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The Middle Jurassic lower Shaximiao Formation in Sichuan Province of south-western China has yielded a diverse
terrestrial vertebrate fauna dominated by sauropod dinosaurs. However, many of these sauropods lack detailed
descriptions or explicit phylogenetic diagnoses. Here, we present a comprehensive redescription of Dashanpusaurus
dongi, a species of sauropod found only in the lower Shaximiao Formation. We define the revised autapomorphies of
the species as follows: neural canals are sub-square in anterior dorsal vertebrae; the presence of a thin accessory lamina
that contacts the prezygodiapophyseal and paradiapophyseal laminae of the middle dorsals, forming an angle of 75° to
the horizontal; and four ridges on the anterodistal edge of the humerus. Often considered part of the epipophyseal-
prezygapophyseal lamina, a strut invades the spinodiapophyseal fossa in the cervical and anterior dorsal vertebrae.
Anatomical comparisons indicate that this feature was widespread among early-diverging Middle Jurassic eusauropod
lineages. This comparative anatomical data provides an opportunity to revisit the phylogenetic position of
Dashanpusaurus and the relationships of the neosauropod clade. Recovered as a macronarian, a better understanding
of Dashanpusaurus dongi will allow for clarification of the origin, early evolution, and palacogeographical distribution
of neosauropods. This study also suggests that the diversity and dispersity of the neosauropod clade occurred much
earlier than previously realized.

Keywords: Sauropoda; Neosauropoda; Macronaria; Dashanpusaurus dongi; Middle Jurassic; lower
Shaximiao Formation

Introduction

The lower Shaximiao Formation of Sichuan Province,
China, has vyielded diverse faunas of terrestrial verte-
brates, including pterosaurs; sauropod, theropod and
ornithischian dinosaurs; crocodyliform archosaurs; and
early mammals (e.g. Young 1939, 1958; Dong et al.
1983; Dong & Tang 1984, 1985; He et al. 1984, 1988;
Zhou 1984; Ouyang 1989; Peng 1992; Tang et al. 2001;
Kuang 2004; Barrett et al. 2005; Peng et al. 2005; Ye
et al. 2005; Jiang et al. 2011; Peng et al. 2019; Dai
et al. 2020; Li et al. 2021; Tan et al. 2021). The
‘Dashanpu Dinosaurian Fauna’ is one of the most fam-
ous Middle Jurassic dinosaur faunal assemblages from
this unit (Peng et al. 2005). The horizon is situated at
the base of the lower Shaximiao Formation and is

biostratigraphically correlated to the Middle Jurassic
based on the presence of invertebrate fossils (e.g.
bivalves) (Yang 1987; Du & Wang 2009). Although
some researchers have produced U-Pb radiometric evi-
dence indicating a late Middle to early Late Jurassic
(Callovian—Oxfordian) age for the lower Shaximiao
Formation (e.g. Li et al. 2010; Luo et al. 2014,
Qian et al. 2016; Wang et al. 2018; Zhou et al. 2021),
these ages remain difficult to reconcile with biostrati-
graphic correlations suggesting a Middle Jurassic
(Bajocian—Bathonian) age for this stratum (e.g. Zhang
et al. 1976; Chen et al. 1982; Shen 2003, 2004, 2010;
Liao et al. 2014). We consider the age of the lower
Shaximiao Formation to be unresolved.

The most abundant vertebrate remains encountered in
Dashanpu Dinosaurian Fauna are those of sauropod
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dinosaurs and range from isolated elements to complete,
articulated skeletons with skulls (Dong et al. 1983;
Dong & Tang 1984, 1985; He et al. 1984, 1988; Zhang
1988; Ouyang 1989; Gao 1993; Peng et al. 2005; Jiang
et al. 2011). Since the discovery of Shunosaurus lii in
the late 1970s, six sauropod genera have been reported
from this area (Shunosaurus, Protognathus, Omeisaurus,
Abrosaurus, Dashanpusaurus and Datousaurus) (Dong
et al. 1983; Dong & Tang 1984; He et al. 1984; Zhang
1988; Ouyang 1989; Kuang 2004; Peng et al. 2005;
Jiang et al. 2011).

Despite the quality and abundance of the lower
Shaximiao materials and their relevance to questions of
sauropod systematics, taxonomy and diversity, the local-
ity has been severely neglected and has not been sub-
jected to detailed scrutiny. Here we attempt to partially
rectify this deficit by providing a detailed redescription of
Dashanpusaurus dongi, based on new anatomical details
not recorded by Peng et al. (2005), and provide a discus-
sion regarding the validity and diagnosis of this taxon.

Dashanpusaurus dongi was first reported by Peng
et al. (2005), based on two partial postcranial skeletons
from Dashanpu, Zigong City, Sichuan, China (Fig. 1).
The original specimens were collected from the lower
section (near the bottom) of the lower Shaximiao
Formation and are regarded as Middle Jurassic (early
Bajocian) in age. This taxon is significant for several
reasons: Dashanpusaurus potentially represents the ear-
liest known macronarian sauropod in Asia and is poten-
tially a camarasaurid (Peng et al. 2005); if so, it
provides another glimpse of later-diverging sauropod
evolution during the otherwise poorly represented
Middle Jurassic — a period that documents the signifi-
cant richness of sauropods in China (e.g. Young 1939;
Dong et al. 1983; He et al.1988; Zhang 1988; Ouyang
1989; Pi et al. 1996; Fang et al. 2000; Peng et al. 2005;
Xing et al. 2015a; Xu et al. 2018); and it potentially
demonstrates that basal macronarian taxa coexisted in
the Middle Jurassic with some early-diverging taxa such
as Shunosaurus lii and Omeisaurus tianfuensis.
Moreover, this represents the first in a series of papers
in which we will redescribe specimens of early-diverg-
ing sauropods of China to gain a fuller understanding of
these important animals and their relevance to sauropod
phylogeny and biogeographic history.

Methods

Descriptions and comparisons

All descriptions were made directly from the holotype
and paratype specimens of Dashanpusaurus dongi.
Comparisons with other taxa in this article were made

from direct observations of specimens or with published
descriptions, illustrations and photographs. We marked
the reconstructed portions of each element in all relevant
figures. We use Romerian orientational descriptors (e.g.
anterior, posterior) rather than standardized terms (e.g.
cranial, caudal). We use the anatomical nomenclature of
Wilson (1999, 2012) and Wilson et al. (2011) for verte-
bral fossae, laminae and the components of the sauropod
sacrum.

Measurements

The transverse width of the bifurcated neural spine is
the length between the lateral apexes of the two meta-
pophyses; the length of the deltopectoral crest measures
from the distal maximum curvature point of the delto-
pectoral crest to the proximal-most point.

Phylogenetic analysis

Phylogenetic analyses were carried out in TNT v. 1.5
(Goloboff et al. 2008). Equal weights parsimony (EWP)
and extended implied weighting (EIW) analyses were
employed in the phylogenetic analysis. We set a general
RAM of 300 Mb and a maximum of 500,000 trees for
EWP and EIW, and used a concavity constant (K) of 12
for EIW. Firstly, the New Technology Search was
applied; 50 search replications were used as a starting
point for each hit, and the consensus was stabilized 10
times, using random and constraint sectorial searches
under default settings, five ratchet iterations, and five
rounds of tree fusing per replicate (‘xmult = replications
50 hits 10 css rss ratchet 5 fuse 57). Then, the resulting
most parsimonious trees (MPTs) were used as the start-
ing trees for a Traditional Search using tree bisection
reconnection (TBR). The support for each node in the
trees was assessed in TNT using Group present/
Contradicted (GC) values generated via symmetric
resampling, based on 5000 replicates (Goloboff et al.
2003). The latter analyses used the Traditional Search
option with TBR. Character mapping was carried out in
Mesquite v. 2.75 (Maddison & Maddison 2011).

Anatomical abbreviations

4™ fourth trochanter of femur; ACDL, anterior centro-
diapophyseal lamina; acf, anconeal fossa; ac fo, acro-
mial fossa; ACH, anterior centrum dorsoventral height;
ACPL, anterior centroparapophyseal lamina; ac ri, acro-
mial ridge; ACS, anterior cervical series; act, acetabu-
lum; ACW, anterior centrum transversal width; ae,
anterior extended portion of humeral distal articular sur-
face; aEl, ratio of total centrum length to the average
centrum height and width (see Chure et al. 2010);



Osteology of Dashanpusaurus

Figure 1. Locality of Dashanpusaurus dongi. A, world map, demarcating Sichuan Province; B, close-up of Sichuan Province,
highlighting the location of Zigong City; C, collection sites of Dashanpusaurus dongi.

AL, thin accessory lamina contacting the prezygodiapo-
physeal lamina and paradiapophyseal lamina; amp,
ambiens process; AP, accessory process; avc, anteroven-
tral concavity of ilium; bde, bevelled distal end; ca, cor-
acoid articular surface; cc, cnemial crest; Cd, caudal
vertebra; CDF, centrodiapophyseal fossa; cf, coracoid

foramen; CL, centrum length with the anterior condyle;
CPOL, centropostzygapophyseal lamina; CPRL, centro-
prezygapophyseal lamina; Cv, cervical vertebra; D, dor-
sal vertebra; dac, distal anterior concavity; di,
diapophysis; dpc, deltopectoral crest; EPRL, epipophy-
seal-prezygapophyseal lamina; fc, fibular condyle;
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fmr, median ridges on femoral anterior surface; gl, glen-
oid; hpo, hyposphene-hypantrum system; ia, ischial
articulation; ICF, intracostal fenestra; IE, internal exca-
vation; ila, iliac articulation; Lat. SPOL, lateral spino-
postzygapophyseal lamina; b, lateral bulge; Ic, lateral
condyle; Id, lateral depression; Im, lateral malleolus; Ir,
lateral ridge; mc, medial condyle; M. cor, tuberosity for
attachment of M. coracobrachialis; MCS, middle cer-
vical series; md, medial deflection; Med. SPOL, medial
spinopostzygapophyseal lamina; mm, medial malleolus;
mp, medial process; nc, neural canal; nsp, neural spine;
os, anterodorsally oblique strut; pa, parapophysis; pc,
proximal concavity of radius; PCDL, posterior centro-
diapophyseal lamina; PCS, posterior cervical series; pf,
lateral pneumatic fossa or foramen; pho, hyposphene-
hypantrum system; pmcr, posteromedial convexity of
lower part of radius; POCDF, postzygapophyseal cen-
trodiapophyseal fossa; PODL, postzygodiapophyseal
lamina; POSDF, postzygapophyseal spinodiapophyseal
fossa; posta, postacetabular process; poz, postzygapoph-
ysis; pp, posterior process; PPDL, paradiapophyseal
lamina; PRCDF, prezygapophyseal centrodiapophyseal
fossa; PRDL, prezygodiapophyseal lamina; prea, prea-
cetabular process; PRPL, prezygoparapophyseal lamina;
PRSDF, prezygapophyseal spinodiapophyseal fossa;
PRSL, prespinal lamina; prz, prezygapophysis; puf,
pubic foramen; pup, pubic peduncle; S, sacral vertebra;
SDF, spinodiapophyseal fossa; SPDL, spinodiapophy-
seal lamina; SPOL, spinopostzygapophyseal lamina;
SPRL, spinoprezygapophyseal lamina; tc, tibial con-
dyle; tfi, tuberculum fibularis; tp, transverse process;
TPOL, intrapostzygapophyseal lamina; TPRL, intrapre-
zygapophyseal lamina; vc, ventral concavity; vlr,
ventrolateral ridge; yo, sacricostal yoke.

Institutional abbreviations

CQ208, HEGT Chongging Laboratory of Geological
Heritage Protection and Research, No. 208 Hydrogeological
and Engineering Geological Team, Chongging Bureau of
Geological and Mineral Resource Exploration and
Development Chongging, Chongging, China; I\VVPP, Institute
of Vertebrate Paleontology and Paleoanthropology, Chinese
Academy of Sciences, Beijing, China; ZDM, Zigong
Dinosaur Museum, Zigong, Sichuan, China.

Other abbreviations

DFA, distance from anterior end of centrum to anterior
margin of neural arch; DFP, distance from posterior end
of centrum to posterior margin of neural arch; GC,
Group present/Contradicted; HRI, the average of the
greatest widths of the proximal end, midshaft, and
the distal end of humerus/length of the humerus;

MPTs, most parsimonious trees; NAH, neural arch
dorsoventral height (measured from dorsal margin of cen-
trum up to the base of the postzygapophyses); NSH,
neural spine dorsoventral height (measured from the base
of postzygapophyses up to neural spine summit); NSL,
neural spine maximum anteroposterior length (measured
above SPOLs); NSW, neural spine maximum transverse
width; OTU, operational taxonomic unit; PCH, posterior
centrum dorsoventral height; PCW, posterior centrum
transverse width; TBR, tree bisection reconnection; VEI,
the anteroposterior length of the centrum divided by the
midline height of the cotyle (see Wedel et al. 2000); Vn,
number of vertebrae.

