-
ber (Dull Purplish Beds) of Lufeng Formation at Xinwa
Village, Town of Jinshan (Fig. 1). The fossil quarry is now
located in the Lufeng Dinosaur National Geopark, which
was erected because a number of dinosaur skeletons were
discovered there. The holotype is nearly complete except
for cervicals (C4-C10) and is now mounted for exhibition in
the museum of Lufeng World Dinosaur Valley in Yunnan
Province, China (see Supporting Information Fig. S1-A).

Most widely accepted data matrices that have included
J. xinwaensis have based the cranial characters of
Jingshanosaurus on the reconstructed, idealized cranium
sketch presented by Zhang and Yang (1995). In light of the
current redescription of the further prepared cranium, we
investigate the potential effects of our revised character
data on the phylogenetic positions of LFGT-ZLJ0113 and
CXM-LT9401 based on the data matrices of McPhee and
Choiniere (2017), and also add Yizhousaurus erected by
Zhang et al. (2018). We have modified and supplemented
the scoring of the cranial character states of these two
specimens based on a combination of previous publications
(Zhang and Yang 1995; Lii et al. 2010) and personal obser-
vations. One hundred and two out of the total 120 cranial
characters used by McPhee and Choiniere (2017) had been
previously scored for LFGT-ZLJ0113. Twenty-seven states
have now been revised, of which 15 have been scored as “?”.
In addition, four new characters have been coded. Therefore,
we are able to score a total of 91 characters for LFGT-
Z1.J0113 (see Supporting Information Tables S3 and S4).
Besides, we have coded 103 characters for CXM-9401 in
this research (see Supporting Information Table S5).

The current data matrix is comprised of 364 characters
and 61 taxa. Phylogenetic analyses were performed using
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Fig. 1. Geographic position and stratigraphic distribution of taxa from the Lufeng Formation. LFGT-ZLJ0113 and CXM-LT9401 were recovered at

Xinwa and Tanghai, respectively.

TNT (ver. 1.1), applying a heuristic search of 1,000 repli-
cates of Wagner trees and tree bisection-reconnection
(TBR) with 10 trees saved per replication. All characters
were equally weighted, and 43 multistate characters were
coded as ordered.

RESULTS
Systematic Paleontology

DINOSAURIA (Owen 1842).

SAURISCHIA (Seeley 1887).

SAUROPODOMORPHA (von Huene 1932).

MASSOPODA (Yates 2007).

SAUROPODIFORMES (Sereno 2007) (sensu McPhee
et al. 2014).

JINGSHANOSAURUS (Zhang and Yang 1995).

Type species. Jingshanosaurus xinwaensis Zhang and

Yang 1995.

Emended diagnosis. As for type species.

JINGSHANOSAURUS XINWAENSIS (Zhang and
Yang 1995).

Jingshanosaurus cf. xinwaensis (Wang 2004).

Chuxiongosaurus lufengensis (L et al. 2010)

Holotype. LFGT-ZLJ0113 (field number: LV003), a
well-preserved skeleton (around 9 m in total length) con-
sisting of the skull with mandibles (Figs. 2-7), in articu-
lation with the atlas-axis complex and the third cervical,
14 dorsals, 3 sacra, 38 caudals, and a nearly complete
appendicular skeleton.

Referred specimen. CXM-LT9401, a well-preserved
skull with mandibles.

Horizon and locality. Both specimens were recov-
ered from the Shawan Member (Dull Purplish Beds) of
the Lower Jurassic Lufeng Formation. LFGT-ZLJ0113 is
from Xinwa Village, and CXM-LT9401 is from Tanghai
Village of Town of Jinshan, Lufeng County, Yunnan
Province, China.

Emended diagnosis. (Cranial features only). As
a basal sauropodiform, J. xinwaensis can be diagnosed by a
unique combination of character states (*represents
autapomorphies present in LFGT-ZLJ0113 and/or CXM-
LT9401): (1) inflection at the base of the dorsal premaxillary
process (CXM-LT9401, also present in Melanorosaurus),
(2) level of the caudal margin of the external naris caudal to
the mid-length of the maxillary tooth row and the rostral
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Fig. 2. Photograph (A) and interpretative line drawing (B) of the
cranium of LFGT-ZLJ0113 in left lateral view. Dark gray fills represent
openings, diagonal lines represent missing parts, and dashed lines
represent fracture.

margin of the antorbital fenestra* (both LFGT-ZLJ0113
and CXM-LT9401); (3) slightly rostrodorsally sloping orien-
tation of the lacrimal orbital margin; (4) ventrally con-
stricted subtriangular orbit* (both LFGT-ZLJ0113 and
CXM-LT9401); (5) rostrocaudally shortened jugal plate at
suborbital region* (CXM-LT9401); (6) shape of the floor of
the braincase in lateral view bent with the basal tubera
below the level of the basioccipital and the parasphenoid
rostrum raised above it (also present in Melanorosaurus
and Yizhousaurus); (7) height-to-length ratio of the dentary
greater than 0.2* (both LFGT-ZLJ0113 and CXM-LT9401);
(8) length of the retroarticular process greater than the
depth of the mandible below the glenoid (also present in
Coloradisaurus and Lufengosaurus); (9) distally recurved
long axis of the tooth crowns (both LFGT-ZLJ0113 and
CXM-LT9401)*,