Systematic palaeontology

Dinosauria Owen, 1842
Saurischia Seeley, 1887
Sauropodomorpha von Huene, 1932
Sauropoda Marsh, 1878
Neosauropoda Bonaparte, 1986a
Macronaria Wilson & Sereno, 1998
Dashanpusaurus Peng, Ye, Gao, Shu & Jiang, 2005

Type and only species. Dashanpusaurus dongi.

Diagnosis. As for the type and only known species
(see below).

Dashanpusaurus dongi Peng, Ye, Gao, Shu &
Jiang, 2005
(Figs 3-6, 71, 8-25, 35A, B)

Holotype. ZDM 5028. Four cervical vertebrae, 13 dor-
sal vertebrae, five sacral vertebrae, 33 caudal vertebrae,
left ulna, ilium, pubis, femur and tibia (Fig. 2).

Paratype. ZDM 5027. Four cervical vertebrae, 12 dor-
sal vertebrae, two caudal vertebrae, left scapula and cor-
acoid, left humerus and radius, and some dorsal ribs.

Locality and horizon. The specimens were excavated
in Dashanpu Town, Zigong City, Sichuan Province, in
south-west China. Sauropod remains were found in
purplish-red silty mudstones near the base of the lower
Shaximiao Formation. Traditionally, a
Bathonian—Callovian age was inferred for this unit (e.g.
Deng et al. 2017; Huang 2019). A series of detrital zir-
con U-Pb dates for the lower Shaximiao Formation in
the Sichuan Basin yielded a late Middle—early Late
Jurassic age (Li et al. 2010; Luo et al. 2014; Qian et al.
2016; Wang et al. 2018). A new zircon U-Pb age from
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Yunyang (Chongging, north-west of Sichuan Basin)
yielded a maximum depositional age of 166.0+1.5Ma
(late Middle Jurassic) (Zhou et al. 2021). However, the
invertebrate fossils and plant assemblage evidence indi-
cate that the lower Shaximiao Formation is Middle
Jurassic in age (potentially Bajocian—Bathonian) (Zhang
et al. 1976; Chen et al. 1982; Shen 2003, 2004, 2010;
Liao et al. 2014). More recently, detrital zircon U-Pb
ages sampled in Dashanpu indicate that the bottom of
the lower Shaximiao Formation possibly belongs to the
earliest Bajocian (Tan et al. in prep.).

Remarks. Dashanpusaurus dongi was based on two
partly articulated postcranial skeletons from the
Dashanpu quarry. Unfortunately, the original excavation
report is missing, so the quarry map and skeletal associa-
tions are unknown. Peng et al. (2005) assigned six middle
and posterior cervical vertebrae; no cervical vertebrae are
preserved from the paratype. However, four anterior cer-
vical vertebrae were found during later observations at
the Zigong Dinosaur Museum. According to the associ-
ation of the anterior and posterior articular surfaces of
centra, the features of the vertebrae, and the original stor-
age records, these four anterior cervical vertebrae, and
two anterior caudal vertebrae are from the paratype speci-
men (Figs 2, 3, 15). Additionally, the articular surfaces of
the anterior cervical vertebrae from the paratype are trans-
versely compressed, whereas the middle to posterior cer-
vical vertebrae of the holotype are dorsoventrally
compressed. Moreover, the features of these anterior cer-
vicals are different from those of the other taxa from
Dashanpu quarry (see Description, below) and the previ-
ous serial number of each vertebra suggests these four
cervicals are isolated from the paratype, therefore we ten-
tatively regard these cervicals as part of the paratype. The
left ulna and ischium of the holotype are almost totally
covered by plaster, making further anatomical descrip-
tions impossible.

Emended diagnosis. Dashanpusaurus dongi is a macro-
narian sauropod with the following unique combination
of character states (autapomorphies are marked by *):
midline keels are present on the ventral surfaces of
anterior cervical vertebrae; the centra of the anterior,
middle and posterior dorsal vertebrae are opisthocoe-
lous, amphiplatyan to amphicoelous, and amphicoelous,
respectively; neural canals are sub-square in anterior
dorsal vertebrae*; diapophyses of anterior to middle dor-
sal vertebrae project dorsolaterally; a thin AL contacts
the PRDL and PPDL, forming an angle of approxi-
mately 75° to the horizontal in middle dorsal vertebrae*;
an IE is situated below the diapophyses of dorsal verte-
brae; anterior to middle dorsal neural spines are slightly
bifurcated with transversely extended metapophyses;

neural spines have a slab-like morphology with
expanded distal ends in posterior dorsal vertebrae; the
medial spinopostzygapophyseal lamina (Med. SPOL) is
prominent and robust and extends from the dorsal por-
tion of the neural spine to the medial base of postzyga-
pophysis on dorsal vertebrae; dorsal pneumatic fossae
are large and simple without septa; four sacral vertebrae
have completely fused centra; the anterior caudal verte-
brae are amphicoelous; the ratio of maximum to min-
imum dorsoventral heights of the scapular blade is
greater than two; there are four ridges on the anterodis-
tal edge of the humerus™*.

Comments. Peng et al. (2005) assigned this taxon to
Camarasauridae. One previously identified character is
retained as part of a unique combination of character
states (midline keels weakly developed on ventral surfa-
ces of cervical vertebrae). Six characters are revised and
included in our new combination of character states:
‘dorsal vertebrae are amphicoelous/amphiplatyan’ was
revised as ‘the anterior dorsal vertebrae are opisthocoe-
lous while the middle and posterior vertebrae are amphi-
coelous’ (the anterior articular surfaces of the paratype’s
anterior dorsal vertebrae are flat or mildly concave);
‘lateral excavations are well developed’ was revised to
‘dorsal pneumatic fossae are large and simple without
septa’; ‘the neural spines of the posterior cervical verte-
brae and anterior dorsal vertebrae are shallowly bifur-
cated” was revised to ‘the anterior to middle dorsal
neural spines are slightly bifurcated with transversely
extended metapophyses’ (Peng et al. [2005] interpreted
the holotype as including two posterior cervical verte-
brae, but these are instead anterior dorsal vertebrae; the
state of bifurcation in posterior cervical vertebrae is
unknown); ‘neural spines bear a slab-like morphology
with expanded distal ends in middle and posterior dorsal
vertebrae’ was revised as ‘neural spines bear a slab-like
morphology with expanded distal ends in posterior dor-
sal vertebrae’ (because many neural arches from middle
dorsal vertebrate series are not preserved, we limited the
state to the posterior dorsal vertebral series); ‘four sacral
vertebrae with completely fused centra’ was revised as
“five sacral vertebrae with last four sacral centra com-
pletely fused’ (the last dorsal vertebra was defined as
the first sacral vertebra, as discussed below); and
‘anterior caudal vertebrae are weakly opisthocoelous’
was revised to ‘anterior caudal vertebrae are amphicoe-
lous’ (the anterior articular surfaces of anterior caudal
vertebrae are slightly concave). We disregarded some
previous characters, such as: the cervicals are short and
opisthocoelous (there is a lack of comparative taxa so
we could not make a suitable comparison about the ratio
of anteroposterior length of middle cervical centra div-
ided by the height of the posterior articular surface of
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Figure 2. Reconstruction of Dashanpusaurus dongi. Reconstruction of the skeleton of Dashanpusaurus dongi in left lateral view.
The elements in pink are from the holotype, those in blue are from the paratype and those in green are preserved in both holotype

and paratype. Observed paratypic materials are outlined in white.

cervical centra, and cervicals of almost all sauropod
taxa are opisthocoelous); the neural spines of the poster-
ior dorsal vertebrae are broader transversely than antero-
posteriorly (most sauropods share this character); the
scapula is short and robust, and the posterior portion of
the shaft extends prominently; the humerus is straight
and robust with distinctly expanded proximal end; the
ilium is anteroposteriorly extended with a pronounced
anterior process; the femur is slender with a prominent
femoral head; the fibula is a straight and robust element
(@all of the latter characters are indistinct, and many
sauropod taxa share these states). Additionally, the four
anterior cervical vertebrae were not mentioned in the
previous paper (Peng et al. 2005). Therefore, we pro-
vide the first detailed description and comparison of
them in this study.

Description and comparisons

Cervical vertebrae

Eight cervical vertebrae of the cervical series for the
two specimens are present: four associated anterior cer-
vical vertebrae from the paratype (maybe Cv3-6) and
four loosely articulated middle posterior cervical verte-
brae from the holotype (potentially Cv7-10). Cv4 is
generally well preserved (Figs 3-5). By contrast, Cv3,
Cv5-7 and Cv9 and 10 are only partly preserved and
lacking neural arches. Cv8 is badly damaged and is
mostly reconstructed with plaster. Some centra were

deformed during fossilization. The preserved anterior
vertebrae (Cv3-6) are presumed to constitute the anter-
ior series according to their morphology and measure-
ments (e.g. the anterior condyles of these preserved
anterior cervical vertebrae from the paratype are promin-
ently anteroventrally projected, compared with the pos-
terior articular surfaces; the ventral surfaces of the
preserved anterior cervical vertebrae in the paratype are
more dorsally curved than that in preserved cervical ver-
tebrae in holotype) (these conditions are similar to those
in many other sauropods such as Camarasaurus lewisi
and Europasaurus holgeri: Mcintosh et al. 1996a,
figs 25-28; Carballido & Sander 2014, figs 4, 5), and
according to a comparison of VEI ratio of each centrum
with  some eusauropod taxa (Camarasaurus sp.,
Camarasaurus lewisi, and some Eastern Asia sauropod
taxa such as Shunosaurus lii, Omeisaurus tianfuensis and
Mamenchisaurus youngi). The vEls from the cervical ver-
tebrae in the paratype and holotype are similar to the
ratios of the anterior and posterior cervical vertebrae in
Camarasaurus sp. The morphology of the lateral pneu-
matic fossae of Cv7-10 is distinctly different from that in
Cv3-6, lacking the septa and small foramina situated in
the lateral fossa of the latter. All centra are opisthocoe-
lous (Figs 3, 4; see Tables 1 and 2 for measurements).

Anterior cervical vertebrae. The centra are opisthocoe-
lous, with irregularly convex anterior articular surfaces
and strongly concave posterior surfaces (Fig. 3; see
Table 1 for measurements). The ventral surfaces are
broad and gently concave transversely, rounding
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smoothly towards the lateral surfaces. The midline keels
are low ridges and mildly convex on the anterior part of
the ventral surfaces of Cv3 and 4. The midline keels are
absent on subsequent anterior vertebrae. The posterior
surface VEI ratio of the anterior cervical centra ranges
from 1.42 to 1.23, with the highest ratio in Cv3. This
value is lower than that in Bellusaurus sui (2.81) (Mo
2013, supplementary table). Based on the preserved
morphology, the posterior articular surfaces are trans-
versely compressed. Transversely compressed cervical
vertebrae are found in most non-neosauropod eusauro-
pods (e.g. Shunosaurus lii, Omeisaurus tianfuensis: He
et al. 1988, table 6; Zhang 1988, table 5) and some neo-
sauropod taxa such as Euhelopus zdanskyi and
Galvesaurus herreroi (Barco et al. 2006, figs 2, 3;
Wilson & Upchurch 2009). The articular facets of con-
secutive vertebrae in extant animals (e.g. birds, crocodi-
lians, lizards and mammals) are of much the same
shape, varying only gradually along the neck, and dis-
tortion of preserved sauropod cervical vertebrae is
almost inevitable during taphonomy, fossilization and
subsequent deformation (Taylor 2022). However, vari-
ation in the cervical articular condyles generally exists
in many sauropod genera (e.g. Patagosaurus fariasi:
Holwerda et al. 2021, table 2). If these articular surfaces
were originally dorsoventrally compressed, this feature
is a trait similar to most macronarian sauropods such as
Camarasaurus lewisi (MclIntosh et al. 1996a, figs
25-27; Upchurch 1998), and distinctly differs from
Bellusaurus sui and the other sauropods from Dashanpu
quarry that have transversely compressed posterior
articular surfaces (e.g. Shunosaurus lii, Omeisaurus
tianfuensis).