Comments. Zhang and Yang (1995) listed a large
number of cranial characters in the original diagnosis of
J. xinwaensis: skull small and elongated, equivalent in
length to 2.4 times of the fourth cervical vertebrae or three
times of the first caudal; cranial openings large, and bars
separating the openings gracile; external naris large and
subcircular; antorbital fenestra medium size and triangu-
lar; orbit large and subcircular; infratemporal fenestra dor-
soventrally tall and trapezoidal; supratemporal fenestra
small and circular; occipital region narrow, and occipital
plate slightly sloped; skull roof flat; jaws slender, espe-
cially the mandibular rami; jaw articulation below the
level of dentary tooth row; tooth row elongate, and teeth

50 mm

Fig. 3. Photograph (A) and interpretative line drawing (B) of the
cranium of LFGT-ZLJ0113 in right lateral view. Dark gray fills represent
openings, diagonal lines represent missing parts, and dashed lines
represent fracture.

closely aligned; four premaxillary teeth elongate and
robust, tooth crowns pointed and subcircular in cross-
section; anterior maxillary teeth similar to premaxil-
lary, and tooth crowns of mid-posterior ones oblate
with weak serrations on both margins; dentary teeth
elongate and robust, slightly oblate with distinct serra-
tions. However, none of these features differ substan-
tially from those seen in other basal sauropodomorphs
(e.g., shape and size of cranial openings, tooth morphol-
ogy and counts) and cannot be regarded as diagnostic
for Jingshanosaurus (see later for further details). One
feature noticed by the original authors, the distally
recurved long axis of the premaxillary and anterior max-
illary tooth crowns was regarded as one of the main dif-
ferences between Jingshanosaurus and Lufengosaurus
(Barrett et al. 2005).

Wang (2004) reported the cranial material (CXM-LT9401)
and identified it as Jingshanosaurus cf. xinwaensis. This
specimen was subsequently named as a new species,
C. lufengensis by Li et al. (2010) without mentioning
aforesaid paper and regarded it as the most basal sauropod
(equivalent to the most basal sauropodiform in McPhee and
Choiniere’s phylogeny). Lii et al. (2010) proposed four diag-
noses for C. lufengensis: lacrimal perpendicular to the
ventral margin of the upper jaw; rostral tip of the max-
illa slopes continuously; a depression present on the dor-
sal snout behind the naris; 25 dentary teeth. Based on
our observations of CXM-LT9401, the lacrimal orbital
margin has a slight rostrodorsal slope, the premaxillary
process of the maxilla does not slope continuously, a
depression on the dorsal snout behind the naris is also
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Fig. 4. Photograph (A) and interpretative line drawing (B) of the
cranium of LFGT-ZLJ0113 in dorsal view. Dark gray fills represent
openings, diagonal lines represent missing parts, and dashed lines
represent fracture.

present in many other basal sauropodomorphs, such as
Lufengosaurus (Barrett et al. 2005), and the number of
dentary teeth cannot be reliably ascertained. However, the
inflection at the base of the dorsal premaxillary process
could be considered a distinguishing feature of CXM-
LT9401 as noticed by Lii et al. (2010), and is only present
in Melanorosaurus (NMQR 3314) (Yates 2007). Unfortu-
nately, the corresponding feature is not preserved in LFGT-
ZLJ0113. Our cladistic analysis recovers LFGT-ZLJ0113
and CXM-LT9401 in a sister group (see later). Considering
that the two specimens come from the same horizon and
the sites where they were discovered are relatively close to
one another (about 7 km apart; Fig. 1), C. lufengensis is
here proposed to be a junior synonym of J. xinwaensis and
CXM-LT9401 is referred to J. xinwaensis.

DESCRIPTION

The description is focused on the holotype (LFGT-ZLJ0113),
supplemented with information from CXM-LT9401. Mea-
surements of LFGT-ZLJ0113 are given in the Supporting
Information Table S6. Lii et al. (2010) had given a gen-
eral description and measurement of CXM-LT9401, so
those of the specimen are not necessary to be repeated,
and only the required changes are proposed here.