Pleurocoels occur on the lateral surfaces of the anter-
ior centra, similarly to other sauropods such as
Camarasaurus lewisi and Bellusaurus sui (Mclntosh
et al. 1996a, figs 25-27; Mo 2013, supplementary pl.
16). An excavation is situated at the anterior portion of
the centrum of the anterior cervical vertebrae and there
is a posterior smooth fossa on the posterior portion of
the anterior cervical vertebrae. These are divided by an
accessory septum (Fig. 3) that projects anterodorsally.
The morphology of the pneumatic fossae resembles that
in Bellusaurus sui and some other taxa such as
Patagosaurus fariasi (Mo 2013, supplementary pl. 16;
Holwerda et al. 2021, fig. 2), but differs from that in
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Bashunosaurus kaijiangensis, which lacks a sub-dividing
septum (Kuang 2004, fig. 1). These fossae gradually
become larger and deeper on the middle to posterior
cervical vertebrae. Some of the posterior fossae from
the anterior cervical vertebrae are penetrated by small
foramina on the central portion (Fig. 3A, B). The small
notch on the dorsal margin of the posterior articular sur-
face is absent, similar to the condition in Camarasaurus
lewisi, Bellusaurus sui and early-diverging sauropod
taxa such as Shunosaurus lii (Zhang 1988; Mclntosh
et al. 1996a; Mo 2013), whereas some taxa possess the
notch, such as Europasaurus holgeri and Euhelopus
zdanskyi (Wilson & Upchurch 2009; Carballido &
Sander 2014, fig. 8).

The heights of the neural arches are about half the
height of the centra. The neural arches are slightly
taller than the neural spines, with a ratio reaching 1.1.
The neural canal is dorsoventrally compressed with an
elliptical outline. The prezygapophyses extend beyond
the centra and are supported by the transversely thin
CPRL, which seems to merge with the PRDL poster-
iorly. The CPRL is not divided, similar to that found in
Bellusaurus sui, as is common in some early-diverging
sauropods such as Shunosaurus lii (Zhang 1988; Mo
2013, supplementary pl. 17). An undivided CPRL is a
plesiomorphic condition for non-diplodocids and this
feature applies primarily to the middle to posterior cer-
vical vertebrae (Upchurch 1998; Wilson 2002). The dia-
pophyses are situated near the neurocentral junction
along the anterior edge of the neural spine. The ventral
surfaces of the diapophyses bear a slight concavity. A
PCDL is present, as in most other sauropods such as
Bellusaurus sui (Mo 2013, supplementary pl. 17). The
PODL is prominent, resembling that in most sauropods,
such as Camarasaurus lewisi and Bellusaurus sui
(Mclntosh et al. 1996a, figs 25-27; Mo 2013, supple-
mentary pl. 17). The angle between the PODL and
PCDL on the preserved anterior cervicals is between
39 and 46°. This condition is generally similar to that
in Shunosaurus lii (Cv6: ~39°) (Zhang 1988). By
contrast, the range of this angle in the corresponding
anterior cervical vertebrae of Camarasaurus lewisi
and Camarasaurus sp. is much wider (Cv3-6:
~50-80° and ~25-40°, respectively) (Mclntosh et al.
1996a, figs 25-28; Woodruff & Foster 2017, figs
14-17). This angle in Omeisaurus tianfuensis and
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Figure 3. A-D, Dashanpusaurus dongi paratype anterior cervical vertebrae 3-6. I, anterior views; 11, left lateral views; 111, posterior

views. Abbreviations: ACDL, anterior centrodiapophyseal

lamina; CPOL, centropostzygapophyseal lamina; CPRL,

centroprezygapophyseal lamina; di, diapophysis; nc, neural canal; nsp, neural spine; os, anterodorsally oblique strut; pa,
parapophysis; PCDL, posterior centrodiapophyseal lamina; pf, pneumatic fossa or foramen; PODL, postzygodiapophyseal
diapophyseal lamina; poz, postzygapophysis; PRDL, prezygodiapophyseal diapophyseal lamina; prz, prezygapophysis; SPOL,
spinopostzygapophyseal lamina; SPRL, spinoprezygapophyseal lamina. Scale bar = 100 mm.
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Figure 4. A-C, Dashanpusaurus dongi holotype middle to posterior cervical vertebrae 7, 9 and 10. |, anterior views; Il, left lateral
views; Ill, posterior views. Striped regions indicate reconstruction. Abbreviations: pa, parapophysis; pf, pneumatic fossa or foramen;

vc, ventral concavity. Scale bar = 50 mm.

Mamenchisaurus youngi is slightly narrower than that
in Dashanpusaurus dongi (Cv3-6: ~29-42° and
Cv3-5: ~22-28°, respectively) (He et al. 1988; Ouyang
& Ye 2002). Postzygapophyses extend slightly beyond

the centra. The articular facets are concave and face
ventrolaterally. The CPOL is not divided and
extends ventromedially, resembling the condition of
the CPRL.
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Figure 5. A-H, Dashanpusaurus dongi holotype anterior dorsal vertebrae 1 and 2. A and G, anterior view; B and H, left lateral
view; C, dorsal view; D, posterior view; E, right lateral view; F, ventral view. Striped regions indicate reconstruction. Abbreviations:
CDF, centrodiapophyseal fossa; CPOL, centropostzygapophyseal lamina; CPRL, centroprezygapophyseal lamina; D, dorsal vertebra;
di, diapophysis; EPRL, accessory strut crossing the spinodiapophyseal fossa (SDF) of EPRL feature; nc, neural canal; nsp, neural
spine; pa, parapophysis; PCDL, posterior centrodiapophyseal lamina; pf, pneumatic fossa or foramen; PODL, postzygodiapophyseal
lamina; poz, postzygapophysis; PPDL, paradiapophyseal lamina; PRCDF, prezygapophyseal spinodiapophyseal fossa; PRDL,
prezygodiapophyseal  diapophyseal lamina; PRPL, prezygoparapophyseal lamina; prz, prezygapophysis; SPOL,
spinopostzygapophyseal lamina. Scale bar = 50 mm.

The neural spines are essentially horizontal, measur- along their whole length. SPRLs and SPOLs start from
ing about half the length of the centra. These neural the base of the neural spine, as in most sauropods such
spines are dorsoventrally low and transversely narrow as Bellusaurus sui (Mo 2013). Prespinal laminae are
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absent on the anterior cervical vertebrae, resembling the
condition in Bellusaurus sui and in many other sauro-
pods (e.g. Shunosaurus lii).

Middle to posterior cervical vertebrae. Only the cen-
tra from the holotype are well preserved, except for Cv8
which is nearly completely covered by plaster. The cen-
tra are opisthocoelous, with prominently hemispherical
convex anterior articular surfaces and deeply concave
posterior surfaces (Fig. 4; see Table 2 for measure-
ments). It is worth noting that a dorsoventrally extended
convexity is located on the lower portion of the anterior
articular surface of Cv9. By contrast, the anterior margin
of the anterior articular surface is flat in anterior view,
and the prominently convex portion of the vertebra is
situated at the centre of the centrum. Both the anterior
and posterior articular surfaces are dorsoventrally com-
pressed. The articular surfaces are transversely wider
than dorsoventrally tall. This condition is similar to that
in nearly all neosauropods, such as Camarasaurus lewisi
(MclIntosh et al. 1996a, figs 28-30), Bellusaurus sui
(Mo 2013, supplementary pl. 18) and Lourinhasaurus
alenquerensis (Mocho et al. 2014, fig. 3), and some
eusauropods (e.g. Mamenchisaurus youngi: Ouyang &
Ye 2002; Mannion et al. 2013). The ventral surfaces of
the centra are prominently convex transversely, espe-
cially on the anterior portion of each centrum. The mid-
dle transverse convexity is keel-like and fades on the
posterior portion of the centrum. Two deep, anteropos-
teriorly extended concavities are divided by the middle
convexity on the anterior portion of the ventral surface
(Fig. 4). The transverse widths are gradually reduced on
the middle portion of the centrum. In contrast, the anter-
ior and posterior portions are strongly expanded in ven-
tral view. Ventrolateral ridges form the lateral margins
of the two ventral concavities. The parapophyses, situ-
ated at the anterior portion of the centra near the anter-
ior articular surfaces, are slightly laterally and ventrally
extended. The articular surfaces of the parapophyses are
elliptical in outline. The excavated parapophyses are
commonly present in almost all neosauropods, such as
Camarasaurus sp. (Woodruff & Foster 2017, fig. 17),
excluding members of Somphospondyli (Upchurch
1998; Mannion et al. 2013). The articular surfaces are
rough and oriented ventrolaterally. A pneumatic fossa is
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located on the lateral surface of the centrum and occu-
pies almost its entire lateral surface. The anterior margin
of the lateral fossa is rounded. This big excavation, with
no dividing septum, extends from the anterior margin of
the centrum to the posterior margin, as observed in
Camarasaurus lewisi (Mcintosh et al. 1996a, figs
28-30). It differs from the anterior cervical series and
anterior-middle cervical vertebrae of Lourinhasaurus
alenquerensis (Mocho et al. 2014, fig. 3) by containing
a septum situated at the middle portion of the lateral
surface that divides the lateral fossa. The deepest area is
on the anterior portion of this excavation. There is no
prominent boundary on the posterior margin of this
excavation, whereas the anterior cervical vertebrae have
a distinct posterior margin and multiple oblique struts
dividing the lateral fossae. In the other sauropods recov-
ered from Dashanpu quarry, the lateral fossae on the
cervicals of Shunosaurus lii are deeply excavated with
no prominent margin (Zhang 1988, fig. 25), whereas the
posterior margin is present in Omeisaurus tianfuensis
with multiple oblique struts dividing the lateral fossae
(He et al. 1988, fig. 20).

Dorsal vertebrae

Thirteen dorsal vertebrae are preserved in the holotype
and 12 in the paratype, although only six of the latter are
well preserved (Figs 6-9; see Tables 1 and 2 for meas-
urements). Most of the holotype dorsal vertebrae are well
preserved, but some of them are only partly preserved
(e.g. D10) and exhibit damage to the zygapophyses or
centra. The well-preserved paratype dorsal vertebrae
include one anterior vertebra, four middle vertebrae and
one posterior vertebra. Rather than fully describing the
anatomical features of these vertebrae, we divided the
holotype and paratype dorsal series into three parts
(anterior, middle and posterior), and documented changes
along the vertebral sequence. D1-3 are presumed to be
anterior dorsal vertebrae as the parapophysis is still
touching the centrum. In addition, each centrum is opis-
thocoelous and the ventral margin is strongly arched dor-
sally in lateral view, unlike more posterior dorsals that
have flat to concave articular surfaces (see Mannion
et al. 2013; Tschopp et al. 2015, table 3). Additionally, a
midline ventral keel is present on the centra of D1-3,
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Figure 6. A-C, Dashanpusaurus dongi holotypic anterior and middle dorsal vertebrae. A, dorsal 3; B, dorsal 4; C, dorsal 5; I,
anterior views; I, left lateral views; Ill, posterior views. Striped regions indicate reconstruction. Abbreviations: ACPL, anterior
centroparapophyseal lamina; CPOL, centropostzygapophyseal lamina; CPRL, centroprezygapophyseal lamina; di, diapophysis; Lat.
SPOL, lateral spinopostzygapophyseal lamina; Med. SPOL, medial spinopostzygapophyseal lamina; nc, neural canal; nsp, neural
spine; pa, parapophysis; PCDL, posterior centrodiapophyseal lamina; pf, pneumatic fossa or foramen; PODL, postzygodiapophyseal
lamina; poz, postzygapophysis; PPDL, paradiapophyseal lamina; PRDL, prezygodiapophyseal diapophyseal lamina; PRPL,
prezygoparapophyseal lamina; prz, prezygapophysis; SPDL, spinodiapophyseal lamina; SPOL, spinopostzygapophyseal lamina;

SPRL, spinoprezygapophyseal lamina. Scale bar = 50 mm.
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Table 1. Measurements of paratypic vertebrae of Dashanpusaurus dongi. An asterisk (*) denotes a measurement based on an
incomplete element. All measurements are in millimetres. Abbreviations: ACH, anterior centrum dorsoventral height; ACW,
anterior centrum transverse width; Cd, caudal; CLB, centrum length with the condyle; Cv, cervical; D, dorsal; DFA, distance from
anterior end of centrum to anterior margin of neural arch; DFP, distance from posterior end of centrum to posterior margin of
neural arch; NAH, neural arch dorsoventral height (measured from dorsal margin of centrum up to the base of the
postzygapophyses); NSH, neural spine dorsoventral height (measured from base of postzygapophyses up to neural spine summit);
NSL, neural spine maximum anteroposterior length (measured above spinopostzygapophyseal laminae (SPOLs)); NSW, neural
spine maximum transverse width; PCH, posterior centrum dorsoventral height; PCW, posterior centrum transverse width; Vn,
vertebrae number (the number of dorsal and caudal vertebrae only presents the sequence of vertebrae).

_Vn CLB ACH ACW PCH PCW DFA DFP NAH NSH NSL NSW
Cv3 158 48 45 63 58 27 17 25 39 52 11
Cv4 157 63 47 78 59 23 18 36 30 55 13
Cv5 160 66 39 86 60 18 - - - - -
Cv6 189* - - - 66 - 31 39 33 87 13
D1 93 - - - 180 16 - 130 90 27 140
D2 118 133 - 111* 150 13 26 150 130 35 100
D3 140 117 154 117* 160 14 - 140 150 39 97
Cdl 105 142 137 137 110 7 37 76 180 44 25

whereas this feature is absent in subsequent dorsals. We
identify D4-8 as middle dorsal vertebrae and D9-13 as
posterior dorsal vertebrae, and these preserve an internal
excavation on the dorsal neural arch (IE), a thin acces-
sory lamina contacting the prezygodiapophyseal and para-
odiapophyseal laminae (AL) and excavation of the
anterior articular surface of centra. The IE and AL are
present in the middle dorsal series, and the anterior
articular surface of the posterior dorsal centra is more
excavated than the middle dorsal centra.

Anterior dorsal vertebrae. D1-3 are articulated and
well preserved with the ventral portion of the posterior
articular surface and right diapophysis of D2 being
restored (Figs 5, 6A, 11A,; see Tables 1 and 2 for meas-
urements). The anterior dorsal vertebrae are opisthocoe-
lous with prominently extended anterior dorsal centra.
Both anterior and posterior articular surfaces are dorso-
ventrally compressed. The height-to-width ratio of the
posterior articular surface of D3 is 0.80. It is worth not-
ing that the anterior and posterior articular surfaces of
D3 are taphonomically deformed to a quadrilateral out-
line rather than elliptical as is seen in other dorsal
articular surfaces. The ventral surfaces of the centra are
transversely convex and concave anteroposteriorly with
a weakly developed midline keel. The ventrolateral
ridge is absent from the ventral surfaces of the centra.
The middle portion of the ventral surface is distinctly
waisted in ventral view, and both anterior and posterior
portions are laterally expanded. Two shallow concavities
are situated on the anterior portion of the centrum near
the anterior articular surface in ventral view. The two
concavities are divided along the mid-sagittal plane.
Laterally, the ventral margin is strongly arched dorsally
in lateral view, especially in D2 and 3. The parapophy-
ses are located at the anterior portion of the centra near
the dorsal margin. They slightly extend anteroposteriorly

behind the articular ball and the articular surfaces are
slightly ventrolaterally oriented. The articular facets are
slightly concave and are laterally to mildly ventrally ori-
ented with an elliptical outline. The lateral pneumatic
fossa occupies the central portion of the lateral surface.
This large excavation extends from the anterior articular
surface to the posterior end with no divisions, and the
deepest portion is situated dorsally. Also, the opening is
posteriorly acute, as it is in the anterior dorsal vertebrae
of nearly all macronarians (Upchurch 1998). The poster-
ior margin of the lateral fossa on D3 is sub-triangular in
outline, this differing from that in D2 of Camarasaurus
sp., Bellusaurus sui and Lourinhasaurus alenquerensis,
which all have elliptical fossae (Mo 2013, supplemen-
tary pl. 23; Mocho et al. 2014, fig. 5; Woodruff &
Foster 2017, fig. 23). Additionally, the lateral fossa is
much deeper, with some divided by septa in
Camarasaurus sp., Bellusaurus sui and Lourinhasaurus
alenquerensis (Mo 2013, supplementary pl. 23; Mocho
et al. 2014, fig. 7; Woodruff & Foster 2017, fig. 23).
There are no prominent boundaries on either the anterior
or posterior margins of this excavation.

The neural arch is taller than the centrum, reaching
approximately 1.1 times the height of the posterior
articular surface of the centrum. These ratios are similar
to those found in some early-diverging sauropod taxa
such as Shunosaurus lii and Tongansaurus hei (Zhang
1988, fig. 31, D3: 1.47; Yang 2003, figs 3-5, anterior
dorsal: 1.29) and differ from those in Camarasaurus sp.
and Bashunosaurus kaijiangensis (Kuang 2004, fig. 1;
Woodruff & Foster 2017, figs 23, 24). The prezyga-
pophyses extend beyond the anterior articular surface of
each centrum. The articular surface of the prezygapoph-
ysis is irregularly elliptical in outline. Both prezyga-
pophyses are rugose and slightly concave centrally. The
articular surfaces of the prezygapophyses are trans-
versely extended and dorsomedially oriented. The
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Table 2. Measurements of holotypic vertebrae of Dashanpusaurus dongi. An asterisk (*) denotes a measurement based on an
incomplete element. All measurements are in millimetres. Abbreviations: ACH, anterior centrum dorsoventral height; ACW,
anterior centrum transverse width; Cd, caudal vertebra; CLB, centrum length with condyle; Cv, cervical vertebra; D, dorsal
vertebra; DFA, distance from anterior end of centrum to anterior margin of neural arch; DFP, distance from posterior end of
centrum to posterior margin of neural arch; NAH, neural arch dorsoventral height (measured from dorsal margin of centrum up to
the base of the postzygapophyses); NSH, neural spine dorsoventral height (measured from base of postzygapophyses up to neural
spine summit); NSL, neural spine maximum anteroposterior length (measured above spinopostzygapophyseal laminae (SPOLS));
NSW, neural spine maximum transverse width; PCH, posterior centrum dorsoventral height; PCW, posterior centrum transverse
width; S, sacral vertebra; Vn, vertebrae number.

Vn CLB ACH ACW PCH PCW DFA DFP NAH NSH NSL NSW
Cv7 209 127 140 136 145 56 69 - - - -
Cv9 238 149 153 142 171* 77 - - - - -
Cv10 244 99 122 141 148 57 - - - - -
D1 229 102 151 136 167 53 52 138 78 11 129
D2 212% 137* 148 144%* 136 - 27 172 111 10 134
D3 116 121 153 122 148 31 27 128 151 17 172
D4 101 102 146 144 151 14 11 169 152 17 138
D5 - - - - - - - - 153 26 101
D6 - - - - - - - - 156 31 102
D7 - - - - - - - - 174 37 98
D8 93 152 173* 177* 188* 12 14 - - - -
D9 124 164 139 182* 158* 9 12 - - - -
D11 - - - - - - - - 198 52 112
D12 - - - - - - - - 222 73 124
D13 121 169 204 189 205 22 22 216 222 73 106
S1 132 184 209 172 214 37 58 188 234 93 119
S2 122%* 246%* 203* 197* 151%* 8 - 165* 133* 101 106*
S3 147 207 156 197 163 - - 192 169 94 117
S4 156 199 162 184 154 - - 178 193 97 119
S5 157 187 158 181 162 - 68 157 214 105 109
Cd1 114 206 182 213 194 4 8 134 225 90 69
Cd2 106 221 196 212 195 9 41 116 213 85 58
Cd3 139 - 198 - 225 - - - - - -
Cd4 133 182* 171* 204 226 - - - - - -
Cd5 117 212 181 196 170 11 23 117 183* 87 56
Cd6 118 195 167 184 162 11 9 112 186 72 57
Cd7 101 177 175 179 178 6 13 98 169 59 54
Cd8 108 187 148 146 131 3 6 89 183* 74 52
Cd9 118 174 121 162 109 - - - - - -
Cd10 119 128 131 128 127 - - - - - -
Cd11 143 96* 154* 109* 170* - - - - - -
Cd12 118 129 127 136 130 - - - - - -
Cd13 109 132 141 131 146* - - - - - -
Cd14 117 128 126 134 123 18 41 - - - -
Cd15 117 119 112 125 116 26 49 - - - -
Cd16 115 120 118* 112* 108* - - - - - -
Cd17 105 101 90* 100 95 - 36 - - - -
Cd18 98 95 99 95 99* - - - - - -
Cd19 105 95 102 100 96 - - - - - -
Cd20 110 93 80+ 99 86 23 39 - - - -
Cd21 110 89 91 89 98 34 - - - - -
Cd22 103 91 87 100 86 19 37 - - - -
Cd25 129 87 103 86 97 29* 35% - - - -
Cd26 130 88 g7* 88 101 30 - - - - -
Cd27 127 92 90 91 91 36 - - - - -
Cd28 122 81 80 79 82 31 26 - - - -
Cd29 105 70 72 72 77 - - - - - -
Cd30 115 68 60* 62 20 - - - - - -
Cd31 110 71 72 70 72 19 29 23 40 - -
Cd32 107 62 65 55 56 - - - - - -
Cd33 106 61 59 55 61 - - - - - -
Cd34 95 60 61 60 60 - - - - - -
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articular surfaces are oriented at ~30° to the horizontal.
The prezygapophyses are supported ventrally by a trans-
versely broadened CPRL. This lamina on D1 is not div-
ided and extends dorsally and slightly laterally,
contacting the middle portion of the prezygapophysis, as
occurs in Camarasaurus supremus (Osborn & Mook
1921, pl. LXXI), Apatosaurus ajax (Upchurch et al.
2004a, pl. 11IM) and many other sauropod taxa (e.g.
Patagosarus fariasi: Holwerda et al. 2021, fig. 9). By
contrast, in some eusauropod taxa such as
Camarasaurus sp. (Woodruff & Foster 2017, fig. 22),
Klamelisaurus gobiensis (Moore et al. 2020, fig. 8E)
and Europasaurus holgeri (Carballido & Sander 2014,
fig. 16), the CPRLs extend to the medial end of the pre-
zygapophyses, and in other taxa (e.g. Rapetosaurus
krausei: Curry Rogers 2009, fig. 14) they reach the lat-
eral portion of the prezygapophyses. Moreover, the dis-
tal end of the CPRL of D1 does not prominently extend
transversely to the point it contacts the TPRL and/or
PRDL, whereas in some taxa the distal end of the
CPRL is distinctly transversely extended and intersects
the TPRL and/or PRDL rather than directly contacting
the prezygapophysis. For example, this feature in
Camarasaurus supremus (Osborn & Mook 1921, pl.
LXXI) is transversely extended, contacting the TPRL; in
Rapetosaurus krausei (Curry Rogers 2009, fig. 14) the
CPRL prominently intersects the PRDL; and the CPRLs
on D1 of Mamenchisaurus youngi are prominently
extended, connecting the PRDL and TPRL (Ouyang &
Ye 2002, fig. 29). The two TPRLs meet each other at
the mid-sagittal plane and the junction forms the dorsal
margin of the neural canal. Anteriorly, the neural canals
are dorsoventrally compressed with an irregular quadri-
lateral shape. By contrast, these canals in the posterior
cervicals are transversely compressed with an elliptical
outline in posterior view. The diapophyses are robust,
situated on the dorsal margin of the neural arches, and
project laterally. The articular surfaces of the diapophy-
ses are sub-triangular in outline, and slightly concave.
The postzygapophyses are dorsolaterally inclined as in
other sauropods. The epipophyses are situated at the
posterior portion of the postzygapophyses near the pos-
terior margin of the vertebrae. This feature is present in
the cervical vertebrae of most sauropods, whereas a
prominent epipophysis is uncommon in the dorsal verte-
brae (Mannion et al. 2019). However, Dashanpusaurus
dongi shares this prominent condition with some turia-
saurs (Tendaguria tanzaniensis, Moabosaurus utahen-
sis), Mamenchisaurus youngi and some other sauropod
taxa (Ouyang & Ye 2002, fig. 20; Britt et al. 2017, fig.
19; Mannion et al. 2019, figs 19, 20). These rugose
tubercles are sub-elliptical in outline and do not extend
beyond the posterior margin of postzygapophysis. The

hyposphene-hypantrum system is not prominent but is
rather a short, robust convexity that is situated on the
dorsal margin of the neural canal beginning in D3. It
should be noted that the orientation of the hyposphene-
hypantrum system could be due to deformation during
preservation. The ACDL is a thin element that exists on
the anteroventral surface of the diapophysis. It contacts
the ventral apex of the articular surface of the diapophy-
sis. The PCDL expands anteroposteriorly and it is much
more robust than the ACDL. It connects the posterior
portion of the centrum to the posteroventral portion of
the diapophysis. The PRDL and PODL are stout and
extend from the base of the prezygapophysis and post-
zygapophysis, respectively, to the distal portion of the
diapophysis. Both EPRLs are strongly extended from
the anterior extension of the epipophyses to the posterior
margin of the prezygapophyses. This condition is similar
to that in Euhelopus zdanskyi, Camarasaurus and some
other eusauropod taxa (e.g. Klamelisaurus gobiensis,
Xinjiangtitan shanshanesis, Hudiesaurus sinojapanorum)
where a prominent lamina is located on the posterior
cervical vertebrae (see the detailed comparison in the
Discussion, below; Mclntosh et al. 1996a; Wilson &
Upchurch 2009; Moore et al. 2020; Zhang et al. 2020;
Upchurch et al. 2021). The CPOL is not divided,
extends ventromedially and supports the postzygapophy-
ses ventrally.