General Features

The skull of LFGT-ZLJ0113 is three-dimensionally
preserved, but it has undergone some torsion resulting in
the misalignment of its right and left sides. Further, the

Fig. 5. Photograph (A) and interpretative line drawing (B) of the cranium
of LFGT-ZLJ0113 in ventral view. (Dark gray fills represent openings.)

rostral region of the skull roof has been crushed dorsoven-
trally such that the nasal processes of the premaxillae,
the ascending process of the right maxilla, dorsal parts
of the lacrimals, the nasals, and the prefrontals are all
damaged (Figs. 2—4). Additionally, the right mandibular
ramus is shifted medially to the upper jaw and the den-
tary tooth-bearing is obscured as a consequence, whereas
the left one is isolated and nearly complete (Fig. 7). Sev-
eral regions of the palate and the braincase are also frag-
mented or obscured by matrix and many small cracks are
present on bone surfaces.

In lateral view, the skull of LFGT-ZLJ0113 is long and
wedge-shaped in outline (Figs. 2-3). It is about twice as
long (as measured from the tip of the premaxilla to the
caudal margin of the quadrate) as it is high (as measured
from the dorsal margin of the parietal to the ventral
margin of the quadrate). The skull of CXM-LT9401 has a
similar length-to-height ratio according to the original
measurements (Li et al. 2010, table 1). In dorsal view,
the skull of LFGT-ZLJ0113 is subtriangular, and tapers
gradually from its widest point across the postorbital to
the tip of the snout (Fig. 4). The occiput of the skull is
subrectangular in caudal view, and the occipital plate is
slightly inclined rostrodorsally (Fig. 6).

The cranial openings of LFGT-ZLJ0113 are relatively
large. The shape of the external naris is deduced to be
subtriangular although its rostrodorsal border cannot be
defined (Fig. 2). The caudal-most tip of this opening is
located caudal to the level of the rostral margin of the
antorbital fenestra (Fig. 2) and the caudal margin of the
external naris of CXM-LT9401 (Fig. 8). This is contrary
to the condition of the antorbital fenestra in other
basal sauropodomorphs. This feature is thus consid-
ered autapomorphic for Jingshanosaurus. Additionally,
the external naris of the CXM-LT9401 is large, with a
maximum diameter equivalent to 24% of the total skull
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Fig. 6. Photograph (A) and interpretative line drawing (B) of the cranium of LFGT-ZLJ0113 in caudal view. Dark gray fills represent openings,

diagonal lines represent missing parts, and dashed lines represent fracture.

length, but the majority of other basal sauropodomorphs
(Plateosaurus, Massospondylus, Riojasaurus, Mussaurus,
and Coloradisaurus) have relatively smaller external nares,
with diameters that range from 14% to 18% of the total
skull length, that of Yunnanosaurus is only 10% (Barrett
et al. 2007). In lateral view, the antorbital fenestra of LFGT-
Z1.J0113 is large, forms an approximately right triangle and

A

sets within a broad, subtriangular antorbital fossa. The orbit
is the largest opening in the skull, it has a subtriangular
outline, and measures approximately a quarter of the total
length of the skull (Fig. 3). Although the ventral process of
the postorbital is broken, the ventral portion of the orbit is
somewhat constricted (Fig. 3), the shape in life position
should be the same as in CXM-LT9401 (Fig. 8). The shape

50 mm

Fig. 7. Photographs and interpretative line drawings of the left mandibular ramus of LFGT-ZLJ0113 in lateral (A, B) and medial (C, D) views. Dark

gray fills represent openings, and dashed lines represent fracture.
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Fig. 8. Photograph (A) and interpretative line drawing (B) of CXM-
LT9401 in right lateral view. Dark gray fills represent openings and
dashed lines represent fracture. Note the skull looks like a little shorter
than the lower jaw, and this visual difference is caused by mounting
position and camera angle.

of the infratemporal fenestrae of LFGT-ZLJ0113 cannot
be identified due to the fractured and missing bones in
lateral views. In CXM-LT9401, the rostral margin of the
infratemporal fenestra extends under the rear half of
the orbit. The supratemporal fenestra of LFGT-ZLJ0113
is rostrocaudally elongated and subtriangular in dorsal
view, with an obtuse, smooth medial border (Fig. 4). The
long axis of the supratemporal fenestra of CXM-LT9401
is also longitudinally oriented (see Supporting Informa-
tion Fig. S2A) and not transversely oriented as originally
described (Lii et al. 2010).

Skull Roof

Premaxilla. The premaxilla of LFGT-ZLJ0113 pre-
serves a robust, rostrocaudally short main body with a
strip-shaped caudolateral process. The nasal process is
broken. The nasal process of CXM-LT9401 is short and
gracile in lateral and anterior view, as in other basal
sauropodomorphs. In lateral view, the main body of the
premaxilla in LFGT-ZLJ0113 is rectangular and bears
four elongated premaxillary teeth (Figs. 2-3), similar to
the condition in most basal sauropodomorphs. The lat-
eral surface of the premaxilla is slightly convex, and at
least two large nutrient foramina can be identified on

the left side. The caudolateral process of the premaxilla
extends caudally to overlap the rostrodorsal part of the
premaxillary process of the maxilla, and gently reduces
its height toward the distal end. In lateral view, a slot-
shaped subnarial foramen is present at the middle of the
premaxilla-maxilla suture (Fig. 3), as well as that of
CXM-LT9401. It is worth noting that the premaxilla of
CXM-LT9401 has an inflection at the base of its nasal pro-
cess (Fig. 8), resembling the condition in Melanorosaurus
(NMQR 3314), but this region of LFGT-ZLJ0113 is missing.

Maxilla. The maxilla of LFGT-ZLJ0113 consists of
two major parts: a horizontally directed tooth-bearing
ramus and a caudodorsally directed ascending process
(the latter part of the right maxilla is missing). In lateral
view, the main process of the maxilla is straight, and
gradually tapers caudally. Almost five poorly preserved
nutritive foramina are present on the lateral surface of
the main ramus of the maxilla, and most of which are ori-
ented caudoventrally (Fig. 3). The main ramus of the max-
illa in CXM-LT9401 presents the same condition, and five
similarly sized foramina are arranged linearly, and not
irregularly as originally described (Lii et al. 2010). There is
no vestige of a lateral maxillary ridge, differing from the
condition in Lufengosaurus (Barrett et al. 2005) and
Melanorosaurus (NMQR 3314) (Yates 2007). The height of
the medial plate of the alveolar part of the maxilla is only
slightly shorter than that of the lateral one, indicating that
the “lateral plate” is absent, although it is present in
Yizhousaurus (Zhang et al. 2018) and Aardonyx (Yates
et al. 2010). The tooth row extends along nearly the entire
length of the maxilla and contains 15-16 maxillary teeth
(Fig. 5). The ascending process of the left maxilla is narrow
in its mid-portion, and it forms most of the caudal margin
of the external naris and the rostral margin of the
antorbital fenestra. The caudoventral corner of the ascend-
ing process is excavated, giving rise to a “medial lamina”
that comprises the rostroventral boundaries of the shallow
antorbital fossa (Fig. 2), but this condition is absent in
some sauropodomorphs (e.g., Plateosaurus, Lufengosaurus,
Anchisaurus, and Yunnanosaurus). The dorsal part of the
ascending process is broken. The ascending process widens
dorsally in CXM-LT9401 (Fig. 8), but it is not as wide as
that of Lufengosaurus or Yizhousaurus.

Lacrimal. The left lacrimal is more complete than
the right one in LFGT-ZLJ0113. The lacrimal consists of
a relatively robust main shaft and a short rostrodorsal
process, which is obscured by plaster, giving the bone an
inverted “L”-shape in lateral view. The main shaft is
rostrodorsally oriented along its length about 80° relative
to the ventral margin of the maxilla, as well as the condi-
tion in CXM-LT9401. It is much closer to vertical than
the condition present in most basal sauropodomorphs,
particularly other Lufeng taxa (e.g., Lufengosaurus,
Xingxiulong, and Yunnanosaurus), but contrary to that in
Yizhousaurus (Zhang et al. 2018), in which the lacrimal is
vertical or even slightly caudodorsally oriented (Zhang et al.
2018). The ventral part of the main shaft is caudally
expanded without a shallow fossa present in Yunnanosaurus
(Barrett et al. 2007), and articulated with the rostrodorsal
margin of the jugal ventrally. The rostroventral corner has a
minor contribution to the caudal margin of the antorbital
fossa (Fig. 3). Lii et al. (2010) indicated that the dorsal expo-
sure of the lacrimal of CXM-LT9401 is absent, however, this
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is not the case: in fact the lacrimal is exposed in dorsal view
(see Supporting Information Fig. S2A).

Prefrontal. Only the caudal process of the left pre-
frontal in LFGT-ZLJ0113 is preserved, with a subtriangular
outline in dorsal view (Fig. 4). This process has an extensive
overlapping contact with the rostral part of the frontal. The
prefrontal of CXM-LT9401 is shorter than the diameter of
its orbit.

Frontal. The frontals of LFGT-ZLJ0113 are sub-
trapezoidal, transversely broad plates in dorsal view. They
are sutured to one another by a low, straight midline ridge.
The rostral end of the frontal is narrow without a midline
boss which is autapomorphic for Yunnanosaurus (Barrett
et al. 2007), and it may insert between the prefrontal and
the nasal, although its boundary with the nasal cannot be
determined accurately due to breakage (Fig. 4). Each frontal
is caudally expanded and concave dorsally to form a para-
sagittal depression on its dorsal surface. The lateral margin
of the frontal is emarginated to form most of the dorsal
margin of the orbit, as in most basal sauropodomorphs
(with the exception of Plateosaurus and Lufengosaurus).
The caudal margin of the frontal is also concave, forming
long curved contacts with the parietal caudally and the
postorbital caudolaterally. The frontal is excluded from the
margin of the supratemporal fenestra by the parietal and
postorbital, but contributes to the supratemporal fossa,
which is also common in other basal sauropodomorphs.