The neural spines are dorsally and slightly posteriorly
oriented; their height is about 0.57 the length of the pos-
terior surface of the centrum in D1. This ratio is similar
to that of Camarasaurus sp. (D1, 0.56: Woodruff &
Foster 2017, fig. 23). The height of the neural spine in
D3 is slightly greater than the height of the posterior
surface of the centrum. This condition differs from that
in Camarasaurus sp. where the height of the centrum is
greater than that of the neural spine (Woodruff & Foster
2017, figs 23, 24). The neural spines are bifurcated, as
occurs in some macronarians such as Camarasaurus,
Lourinhasaurus alenquerensis and Opisthocoelicaudia
skarzynskii (Borsuk-Bialynicka 1977, fig. 2; Mocho
et al. 2014, fig. 7; Woodruff & Foster 2017, figs 23,
24), some non-neosauropod  eusauropods  (e.g.
Mamenchisaurus youngi: Ouyang & Ye 2002, figs
19-21), and diplodocoids such as Apatosaurus ajax and
Amargasaurus cazaui (Salgado & Bonaparte 1991, fig
7; Upchurch et al. 2004a, pl. 3). The neural spines are
shallowly bifurcated, differing from the deep bifurcation
that begins in the basal portion of the neural spine of
anterior dorsal vertebrae in Camarasaurus sp. and
Apatosaurus ajax (Upchurch et al. 2004a, pl. 3;
Woodruff & Foster 2017, figs 23, 24). The shallowly
bifurcated condition of Dashanpusaurus dongi is more
similar to that in Bashunosaurus kaijiangensis,



16 X.-X. Ren et al.

Mamenchisaurus youngi and Klamelisaurus gobiensis
(Ouyang & Ye 2002, figs 19-21; Kuang 2004, fig. 3).
In addition, the dorsal and lateral margins of the meta-
pophyses of Dashanpusaurus dongi have acute angles in
orientation (Figs 5, 6), but in Bashunosaurus kaijiangen-
sis these margins are continuous with a sub-rounded
outline in anterior view (Kuang 2004, fig. 3). In general,
neural spine bifurcation is an unusual feature present in
some sauropod clades such as Mamenchisauridae and
Neosauropoda (e.g. Ouyang & Ye 2002, figs 19-21).
This morphology is typically seen in the cervical and
dorsal vertebrae, and it appears to have evolved at least
five times, in mamenchisaurids, flagellicaudatans and
early-diverging macronarians (e.g. Camarasaurus,
Dashanpusaurus), Euhelopodidae sensu D’Emic (2012)
and titanosaurs (e.g. Opisthocoelicaudia skarzynskii:
Borsuk-Bialynicka 1977), with no apparent reversals
(Taylor & Wedel 2013). Bifurcated neural spines are
widespread in Jurassic East Asian eusauropod lineages,
especially in Late Jurassic Mamenchisaurus-like genera
(e.g. Mamenchisaurus youngi, M. hochuanensis,
Tienshanosaurus chitaiensis, Xinjiangtitan shanshanesis,
Qijianglong guokr, the ‘Thailand mamenchisaurid’,
Klamelisaurus gobiensis, and Hudiesaurus sinojapano-
rum) and macronarians (e.g. Bellusaurus sui) (Young
1937; Young & Zhao 1972; Ouyang & Ye 2002; Mo
2013; Suteethorn et al. 2013; Wu et al. 2013; Zhao
1993; Xing et al. 2015b; Moore et al. 2020; Zhang
et al. 2020; Upchurch et al. 2021). Most of the bifur-
cated neural spines are on posterior cervical and anterior
dorsal vertebrae of these taxa. The Middle Jurassic
Lingwulong shengi exhibits two dorsally directed meta-
pophyses of the neural spine in its middle cervicals to
anterior dorsals that create a deep and transversely nar-
row ‘V’-shaped notch (with the two metapophyses sepa-
rated narrowly or nearly sub-parallel as they extend
from base to apex; the two metapophyses are narrow
“V’-shaped in anterior or posterior view; Xu et al. 2018;
Fig. 7A). Another Middle Jurassic bifurcated sauropod,
Bashunosaurus kaijiangensis from the lower Shaximiao
Formation, has two slightly dorsolaterally projecting
metapophyses with an open “V’-shaped outline in anter-
ior view (Kuang 2004, fig. 3). The Late Jurassic
Mamenchisaurus ~ youngi, M. hochuanensis and
Qijianglong guokr have limited bifurcation on their first
dorsal neural spine and the two metapophyses are ante-
roposteriorly extended (transversely compressed). They
are distinct from the sub-parallel (narrow “V’-shaped)
metapophyses of M. hochuanensis (Fig. 7B), and the
metapophyses are more dorsolaterally extended (wide
“V’-shaped) in M. youngi and Qijianglong guokr (Fig.
7D; Xing et al. 2015b, fig. 13). The neural spines of the
anterior dorsals in Klamelisaurus gobiensis are

bifurcated at the distal portion with the two metapophy-
ses projecting sub-parallel to each other in anterior view
(wide ‘U’-shaped, with two metapophyses nearly sub-
parallel and dorsally extending from base to apex)
(Fig. 7J; Moore et al. 2020, fig. 8). Additionally, the
preserved  posterior  cervical neural spine of
Tienshanosaurus chitaiensis shares a wide ‘V’-shaped
notch with the upper portion invaded (Fig. 7E; Young
1937, fig. 1). By contrast, the aforementioned
‘bifurcated neural spine’ taxa lack the medial process
between the two rod-like metapophyses (wide ‘V’-
shaped) that existed in the posterior cervical vertebrae
of Hudiesaurus sinojapanorum (Fig. 7H; Upchurch
et al. 2021, figs 2, 3). In Camarasaurus sp. (Osborn &
Mook 1921, pls LXVII-LXX; Woodruff & Foster 2017,
figs 15-24), the bifurcation is situated at the upper por-
tion of the neural spine with transversely wide/harrow
‘U’-shaped (cervicals) and narrow ‘V’-shaped (anterior
dorsals) metapophyses in anterior or posterior view (Fig.
7C), and broad and deep notches (wide ‘V’-shaped) in
Camarasaurus supremus. It seems that macronarians
usually share these wide ‘V’-shaped notches that shal-
lowly or deeply invade the dorsal vertebrae (e.g.
Borsuk-Bialynicka 1977, fig. 2; Mclntosh et al. 1996a,
figs 34, 35). Woodruff & Fowler (2012) suggest that at
the onset of larger body size, neural spine bifurcation
performs a biomechanical function and could become
significantly related to horizontal positioning of the
neck. As the earliest and more ‘weakly’ developed
bifurcated taxon, Dashanpusaurus dongi possibly indi-
cates the small body size in this era. In anterior view,
the dorsal end of the neural spine on D3 is *V’-shaped
in outline without a deep notch as occurs in the other
anterior dorsal neural spines. Notably, the two meta-
pophyses of the anterior dorsal neural spines of
Dashanpusaurus dongi are transversely extended. This
condition differs from those in other ‘bifurcated’ sauro-
pods that have anteroposteriorly extended or ‘rod-
shaped’ metapophyses (e.g. Camarasaurus sp.,
Hudiesaurus sinojapanorum; Woodruff & Foster 2017,
fig. 22; Upchurch et al. 2021, figs 2, 3). The anterior
two dorsal vertebrae lack SPDLs, so no lamina divide
the SDF. The SPDL of D3 extends from the base of the
diapophysis to the base of the neural spine and is
approximately vertical in orientation. The SPRL is a
prominent ridge that extends from the base of the prezy-
gapophysis to the summit of the neural spine. This
element is much more robust on D3 and makes a dis-
tinctly central concavity in dorsal view. The SPOLs are
well-developed and more robust than the SPRLs and
extend from the summit of the neural spine to the pos-
terior portion (at the base of the epipophysis). In dorsal
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Marrow "V'-shaped

Wide '"V'-shaped

'‘U'-shaped

Figure 7. Bifurcated vertebrae of some Middle-Late Jurassic sauropod taxa. A—-C, narrow ‘V’-shaped metapophyses of bifurcated
neural spines; D-I, wide ‘V’-shaped metapophyses of bifurcated neural spines; J, ‘U’-shaped metapophyses of bifurcated neural
spines. A, bifurcated posterior cervical vertebra of Lingwulong shengi (Xu et al. 2018, supplementary fig. 4b); B, D2 of
Mamenchisaurus hochuanensis (Young & Zhao 1972, fig. 6[2]); C, D1 of Camarasaurus sp. (Woodruff & Foster 2017, fig. 23I1); D,
D2 of Mamenchisaurus youngi (Ouyang & Ye 2002, fig. 20A); E, bifurcated cervical neural spine of Tienshanosaurus chitaiensis
(Young 1937, fig. 1B); F, D1 of Apatosaurus ajax (Upchurch et al. 2004a, pl. 3M); G, anterior bifurcated dorsal vertebrae of
Bellusaurus sui (Mo 2013, pl. 25B); H, posterior bifurcated cervical neural spine of Hudiesaurus sinojapanorum (Upchurch et al.
2021, fig. 2C); I, D1 of Dashanpusaurus dongi (this paper); J, D1-2 of Klamelisaurus gobiensis (Moore et al. 2020, fig. 8E).
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view, the combination of SPOLs and two metapophyses
forms a “W’-shaped outline.

Middle dorsal vertebrae. The middle dorsal vertebrae
of the holotype and paratype are partly preserved except
for D4 and two dorsals of the paratype (Figs 6B, C, 8,
9, 11B, C; see Tables 1 and 2 for measurements). The
centrum and the distal end of the right diapophysis of
D5 are not preserved. The centra are not preserved in
D6-8. Additionally, part of the posterior portion of the
neural arch and distal end of the right diapophysis of
D6, the lower portion of the neural arch, and the distal
end of the diapophysis of D7 are missing in the holo-
type. Most of the centrum and part of the lower portion
of the neural arch are preserved on D8. The anterior
articular surface of the centrum is flat to slightly con-
cave. This contrasts with the posterior articular surface
which is more concave than the anterior one. This con-
dition is similar to that found in some early-diverging
sauropod taxa such as Shunosaurus lii and
Patagosaurus fariasi which have flat anterior articular
surfaces and concave posterior articular surfaces in the
middle dorsal series (Zhang 1988; Holwerda et al.
2021). This differs from Omeisaurus tianfuensis,
Mamenchisaurus ~ youngi, = Camarasaurus  lewisi,
Lourinhasaurus alenquerensis, Bellusaurus sui and most
other eusauropod taxa that have opisthocoelous centra
(He et al. 1988, fig. 30; Mclintosh et al. 1996b, pl. 5;
Ouyang & Ye 2002, figs 23-25; Mo 2013, pl. 26;
Mocho et al. 2014, fig. 5). The height-to-width ratio of
the posterior articular surface of D4 is 0.99. Based on
the preserved portions of the articular surfaces of centra,
the articular surfaces are sub-circular and slightly dorso-
ventrally compressed. The articular surfaces of the cen-
tra are prominently dorsoventrally compressed in most
macronarians, such as Camarasaurus lewisi and
Lourinhasaurus alenquerensis (Mclntosh et al. 1996b,
pl. 5, table 3; Mocho et al. 2014, fig. 5). The ventral
surfaces of the centra are slightly convex and the central
portion is slightly concave transversely and flat antero-
posteriorly. No midline keel is observable on the pre-
served centrum. A central concavity is present on the
ventral surface of D9, but this is most likely due to poor
preservation. The ventral surface of the centrum is con-
vex transversely and the ventrolateral ridge is absent. A
large, but shallow, pneumatic fossa is situated at the lat-
eral surface of the centrum. The pneumatic fossa is
elliptical in outline and occupies most of the lateral sur-
face. Each margin of this fossa is rounded, whereas that
in Euhelopus zdanskyi has an acute posterior margin
(Wilson & Upchurch 2009, fig. 16). The deepest part of
this opening is on the anterior portion. No internal sep-
tum divides the lateral pneumatic fossa, as in Euhelopus
zdanskyi (Wilson & Upchurch 2009, fig. 16). It differs

from that of some taxa, such as Omeisaurus puxiani and
Analong chuanjieensis, with an internal ridge on the lat-
eral pneumatic excavation (Sekiya 2011, figs 16-18;
Ren et al. 2021, fig. 2; Tan et al. 2021, fig. 4).