Parietal. The parietal of LFGT-ZLJ0113 is well pre-
served and consists of a robust main body with two later-
ally directed processes of subequal size, a rostrolateral
process and a caudolateral process. The parietals are
fused to one another, and no pineal foramen is present in
dorsal view. The rostrolateral process is gently curved
and extends laterally. This process contacts the frontal
rostrally along a transversely curved suture and the ros-
trodorsal process of the postorbital laterally, together for-
ming the rostral margin of the supratemporal fossa
(Fig. 4). The dorsal surface of the rostrolateral process is
gently concave along its length, and has no evidence of a
prominent boss, which is one of the diagnostic features
of Lufengosaurus (Barrett et al. 2005). The caudolateral
process of the parietal contacts the squamosal caudally,
diverging from the midline of the main body at an angle of
approximately 45° in dorsal view. This process is broadly
exposed in caudal view, contacts the dorsal margin of the
exoccipital, and together defines a small post-temporal
fenestra at the middle of their suture (Fig. 6).

Postorbital. Only the rostrodorsal and caudodorsal
processes of the postorbitals in LFGT-ZLJ0113 are pre-
served. In lateral view, the rostrodorsal process of the
postorbital is a strap-like element, a little longer and
slenderer than the caudodorsal process (Fig. 3). In dorsal
view, the rounded tip of this process contacts with the
frontal and the rostrolateral process of the parietal medi-
ally. The caudodorsal process is short and situated lower
than the dorsal margin of the rostrodorsal process. This
process has an extensive overlapping contact with the
squamosal medially, forming the dorsal margin of the
infratemporal fenestra. The ventral process of the postor-
bital in CXM-LT9401 extends rostroventrally and its
transverse width is less than the rostrocaudal width at

the mid-shaft, but Yizhousaurus possesses a transversely
wider postorbital ventral process (Zhang et al. 2018).

Jugal. Only the maxillary processes of the jugals are
preserved in LFGT-ZLJ0113. The maxillary process is
dorsoventrally deep and tapers rostrally between the lac-
rimal and the maxilla with a blunt end (Fig. 2). This pro-
cess makes no contribution to the border of the antorbital
fenestra. The jugal of CXM-LT9401 is well preserved. The
suborbital portion of the jugal is rostrocaudally short and
dorsoventrally deep (Fig. 8), similar to the shortened jugal
plate in more derived sauropods, and contrary to the elon-
gated bars found in all other basal sauropodomorphs. Note
that its sutural contact with the maxilla is incorrectly
reconstructed in the original paper (Lii et al. 2010).

Quadratojugal. Both quadratojugals of LFGT-
Z1.J0113 are damaged and no more than the caudoventral
corners are preserved. This region is composed of a heel-
like plate which attaches to the lateral surface of the quad-
rate and tapers dorsally to a point to reach the ventral tip
of the squamosal. However, the suture is not clear (Fig. 3).
The caudoventral processes in both LFGT-ZLJ0113 and
CXM-LT9401 are expanded, like those of most basal
sauropodomorphs, but different with the less developed
condition of Yunnanosaurus (Barrett et al. 2005).

Squamosal. The right squamosal of LFGT-ZLJ0113
appears to be complete while the left one is ventrally
damaged. The squamosal is a tetraradiate bone that gives
rise to rostral, ventral, caudoventral, and caudomedial
processes. The rostral process is robust and largely over-
lapped by the postorbital laterally, and forms the lateral
margin of the supratemporal fenestra. The ventral process
is stout at the base, and tapers ventrally toward its contact
with the quadratojugal along the rostrolateral surface of
the shaft of the quadrate (Fig. 3). The length-to-width ratio
of the ventral process is approximately 4, similar to the con-
dition in CXM-LT9401, not approximately 2.8 as described
by Lii et al. (2010). There is a recess between the ventral
and the caudoventral processes that clasps the quadrate
head. The caudoventral process is short and gently curved
in lateral view. It contacts the paroccipital process
caudoventrally. Finally, the caudomedial process of the
squamosal is short and slender, contacting the cau-
dolateral process of the parietal medially (Fig. 6).

Quadrate. Both quadrates of LFGT-ZLJ0113 are
present, but have suffered some damage. The right quad-
rate is articulated with the ramus of the mandible with
its ventral end covered by the glenoid in lateral view. The
left quadrate is exposed ventrally. The quadrate con-
sists of a robust shaft that divides into a rostrolateral
quadratojugal wing and a rostromedial pterygoid wing,
together forming a large concave area on its rostral sur-
face. The rostrolateral wing of the quadrate contacts
the ventral process of the squamosal dorsally and the
ascending process of the quadratojugal ventrally (Fig. 3).
The rostromedial wing forms a large plate and contacts
with the pterygoid medially, and occupies more than
70% the length of the quadrate. The quadrate shaft is
robust and slightly bowed rostrally. Its caudal surface
appears to be deeply excavated and bears a conspicuous
crest on the caudomedial margin in caudal view. The
small and circular quadrate foramen can be seen on the
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caudal surface (Fig. 6), and the quadrate foramen also
presents in CXM-LT9401, although it is not so clear (see
Supporting Information Fig. S2C in ). The ventral artic-
ular surface of the quadrate is transversely expanded
and divided into two condyles by a shallow sulcus, and
the medial condyle is larger and extends more ventrally
than the lateral one (Fig. 5).

Palatal Elements

Palatine. The palatines of LFGT-ZLJ0113 are not
well preserved, especially the right one which only preserves
part of the maxillary process. The left palatine has a small
displacement, but its maxillary process is still articulated
with the maxilla along its lateral margin (Fig. 5). This pro-
cess extends medially to meet the pterygoid then expands
rostrocaudally to merge with the main body of the pterygoid.
The main body is a dorsoventrally expanded thin plate,
with its caudal margin articulated with the pterygoid
caudomedially (Fig. 3).

Pterygoid. The pterygoid of LFGT-ZLJ0113 is a
complex element. The main body of the pterygoid is trans-
versely wide in ventral view and gives rise to four distinct
parts. The rostral palatine process tapers rostrally (the
tip is broken), and contacts the palatine rostrally. The lat-
erally projecting transverse flange of the pterygoid con-
tacts the ectopterygoid rostrolaterally (Fig. 5). Caudally,
the pterygoid has a transversely thin quadrate process
and a short and stout median process, they diverge from
one another at an angle of approximately 30°. A distinct
socket for the basipterygoid process exists along the junc-
tion of the median process and the central part of the
pterygoid (Fig. 5).

Ectopterygoid. Only fragments of the ectopterygoids
are preserved in LFGT-ZLJ0113 (Fig. 3), which articulate
with the ventral surface of the pterygoid.

Braincase

Supraoccipital. The occipital plate of LFGT-ZLJ0113
slightly inclines rostrodorsally. The supraoccipital has a
roughly pentagonal outline, and is transversely slightly
wider than dorsoventrally high, occupying the dorsal half
of the occipital region of the skull (Fig. 6). The condition in
CXM-LT9401 is the same, other than the higher than wide
supraoccipital stated by Liu et al. (2010). The dorsal mar-
gin of the supraoccipital of LFGT-ZLJ0113 has a straight
contact with the parietals, and the post-parietal fenestra
is absent along their suture. The median ridge of the
supraoccipital is low and rounded and extends along the dor-
sal half of the midline (Fig. 6). Its suture with the exoccipital-
opisthotic complex is obscured. The ventral margin of the
supraoccipital bears two small processes and forms the dorsal
margin of the foramen magnum.

Exoccipital-opisthotic. The exoccipital-opisthotic of
LFGT-ZLJ0113 is a robust and complex element. It contacts
the supraoccipital dorsally, the basioccipital ventrally, and
borders the foramen magnum laterally. The paroccipital
process projects caudolaterally and ventrally, expanding dis-
tally to a blunt and thick end (Fig. 6).

Basioccipital. The basioccipital borders the foramen
magnum ventrally. It contacts the exoccipital dorsolaterally

and comprises the occipital condyle caudally. The occipital
condyle is semilunar in outline and slightly convex (Fig. 6).
It constricts to the short condylar neck rostrally and the
ventral surface of the neck appears to be flat. Further ros-
trally, the basioccipital contributes to the basal tubera. The
basal tuberae is a rostrocaudally compressed ridge com-
posed of the basisphenoid and basioccipital at its junc-
tion, and this junction is not completely fused with one
rostrolaterally opened notch on each side (Fig. 5).

Basisphenoid. The basisphenoid of LFGT-ZLJ0113
is well exposed in ventral view and constitutes the rostral
region of the braincase floor. The rostroventral region of
the basisphenoid is gently concave transversely, and a deep
median fossa exists on the caudoventral surface between
the basal tubera and the basipterygoid processes (Fig. 5).
The basipterygoid processes are short, rod-like projections
with a subelliptical cross section, and are ventrolaterally
directed.

Parasphenoid. Only the rostral part of the para-
sphenoid rostrum is visible through the broken orbit in
lateral view (Fig. 3). It appears to be subtriangular in lat-
eral view and oriented rostrally and slightly dorsally with
respect to the braincase floor, showing that the braincase
floor is relatively bent, as in Yizhousaurus (Zhang et al.
2018) and Melanorosaurus (NMQR 3314) (Yates 2007),
but not like the presence of the “stepped” braincase in
most basal sauropodomorphs.

Mandible

Both mandibular rami of LFGT-ZLJ0113 are well pre-
served. The right one is in contact with the skull, and the
majority of mandibular sutures are obscured. Although
the external mandibular fenestra of the isolated left man-
dibular ramus is damaged (Fig. 7A,C), the outline of this
fenestra is bounded rostrally by the dentary, caudodorsally
by the surangular, and caudoventrally by the angular. It
makes up roughly 10% of the total mandibular length. The
undamaged, actual size of this fenestra should be smaller
than 10%, contrary to the relatively large size in most basal
sauropodomorphs, whereas Riojasaurus and Yizhousaurus
possess a considerably smaller fenestra (5~7% of the
mandible length). In lateral view, the jaw articulation is
below the level of the dentary tooth row, as in other basal
sauropodomorphs, but the jaw joint of Massospondylus
and Yunnanosaurus is on the same level as the dentary
tooth row.