The neural canals are transversely compressed and
elliptical in outline. The vertebral foramen is trans-
versely compressed and widens vertically. The heights
of the neural arches are slightly more than that of the
centra, reaching about 1.2 of the heights of the posterior
articular surfaces on D4. The inner concavity of the
neural canals is greater than the anterior and posterior
openings. This condition is also observed in some early-
diverging taxa such as Barapasaurus tagorei (Wedel
2005, fig. 7.1; Bandyopadhyay et al. 2010). The para-
pophyses are situated on the anterodorsal portion of the
lateral surface of the neural arch below the prezyga-
pophyses and are triangular in lateral view. The articular
surface of the parapophysis projects laterally and
slightly dorsally. The articular surfaces of the parapoph-
yses are rugose and slightly concave. The ACPL is a
robust element and extends anteroventrally from the
anterodorsal portion of the centrum to the anteroventral
margin of the parapophysis in lateral view. The ACPL
is approximately parallel to the PPDL on D4. The pre-
zygapophyses anterolaterally extend beyond the anterior
articular surface of each centrum. The articular surfaces
of the prezygapophyses are elliptical with their long
axes extending anterolaterally. They project dorsome-
dially with the central portion being slightly concave.
The articular surfaces of the prezygapophyses are ori-
ented dorsally and slightly medially, and slope ventrally
towards the anterior vertebral margin. The prezygapoph-
yses are supported ventrally by the anterolaterally
extended CPRLs. The CPRLs are transversely widened
along their anterior edge compared with the posterior
portion (Fig 8C). In anterior view, the medial portion of
the prezygapophyses is curved medially to contact the
TPRLs. The TPRLs connect at the mid-sagittal plane
with the midline lamina. The diapophyses are anteropos-
teriorly broadened and dorsoventrally flattened plates.
The two transverse processes extend dorsolaterally, and
the lateral part is slightly ventrolaterally bevelled. The
dorsolaterally oriented diapophysis is similar to that in
many early-diverging sauropods, such as Shunosaurus
lii and Cetiosaurus oxoniensis (Zhang 1988, figs 31, 32;
Upchurch & Martin 2003, fig. 5), and is similar to that
found in Camarasaurus lewisi (Mclntosh et al. 19963,
figs 31-34). This condition differs from that in many
sauropod taxa (e.g. Apatosaurus ajax, Mamenchisaurus
youngi, Bashunosaurus Kkaijiangensis) where laterally
oriented diapophyses are common (Ouyang & Ye 2002,
figs 22-24; Kuang 2004, fig. 4; Upchurch et al. 20043,
pl. 5). The articular surface of the postzygapophysis is
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ventrolaterally oriented and the medial portion extends
medially to contact the CPOLs. The CPOLs are not div-
ided, as occurred in the CPRLs. The CPOLs extend
ventromedially and the TPOLs fuse at the midline above
the neural canal. In posterior view, the hyposphene-
hypantrum system projects above the neural canal and is
laminar in shape. The PRDL extends from the base of
the prezygapophysis to the base of diapophysis and
gradually becomes narrower. The PPDL extends from
the posterodorsal base of the parapophysis to the antero-
ventral portion of the diapophysis. It is orientated at
~45° to the horizontal in lateral view. The PODL is
robust but short and contacts the bases of the postzyga-
pophysis and diapophysis. The PCDL is approximately
perpendicular to the horizontal and projects from the
dorsoposterior margin of the centrum to the posteroven-
tral base of the diapophysis. There is a robust AL in
contact with the PRDL and PPDL that is oriented at
~80° to the horizontal. It is worth noting that an IE is
situated below the diapophysis and separated from the
neural canal on D5 and D6 (Figs 6C, 8A, 9). This pneu-
matic chamber is absent in Camarasaurus lewisi,
Bellusaurus sui and most other sauropod taxa (e.g.
Omeisaurus spp.: He et al. 1988; Mclntosh et al. 1996b,
pl. 5; Mo 2013; Tan et al. 2021). Notably, the internal
pneumatic chamber was reported in the middle to pos-
terior dorsal neural arches of Patagosaurus fariasi and
is possibly shared with Cetiosaurus and Barapasaurus
(Holwerda et al. 2021, figs 13-16), whereas this feature
is only present in the middle dorsal neural arches of
Dashanpusaurus dongi. The internal pneumatic excava-
tion (IE) is situated below the postzygapophyses on D5
(Fig. 6C). By contrast, the opening from this chamber is
elliptical in outline, widens vertically and is oriented
ventrally to the postzygapophysis. In D6, at least five
sets of foramina (two lateral ones in the CDF, two
anteriorly situated in the CPRF and SPRF, and the last
one situated posteriorly in the CPOF) provide entry to
this internal pneumatic chamber. The two lateral fora-
mina are situated in the CDF, and are irregularly quad-
rangular (left lateral one) and oval (right lateral one) in
shape with the long axis anterior-posterior projected.
The anterodorsal opening is located at the bottom of the
SPRF and has an irregular elliptical outline with its long
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axis dorsolaterally oriented, and the dorsal margin of
this foramen contacts the SPRLs. The anteroventral
opening is situated in the upper portion of the CPRF
below the two prezygapophyses with the TPRL over-
hanging the anterodorsal surface of this foramen. This
opening is sub-triangular in outline, with the ventral
margin connecting with the midline lamina. The poster-
ior opening occupies some ventral areas of the SPOF
and the upper portions of the CPOF and is sub-rounded
to oval in shape. Due to breakage on the right postzyga-
pophysis and TPOL, the missing right TPOL may con-
nect to the left one and divide the posterior foramen
into dorsal and ventral sections. Generally, both fora-
minal openings of the dorsal neural arches of
Dashanpusaurus dongi and Patagosaurus fariasi are sit-
uated at the junctions of the neural arches and neural
spines. However, the openings in Dashanpusaurus dongi
suggest it is a thin sheet of bone and is easily broken.
Due to the lower portion not being preserved, the exact
internal spaces of these pneumatic chambers and
whether these chambers are separated from the neural
canal are uncertain. However, openings that connect the
internal chamber and a thin sheet of bone around the
foramina indicate the internal spaces of the chamber are
relatively expanded.

The neural spines are anteroposteriorly compressed
throughout the middle dorsal series and have a thick,
plate-like appearance. They project dorsally and slightly
posteriorly, much like the anterior dorsals. The neural
spines of D4 and 5 are bifurcated, whereas those of sub-
sequent dorsal vertebrae are unbifurcated. In the distal
part of D4 and 5, a steep-sided “V’-shaped trough is
present. By contrast, the neural spine troughs in the
anterior dorsal vertebrae of Mamenchisaurus youngi and
Klamelisaurus gobiensis are prominently ‘U’-shaped
(Ouyang & Ye 2002, fig. 20; Moore et al. 2020, fig. 9).
Anteriorly, the two metapophyses are triangular in out-
line and project dorsolaterally. In dorsal view, the bifur-
cated neural spine is laterally extended and the two
metapophyses and the middle portion are situated along
the same plane. This condition is similar to the meta-
pophyses on the posterior cervical vertebrae. The degree
of bifurcation and width of the neural spines are prom-
inently reduced from D3 to D5. Additionally, the dorsal

i

Figure 8. Dashanpusaurus dongi holotypic middle dorsal vertebrae. A, dorsal 6; B, dorsal 7; C, dorsal 8; D, close-up of accessory
lamina of dorsal 4 in right lateral view. I, anterior views; Il, left lateral views; Ill, posterior views. Striped regions indicate
reconstruction. Abbreviations: ACPL, anterior centroparapophyseal lamina; AL, accessory lamina between PRDL and PPDL;
CPOL, centropostzygapophyseal lamina; di, diapophysis; IE, internal excavation; Lat. SPOL, lateral spinopostzygapophyseal
lamina; Med. SPOL, medial spinopostzygapophyseal lamina; nsp, neural spine; pa, parapophysis; PCDL, posterior
centrodiapophyseal lamina; pf, pneumatic fossa or foramen; PODL, postzygodiapophyseal lamina; POSDF, postzygapophyseal
spinodiapophyseal fossa; PPDL, paradiapophyseal lamina; PRDL, prezygodiapophyseal diapophyseal lamina; PRPL,
prezygoparapophyseal lamina; prz, prezygapophysis; SPDL, spinodiapophyseal lamina; SPRL, spinoprezygapophyseal lamina;
TPOL, intrapostzygapophyseal lamina; TPRL, intraprezygapophyseal lamina. Scale bar = 50 mm.
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Figure 9. Internal excavation in Dashanpusaurus dongi holotypic middle dorsal vertebrae 6. A, left; B, right; C, lateral, posterior;
and D, anterior views. Abbreviation: IE, internal excavation. Scale bar = 50 mm.

concavity only occupies the central portion of the distal
end of the neural spine on D5 as opposed to the fully
concave distal end of another two anterior neural spines.
This generally makes the distal end of the two meta-
pophyses transversely flat in anterior or posterior view.
In anterior view, the neural spines of the remaining pre-
served middle dorsal vertebrae are slightly laterally
expanded at their base. The distal end of each neural
spine is mildly convex with a flattened central portion.
The lateral margins of the distal ends are laterally
extended when compared with the basal portion of the
neural spines. In dorsal view, the anterior margin of the
distal neural spines is prominently concave. By contrast,
the posterior margins of the distal end are generally flat.
The SPRL is stout and is oriented from the base of the
prezygapophysis to the summit of the neural spine. By
contrast, the SPOLs are slender and extend from the
base of the postzygapophysis to the upper portion of the
neural spine. The Med. SPOLs extend from the summit
of the neural spine to the medial base of the postzyga-
pophyses. The basal portion of the Med. SPOL is
robust. This lamina is also observable in Camarasaurus
lewisi and Apatosaurus louisae (Gilmore 1936, pl. 25,
D3; Mclntosh et al. 1996a, fig. 32), whereas the basal
portion of the lamina is slenderer when compared with
that in Dashanpusaurus dongi. This lamina is absent in
Mamenchisaurus youngi, Klamelisaurus gobiensis and
many other sauropods such as Opisthocoelicaudia skar-
zynskii (Borsuk-Bialynicka 1977, fig. 2; Mclntosh et al.
19964, fig. 31; Ouyang & Ye 2002, figs 20, 21; Moore
et al. 2020, fig. 9). The SPDL curves smoothly from the
base of the diapophysis to the base of the neural spine.
It is worth noting that the POSDF is a large and deep
dorsoventrally located fossa that widens from the base
of the neural spine to the upper portion on D4, whereas
it is extremely weak on D5. The deepest portion of this
excavation is situated on the upper part of the
neural spine.

Posterior dorsal vertebrae. The posterior dorsal verte-
brae are partly preserved (Figs 10, 12A; see Tables 1
and 2 for measurements). The anterior portion of the
centrum and lower portion of the neural arch of D9 are
preserved. D10 is almost completely reconstructed with
plaster. The upper portion of the neural arch, right dia-
pophysis (only preserved in D12), zygapophyses, and
neural spine are preserved in D11 and 12. The right dia-
pophysis and the lower portion of the centrum of D13
are missing in the holotype. The posterior dorsal centra
are amphicoelous. This condition is similar to that in
some early-diverging sauropod taxa (e.g. Shunosaurus
lii) and some diplodocoids, whereas most later-diverging
sauropod taxa, such as Camarasaurus lewisi,
Lourinhasaurus alenquerensis and Bellusaurus sui, have
opisthocoelous centra (Mcintosh et al. 1996b, pl. 5; Mo
2013, pl. 30; Mocho et al. 2014, fig. 5). The amphicoe-
lous centrum of the posterior dorsal vertebrae of basal
sauropods such as Tazoudasaurus naimi, Shunosaurus
lii, Barapasaurus tagorei, Cetiosaurus oxoniensis and
Patagosaurus  fariasi became opisthocoelous in
Omeisaurus spp. and Mamenchisaurus spp. (this is
thought to be a synapomorphy, although the taxonomic
contents of Mamenchisauridae remain controversial). By
contrast, the centrum are amphicoelous in some diplodo-
coids and basal macronarians (e.g. Lingwulong shenqi
(Tschopp et al. 2015; Xu et al. 2018), and opisthocoe-
lous in Europasaurus holgeri (Carballido & Sander
2014, figs 21, 22). The anterior and posterior articular
surfaces are dorsoventrally compressed, as occurs in the
anterior and middle dorsal series. This condition is simi-
lar to that in Camarasaurus lewisi and Lourinhasaurus
alenquerensis (Mclntosh et al. 1996b, pl. 5, table 3;
Mocho et al. 2014, fig. 5). The ventral surface of each
centrum is transversely convex and anteroposteriorly
concave, with no midline keel. The lateral and ventral
surfaces of the centrum merge smoothly into each other
near the ventral end in ventral view. The lateral
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pneumatic fossa is located at the upper portion of the
lateral surface of the centrum. This fossa is a large but
shallow excavation with an elliptical outline. It occupies
almost the whole upper portion of the centrum and
some lower portions of the neural arch. The posterior
margin of the lateral pneumatic fossa is rounded and
there is no dividing septum. By contrast, a dorsoven-
trally extending internal septum divides the lateral pneu-
matic excavations of some posterior dorsal centra in
Bellusaurus sui (Mo 2013, pl. 30).