Dentary. The dentary of LFGT-ZLJ0113 is elongated
and comprises over half of the total mandibular length. It
maintains an almost constant depth along the rostral
ramus, and increases slightly in depth caudally toward its
contact with the post-dentary bones. The ratio of the height
to length of the dentary is around 0.28, and CXM-LT9401
also has a relatively higher dentary. In this way, both speci-
mens differ from most other basal sauropodomorphs, which
have a lower dentary (ratio: <0.2). The lateral surface of the
dentary in LFGT-ZLJ0113 is gently convex with a rounded,
low, and longitudinal ridge extending one third of the
length of the caudal dentary (Fig. 7A). This ridge indicates
the existence of the buccal emargination, which is common
in most basal sauropodomorphs. This ridge is also seen
in CXM-LT9401 (Fig. 8), not absent as Lu et al. (2010)
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described. The tooth row of LFGT-ZLJ0113 is relatively
long and occupies most of the dorsal margin of the den-
tary. Several nutrient foramina are found just ventral to
the alveolar margin on the lateral surface of the dentary.
Based on preserved teeth and alveoli, the number of den-
tary teeth is estimated to be 22 in the left and 20 in the
right. Although the dentary teeth of CXM-LT9401 can-
not be accurately determined, its number of teeth does
not differ substantially from that of LFGT-ZLJ0113. In
medial view, the symphysis is small and subelliptical in
outline (Fig. 7C).

Surangular. The surangular of LFGT-ZLJ0113 is an
elongated and relatively large element constituting most of
the caudodorsal region of the mandibular ramus. The lat-
eral surface of the surangular is slightly convex. It borders
much of the caudodorsal margin of the external mandibular
fenestra. Its dorsal margin is medially inflected to form the
coronoid eminence, and then decreases in height caudally to
approach the jaw articulation (Fig. 7A). The surangular
covers the caudal end of the dentary rostrally, the lateral
surface of the articular caudally, and the angular ventrally.
The medial surface of the surangular is slightly concave,
and a small foramen is present caudal to the coronoid
eminence (Fig. 7D).

Angular. The angular of LFGT-ZLJ0113 is a large
and strap-like element that wraps around the ventral
region of the caudal portion of the mandibular ramus. In
lateral view, it has a broad contact with the surangular
dorsally and articulates with the dentary rostrally. Medi-
ally, it meets the prearticular along an almost straight
suture dorsally (Fig. 7C).

Intercoronoid. The intercoronoid of LFGT-ZLJ0113
is a rostrocaudally elongated, dorsoventrally narrow, thin
plate that covers the medial surface of the caudal half of
the alveolar margin. The rostral part of the intercoronoid
is broken (Fig. 7C).

Splenial. The caudal part of the splenial in LFGT-
Z1.J0113 is preserved on the medial surface of the left
mandible. It is a flat, sheet-like element that covers the
dentary medially (Fig. 7C). No splenial foramen is visible
due to the rostral damage to this bone.

Prearticular. The prearticular of LFGT-ZLJ0113 is
rostrocaudally elongated and exposed in medial view. The
ventral margin of the prearticular is conjoined with the
angular along its entire length, and its caudal end con-
tacts the ventromedial surface of the articular (Fig. 7C).

Articular. The articular of LFGT-ZLJ0113 is an irreg-
ular, block-like element that lies dorsal to the prearticular
and contacts the surangular laterally. Caudal to the glenoid
is a stout process that projects medially, which is also noted
to be present in CXM-LT9401 (Li et al. 2010). The
retroarticular process of LFGT-ZLJ0113 has a blunt tip, and
its rostrocaudal length is greater than the depth of the man-
dibular ramus below the glenoid, a feature also present in
Coloradisaurus (Apaldetti et al. 2014) and Lufengosaurus
(Barrett et al. 2005).

Dentition

Most of the teeth are preserved in both the upper and
lower jaws of LFGT-ZLJ0113. However, many of them are
broken apically with the mesiodistal margins obscured. All
the teeth are long, lanceolate, and labiolingually com-
pressed. The four premaxillary teeth are the longest teeth
apicobasally. The premaxillary tooth crowns are asymmet-
rical and gently curve caudally (Fig. 3). The maxillary tooth
crowns are mesiodistally expanded slightly relative to the
roots, but this is not as pronounced as in other basal
sauropodomorphs. The labial surfaces of the tooth crowns
are slightly convex, whereas the lingual surfaces are almost
flat. The tooth enamel on the labial surfaces are smooth
and display gracile longitudinal striations. No wear facets
are present (see Supporting Information Fig. S1B). The
dentary teeth are closely packed, similar to the condition of
the maxillary teeth. The serrations are poorly preserved
but present in maxillary and dentary teeth, and they are
restricted to the apical region of the crowns. Although the
premaxillary teeth of CXM-LT9401 are broken, but the
morphology of the maxillary and dentary teeth is almost
the same as those of LFGT-ZLJ0113, with distally recurved
tooth crowns, finely wrinkled tooth enamel and mesiodistal
tooth serrations.