The height of the neural arch is slightly greater than
the posterior surfaces of the centra (D13: 1.2). This con-
dition differs from that in Camarasaurus lewisi and
Tastavinsaurus sanzi where the neural arch is shorter
than the centrum in posterior dorsal vertebrae (Mclntosh
et al. 1996b, pl. 5; Canudo et al. 2008, fig. 3). The
neural canals are teardrop-shaped in outline. These
neural canals are transversely compressed with the apex
of the teardrop projecting dorsally. The inner concavities
of the neural canals are bigger than the anterior and pos-
terior openings, as occurs in the middle dorsal vertebral
series. The parapophyses are located on the anterodorsal
portion of the lateral surface of the neural arch between
the prezygapophysis and diapophysis. These are oriented
laterally and the articular surface of the parapophysis is
irregularly concave with an elliptical outline. The PRPL
extends from the anterodorsal base of the parapophysis
to the distal end of the prezygapophysis below the
articular surface. It is oriented at ~45° to the horizontal.
The PPDL and ACPL project from the dorsal and ven-
tral base of the parapophysis, respectively. Moreover,
these two laminae are almost in the same plane and are
extended approximately vertically. It is worth noting
that these two laminae are prominently extended lat-
erally on the last two dorsal vertebrae and especially so
on D12. The ACPL is more robust and distinctly lat-
erally extended on D11 when compared with the ACPL
on the more anterior posterior dorsal vertebrae. It
extends from the base of the parapophysis to the lower
portion of the neural arch. By contrast, the PPDL and
ACPL are stouter on the last dorsal vertebra. These two
laminae are generally parallel and are oriented from the
middle portion of the ventral surface of diapophysis to
the parapophysis and then to the anterodorsal margin of
the centrum. This condition is absent on the posterior-
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most dorsal vertebrae of Camarasaurus lewisi
(Mclntosh et al. 1996b, pl. 5). Based on the last, mostly
complete, dorsal vertebra, the prezygapophysis extends
at approximately the same level or slightly beyond the
anterior articular surface of the centrum. The prezyga-
pophyses are supported ventrally by the CPRLs. The
CPRLs are parallel to each other. The articular surface
of the prezygapophysis is oval in outline. The articular
surface of the prezygapophysis is slightly concave in its
central portion with a long axis that projects anterolater-
ally. It is oriented dorsomedially and slopes ventrally
towards the anterior edge. The TPRLs contact the medi-
ally curved medial portion of the prezygapophysis and
connect at the midline. The diapophysis is an anteropos-
teriorly broadened and dorsoventrally flattened plate. It
projects laterally and slightly dorsally with the distal
end slightly ventrally extended. The diapophyses of D12
are laterally and slightly ventrally curved. The articular
surface of the diapophysis projects laterally and slightly
ventrally. The postzygapophysis projects beyond the
posterior articular surface of the centrum. The articular
surface of the postzygapophysis is ventrolaterally facing
and the medial portion is curved medially to contact the
CPOLs. The CPOLs are single elements, similar to the
CPRLs. The hyposphene-hypantrum system is not well
preserved, but it seems robust based on the partly pre-
served basal portion on D12. The PRDL and PODL
extend from the base of the prezygapophysis and post-
zygapophysis to the anterior and posterior base, respect-
ively, of the diapophysis. Both the PRDL and the
PODL of the posterior dorsal vertebrae are parallel to
the horizontal, whereas the PODL of D12 is dorsopos-
teriorly extended.

The height of the neural spine is generally equal to
the height of the posterior surfaces of the centra. The
neural spines are anteroposteriorly compressed and they
maintain this depth, and a thick, plate-like shape,
through the entire series. They are slightly laterally
extended at the summit. The distal end of the neural
spine is transversely convex and anteroposteriorly flat.
This condition is similar to that in the middle dorsal
vertebral series. A flattened area on the central portion
of the dorsal surface of the neural spines and the lateral
margin of the distal end merges smoothly with the lat-
eral surface of the neural spine. In dorsal view, the
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Figure 10. Dashanpusaurus dongi holotype posterior dorsal vertebrae. A, dorsal 9; B, dorsal 11; C, dorsal 12. I, anterior views; II,
left lateral views; Ill, posterior views. Striped regions indicate reconstruction. Abbreviations: ACPL, anterior centroparapophyseal
lamina; CPOL, centropostzygapophyseal lamina; CPRL, centroprezygapophyseal lamina; hpo, hyposphene-hypantrum system;
di, diapophysis; nc, neural canal; nsp, neural spine; pa, parapophysis; pf, pneumatic fossa or foramen; poz, postzygapophysis;
PRDL, prezygodiapophyseal diapophyseal lamina; PRSDF, prezygapophyseal spinodiapophyseal fossa; prz, prezygapophysis; SPDL,
spinodiapophyseal  lamina; SPOL, spinopostzygapophyseal lamina; SPRL, spinoprezygapophyseal lamina; TPOL,
intrapostzygapophyseal lamina; TPRL, intraprezygapophyseal lamina. Scale bar = 50 mm.
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Figure 11. A, Dashanpusaurus dongi paratype anterior; B, C, middle dorsal vertebrae. I, anterior views; Il, left lateral views; IlI,
posterior views. Abbreviations: ACPL, anterior centroparapophyseal lamina; AL, accessory lamina; CPRL, centroperzygapophyseal
lamina; di, diapophysis; hpo, hyposphene; nc, neural canal; nsp, neural spine; pa, parapophysis; pf, pneumatic fossa or foramen;
poz, postzygapophysis; PCDL, posterior centrodiapophyseal lamina; PPDL, parapophyseal diapophyseal lamina; PRDL,
perzygodiapophyseal  diapophyseal lamina; PRPL, prezygoparapophyseal lamina; prz, prezygapophysis; SPOL,
spinopostzygapophyseal lamina. Scale bar = 100 mm.
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distal end of the neural spine is sub-rectangular in out-
line. The neural spines, except for D13, are dorsally ori-
ented. The neural spine of D13 projects slightly
anteriorly. The PRSL anteriorly extends on the base of
the neural spine (Fig. 12). The SPRL is a thin, promin-
ent lamina that extends from the base of the prezyga-
pophysis to the middle portion of the neural spine. By
contrast, the SPOL extends from the distal end of the
postzygapophysis to the middle portion of the neural
spine. It is worth noting that the SPOLs are distinctly
laterally expanded. They differ from those in the middle
and anterior dorsal vertebrae in that they extend along
the lateral margin of the neural spine to the
postzygapophysis.

Sacral vertebrae

Five sacral vertebrae are well preserved as part of the
holotype (Figs 12B, 13; see Table 2 for measurements).
S2, the centrum of S3 and S5 are partly covered in
plaster (including the anterior articular surface, the pre-
zygapophyses and the anterior portion of the neural
spine of S2; and the ventral surfaces of S3 and S5).
S2-5 are fused. Since all of the sacral vertebrae are
loosely preserved and were not in articulation with the
ilium, we initially identified S1 as the last dorsal based
on some features such as the anterior and posterior
articular surfaces of the centrum being dorsoventrally
compressed, a condition that is similar to the rest of
the dorsal series, whereas the sacral vertebrae are trans-
versely compressed. Then, we re-identified S1 as the
first sacral, for the following reasons: the triangular ali-
form processes preserved on the middle to posterior
dorsal vertebrae (including D13) are present and project
mildly laterally, whereas this process is absent on S1,;
the diapophyses of S1 are laterally oriented and the
distal end is slightly ventrally oriented, as occurs in the
sacral vertebrae, whereas that in D13 is more similar
to the other middle to posterior dorsal vertebrae with
the transverse process oriented laterally and slightly
dorsally; the diapophyses of S1 are more robust and
dorsoventrally extended than D13 with the SPDL
strongly laterally extended nearly to the articular sur-
face of the diapophysis; and the diapophysis and para-
pophysis seem fused like the transverse process and
they are supported by a robust lamina that extends
from the dorsal portion of the centrum. This lamina is
stouter than that on D13 (the lamina on D11 is the
PPDL and does not extend to the dorsal margin of the
centrum). Additionally, although some vertebrae are
partially preserved, the whole dorsal vertebrae series is
preserved as a loosely articulated series, meaning that
the total number of dorsal and sacral vertebrae is cer-
tain and the dorsal + sacral series are either 13+5 or

14+ 4. In sauropods, most eusauropods share 13 or
fewer dorsal vertebrae + 4 or more sacral vertebrae,
except Haplocanthosaurus (probably 14 +5) (Hatcher
1903; Xu et al. 2018), and the dorsal and sacral verte-
brae trend towards a reduction or increase, respectively,
in number (e.g. Xu et al. 2018). In addition, some
non-titanosauriform macronarians, such as Euhelopus
zdanskyi, have 13 dorsal vertebrae (Wilson &
Upchurch 2009). The ribs of S2, the right rib of S3
and the left rib of S5 are not preserved. All of the
sacral centra are probably amphicoelous based on S1
and the anterior articular surface of S2 and posterior
articular surface of Sb. The articular surfaces of S3
and S5 are elliptical in outline. The number of sacral
vertebrae is similar to that of many later-diverging sau-
ropods (e.g. Camarasaurus). Four sacral vertebrae are
seen in earliest-diverging sauropods, such as
Shunosaurus lii and Barapasaurus tagorei (He et al.
1988; Bandyopadhyay et al. 2010), while Patagosaurus
fariasi, some later-diverging non-neosauropod eusauro-
pods and many neosauropods share five or more sacral
vertebrae (e.g. Mamenchisaurus youngi; Camarasaurus
lewisi, Euhelopus zdanskyi, Opisthocoelicaudia skarzyn-
skii: Borsuk-Bialynicka 1977; Mcintosh et al. 1996a;
Ouyang & Ye 2002; Wilson & Upchurch 2009;
Holwerda et al. 2021). Among East Asian Jurassic
sauropod lineages, Shunosaurus lii, most Omeisaurus
spp. (except O. jiaoi) and other early-diverging
eusauropods share four sacral vertebrae. Many later-
diverging non-neosauropod eusauropods (e.g.
Mamenchisaurus spp., Xijiangtitan shanshanensis) and
the diplodocoid Lingwulong shengi have five sacral
vertebrae (Ouyang & Ye 2002; Wu et al. 2013; Xu
et al. 2018). Moreover, six sacral vertebrae were
reported in Klamelisaurus gobiensis (Moore et al.
2020). The anterior and posterior articular surfaces of
the centrum are transversely compressed. The trans-
versely compressed nature of the centra differs from
that in Camarasaurus lewisi which has dorsoventrally
compressed sacral centra (Mclntosh et al. 1996b, pls 9,
10). The sacrum angle is ~16.5° (see Vidal et al.
2020) and resembles that in Camarasaurus grandis and
Diplodocus carnegii (Vidal et al. 2020, table 1:
Camarasaurus grandis, 17.5°; Diplodocus carnegii,
16.0°). Non-neosauropods, such as Mamenchisaurus
youngi (ZDMO0083: Vidal et al. 2020, table 1) and
Jobaria (Vidal et al. 2020, table 1), preserve sacral
angles of 15.8° and 15.0°, respectively. The ventral
surfaces of the sacral vertebrae are anteroposteriorly
concave and transversely convex. Ventrally, the lateral
portion of the ventral surface smoothly merges with
the lateral surface and the transition of the two surfaces
is continuous.
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Figure 12. Dashanpusaurus dongi holotype posterior dorsal vertebra and the first sacral vertebra. A, dorsal 13; B, sacral 1. I,
anterior views; I, left lateral views; Ill, posterior views. Striped regions indicate reconstruction. Abbreviations: ACPL, anterior
centroparapophyseal lamina; CPRL, centroprezygapophyseal lamina; di, diapophysis; hpo, hyposphene; nc, neural canal; nsp, neural
spine; pa, parapophysis; pf, pneumatic fossa or foramen; PODL, postzygodiapophyseal lamina; poz, postzygapophysis; PRDL,
prezygodiapophyseal diapophyseal lamina; PRSDF, prezygapophyseal spinodiapophyseal fossa; prz, prezygapophysis; SPDL,
spinodiapophyseal lamina; SPRL, spinoprezygapophyseal lamina; TPRL, intraprezygapophyseal lamina. Scale bar = 50 mm.