DISCUSSION

Our phylogenetic analysis generated two most parsimo-
nious trees (MPTs) with the following scores: tree length =
1,292 steps, consistency index (CI) = 0.333, and retention
index (RI) = 0.690. The strict consensus tree is relatively
well-resolved (Fig. 9). LFGT-ZLJ0113 is recovered as a sis-
ter taxon of CXM-LT9401, which supports the assign-
ment of CXM-LT9401 to J. xinwaensis. This clade
(=dJ. xinwaensis) is supported by four synapomorphies:
level of the caudal margin of external naris is caudal to
the mid-length of the maxillary tooth row and the rostral
margin of the antorbital fenestra (character.state: 19.2);
height-to-length ratio of the dentary is greater than 0.2
(character.state: 98.1); length of the retroarticular pro-
cess is greater than the depth of the mandible below the
glenoid (character.state: 105.1); and the tooth crowns have a
distally recurved long axis (character.state: 116.0). The cra-
nium of CXM-LT9401 is better preserved than that of
LFGT-ZLJ0113 and has additional features that can also be
considered diagnostic for J. xinwaensis. These include the
inflection at the base of the dorsal premaxillary process, the
slightly rostrodorsally inclined lacrimal, the ventrally con-
stricted subtriangular orbit, and the rostrocaudally short-
ened jugal at the suborbital region.

Jingshanosaurus was recovered as the second diverg-
ing clade of Sauropodiformes between Xingxiulong and
Yunnanosaurus, and they together represent the basalmost
lineages of this clade. However, the cranial morphology of
these three taxa demonstrate clear differences. Contrary to
Jingshanosaurus, in Xingxiulong, the lacrimal shaft inclines
rostrodorsally, the orbital is subcircular with a slender jugal
bordering its ventral margin, the rostroventral corner of the
infratemporal fenestra does not extend below the orbit, the
diverging angle between the jugal and the quadratojugal is
close to 90°, and the surangular and angular extend ros-
trally to the relatively large external mandibular fenestra
(Wang et al. 2017). These features indicate that Xingxiulong
probably had a relatively long and low cranial profile
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compared to Lufengosaurus, a member of Massospondylidae
also from the Lower Jurassic of Lufeng, and Plateosaurus,
a more basal sauropodomorph diverging prior to Sau-
ropodiformes and Massospondylidae (Fig. 9). Yunnanos-
aurus also has a low and elongated skull with its skull
length more than twice its height. Yunnanosaurus pos-
sesses many unique features that are absent not only in
Jingshanosaurus but also in all known basal sauropo-
domorphs, such as an extremely small external naris

(less than 10% of maximum skull length), a lack of nutritive
foramina on the lateral surface of maxilla, and a lack of
denticles on the maxillary teeth (Barrett et al. 2007).

As a basal sauropodiform, Jingshanosaurus is distin-
guished from its close relatives and possesses many
unique cranial features including: (1) a relatively high
skull about half of its length; (2) a moderately developed
external narial fossa about the same size as the orbit
as evidenced by the elongated external naris extending
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caudal to the mid-length of the maxillary tooth row and
the rostral margin of the antorbital fenestra; (3) a rela-
tively robust lower jaw suggested by the heightened
dentary with its height-to-length ratio greater than 0.2
and a reduced external mandibular fenestra less than
10% of the total mandibular length; (4) relatively primi-
tive dentition with elongated and serrated teeth with
recurved mesial tooth crowns. These characters repre-
sent a mosaic of both derived and primitive features in
the cranium of Jingshanosaurus likely due to the basal
nature of Jingshanosaurus. However, controversies still
exist regarding the phylogenetic placement of many of
these taxa. For example, a cranial-only cladistic analy-
sis recovers Yunnanosaurus as more basal than both
Xingxiulong and Jingshanosaurus, and even Lufengosaurus
and Plateosaurus (Zhang et al. 2018).

Jingshanosaurus has been known for over 20 years,
but in spite of its importance and remarkable preserva-
tion, its cranial osteology had not been studied since it
was originally described. We hope this study will pro-
vide a basis for future studies to allow for a better
understanding this important dinosaur. More studies on
not only Jingshanosaurus, but other Lufeng taxa will
allow for better reconstructions of the ecomorphotypic
diversity of the Lower Jurassic Lufeng and potentially
help to decipher the origin and early evolution of
sauropodiforms.
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