No prominent pneumatic fossa exists on the lateral
surface. A small concavity can be found on the lower
portion of S4 behind the sacral rib in lateral view. A
similar concavity is situated at the upper portion of the

centrum near the posterior surface. In Bellusaurus sui a
distinct lateral depression occupies the centra (Mo
2013). The lower part of the sacral rib occupies the
whole anterior portion of the centrum on S2-4. It is a
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robust element that extends laterally and dorsally from
the ventral portion of the centrum.

The height of the neural arch is lower than that of
each centrum and resembles those found in
Camarasaurus lewisi and Bellusaurus sui (Mclntosh
et al. 1996b, pls 9, 10; Mo 2013, pl. 33). The anterior
neural canal of S2 is invisible due to being covered by
plaster. The posterior neural canal of S5 is sub-rectangu-
lar in outline with the long axis of this opening being
transversely extended. The articular surfaces of the pre-
zygapophyses are slightly projected dorsally in lateral
view. Each prezygapophysis is covered by the previous
postzygapophysis. The articular surface of the postzyga-
pophysis projects ventrolaterally. The medial portion of
the postzygapophysis extends medially to contact the
CPOL. For the partly preserved posterior portion of the
neural arch on S5, the hyposphene-hypantrum system is
absent. The sacral rib is the most prominent element of
the neural arch as it occupies the vast majority of parts
of the neural arch and is near-vertically projected. The
sacral rib is roughly ‘C’-shaped with acetabular and alar
‘arms’ in anterior view. The ICF is situated at the mid-
dle portion of the sacral rib. The iliac articular surface
of the sacral rib is irregularly concave. The articular sur-
face of the upper arm on S3 for the ilium is sub-ellip-
tical in outline with the long axis dorsoventrally
extended, and the articular surface of S4 is sub-triangu-
lar in outline. The dorsal margin of the iliac articular
surface is flat and it extends anteroposteriorly to contact
with the prezygapophysis and postzygapophysis, respect-
ively. The articular portion for the vertebra of sacral
ribs is anteroposteriorly widened at the lateral ridge to
the articular surface of the vertebrae. The portion below
the iliac articular surface of the sacral rib weakly devel-
ops an inner curve to form the middle portion of the
‘C’-shape. The lower articular surface of the sacral rib
is not preserved. It is most likely that the articular sur-
face of the sacral rib was as stout as the upper articular
surface, based on the lower preserved portion of S3.
The sacricostal yoke can be observed between S2 and
S4 in left lateral view (Fig. 12).

The neural spines project dorsally and slightly anteri-
orly in lateral view, as occurred in most eusauropods
such as Camarasaurus lewisi (Mclntosh et al. 1996b, pl.
10). They differ from those in Bellusaurus sui in that
the last neural spine of the sacral vertebrae of the latter
taxon is oriented dorsoposteriorly (Mo 2013, pl. 33). All
the sacral neural spines are fused. These are transversely
compressed with a plate-like outline. The neural spines
maintain this depth along the sacral vertebral series. The
posterior surface of the sacral neural spines is generally
parallel to the posterior articular surface of S4. The
upper portion of the neural spine is mildly laterally

expanded compared with the base of the neural spine.
This distal ends of the fused neural spines do not consist
of a dorsal ‘plate’, as occurs in Camarasaurus lewisi
(Mclintosh et al. 1996a, fig. 42), whereas this plate
exists in Tastavinsaurus sanzi and many other sauropod
taxa such as Mamenchisaurus youngi and most sompho-
spondylans (Ouyang & Ye 2002, fig. 29; Canudo et al.
2008, fig. 5; Poropat et al. 2016). The distal ends of the
neural spines are transversely convex and anteroposter-
iorly flat. The SPOLs are robust and extend from the
base of postzygapophysis to the middle portion of the
neural spines. The SPDL is absent on the sacral verte-
brae. The lateral surfaces of the neural spines are irregu-
larly flat.

Caudal vertebrae

Thirty-six total caudal vertebrae are preserved: 34 from
the holotype and two anterior vertebrae from the para-
type (Figs 14-21; see Tables 1 and 2 for measurements).
The caudal vertebrae of the holotype are preserved in
sequence, and immediately adjacent to the sacrum. The
two paratype anterior caudals were isolated. Cd23 and
24 are mostly reconstructed and vertebrae after Cd34
are not preserved. Most of the partially preserved caudal
vertebrae lack their neural arches. Rather than fully
describing the anatomical features of each vertebra, we
divided the preserved caudal series into three parts, and
document changes along the sequence. We divided the
preserved caudal vertebrae by referring to Tschopp
et al. (2015, table 3) and Mannion et al. (2013). Cd1-8
are suggested as the anterior-most series with transverse
processes extending onto the neural arch. The caudal
vertebrae preserve normal transverse processes in
Cd9-15 compared to the anterior-most ones — these are
also suggested as part of the anterior series. We
regarded Cd16-30 as middle caudal vertebrae as they
lack transverse processes but retain well-developed
neural spines and postzygapophyses. Due to reduction
of the postzygapophyses we regard Cd31-4 as posterior
caudal vertebrae. Based on the morphology of the pos-
terior surface of the centrum, the diameters of the anter-
ior and posterior articular surfaces, and the prominence
of the neural arches on the preserved posterior verte-
brae, we assume that there were originally other poster-
ior caudals that were not preserved. Cdl is defined as
the first caudal vertebra following the first report of this
taxon. In addition, although the transverse processes of
Cdl1 and 2 are missing, the robust PRDL and the lat-
erally extended base of the neural spine indicates that
these two caudal vertebrae were situated near the
sacrum. Thus, we define the preserved Cdl as the first
caudal vertebra.
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Figure 13. Dashanpusaurus dongi holotype sacral vertebrae 2-5. A, anterior view; B, left lateral view; C, dorsal view; D, posterior
view; E, right lateral view; and F, ventral view. Abbreviations: Id, lateral depression; yo, sacricostal yoke. Scale bar = 50 mm.

Anterior caudal vertebrae. Centra of the anterior cau-
dal vertebrae are generally amphiplatyan to amphicoe-
lous (Figs 14-18; see Table 2 for measurements). The
anterior-most caudal centra have concave anterior articu-
lar surfaces and a flat posterior articular surface, resem-
bling those in Cdl and 2 of Shunosaurus lii (Zhang
1988). The centra of subsequent caudal vertebrae are
amphicoelous. Amphicoelous caudal centra are also
known in Camarasaurus lewisi and most other early-
diverging sauropod taxa such as Shunosaurus lii and
Omeisaurus tianfuensis (Zhang 1988; Mclintosh et al.
1996b, pls 12-14). In addition, some of the anterior cau-
dal centra are more similar to those of sauropod taxa
such as Lourinhasaurus alenquerensis with concave
anterior and flat posterior articular surfaces, respectively
(Mocho et al. 2014, fig. 12). The centra differ from
those of Bellusaurus sui, which have procoelous anterior

centra (Mo 2013, pls 35, 36). The anteroposterior
lengths of the anterior centra are uniform in morph-
ology, a condition similar to that of most sauropods
except for a few taxa (e.g. Tornieria africana: Remes
2006). The ratio of the anteroposterior length of each
centrum to the mean average diameter of the anterior
articular surface is about 0.60 on the anterior-most cau-
dals, with subsequent anterior caudals having ratios of
0.8-1.0. The same ratio in Camarasaurus lewisi is
~0.59 on the anterior-most caudals and around 0.77 on
subsequent ones (Mcintosh et al. 1996b, table 7). Most
of the anterior centra are transversely compressed, with
a few being dorsoventrally compressed. The condition
of this change is similar to that in Omeisaurus tianfuen-
sis and Camarasaurus lewisi (He et al. 1988, table 10;
Mclintosh et al. 1996b, table 7). Some early-diverging
sauropods, such as Vulcanodon Kkaribaensis and
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Figure 14. A-C, Dashanpusaurus dongi holotype caudal vertebrae 1-3. I, anterior views; Il, left lateral views; Ill, posterior views.
Striped regions indicate reconstruction. Abbreviations: di, diapophysis; PRDL, perzygodiapophyseal diapophyseal lamina; SPOL,
spinopostzygapophyseal lamina. Scale bar = 50 mm.



30 X.-X. Ren et al.

Shunosaurus lii, bear transversely compressed anterior
centra (Cooper 1984, fig. 13; Zhang 1988, table 7),
whereas many sauropods, such as Cetiosaurus oxoniensis
and Mamenchisaurus youngi, share dorsoventrally com-
pressed anterior caudal centra (Ouyang & Ye, 2002, table
7; Upchurch & Martin 2003, fig. 6). The ventral surfaces
of the anterior-most centra are transversely convex with
no excavations or ridges. The ventrolateral ridge is absent
on the anterior-most centra, whereas it is present on Cd9.
The ventral surfaces of the anterior caudal vertebrae from
the paratype are transversely concave. Furthermore, no
shallow ventrolateral ridges are located on the anterior
caudal vertebra, similar to that in Bellusaurus sui (Mo
2013, pl. 35). A ventral concavity exists on Cd8-12 and
it is anteroposteriorly and transversely concave. This con-
cavity is prominent on Cd9 and gradually becomes shal-
lower to Cd12, and it is absent on subsequent anterior
caudal vertebrae. The lateral pneumatic fossa is absent
from the anterior caudal series.

Neural arches of the anterior caudal vertebrae are
anteriorly situated on the anterior caudal centra, as in
Camarasaurus lewisi (Mclntosh et al. 1996a, figs
43-47). The neural canals are elliptical in outline and
widen dorsally. The prezygapophyses are narrow. The
prezygapophyses are steeply inclined anterodorsally on
the anterior caudal vertebrae when viewed laterally.
They extend beyond the anterior articular surfaces of
the centra. The articular surfaces of the prezygapophyses
are dorsomedially oriented. They are oriented at ~75°
to the horizontal. The postzygapophyses do not extend
beyond the posterior articular surface just above the
middle portion of each centrum. They project mediolat-
erally and then are medially curved to the dorsal surface
of the neural canal. Laminae are poorly developed, as in
other early-diverging sauropod taxa. The PRDL, SPRL
and SPOL are present on the anterior caudal vertebrae.
As with most sauropods, the PRDL is robust. The trans-
verse process disappears after Cd15, a condition com-
mon in most sauropod taxa, exceptions to this being
Camarasaurus lewisi and Analong chuanjieensis in
which the transverse processes disappear after Cdl10
(Mclintosh et al. 1996b, pl. 14; Ren et al. 2021). By
contrast, the lamination on the paratype caudal vertebrae
is poorly developed. Only the PRDL and SPRL are
observable in the two vertebrae (Cdl and 2; Fig. 14A,
B). Furthermore, the SPRLs of the paratype are small,
short ridges that rapidly fade out onto the anterolateral
margins of the neural spines. The transverse process is
situated on the dorsal margin of a centrum. The cross-
section of each transverse process is elliptical in outline.
No tubercle or concavity exists on the dorsal or ventral
surface of the transverse processes. The transverse pro-
cess is triangular and tapers distally, similar to that in

Camarasaurus lewisi (Mclntosh et al. 1996b, pl. 12).
The transverse processes are ventrolaterally projected,
again similar to that in Camarasaurus lewisi. This con-
dition is common in most sauropods, such as
Tazoudasaurus naimi and Omeisaurus tianfuensis (He
et al. 1988, fig. 34; Allain & Aqueshi 2008, fig. 15).

The height of the anterior neural spine is greater than
the height of the posterior articular surface of each cen-
trum. The neural spines are laterally expanded distally.
The distal ends of neural spines are transversely convex
and anteroposteriorly flat, with an irregularly flat central
portion. The transitions between the distal surface and lat-
eral surfaces are continuous. Laterally, the neural spines
project dorsoposteriorly and are slightly curved in the
holotype, whereas the neural spines of the paratype are
straight. These are plate-like in outline and roughly quad-
rilateral in cross section. The neural spines are trans-
versely compressed. This condition is similar to that in
Camarasaurus lewisi (MclIntosh et al. 1996b, pl. 11). The
SPRL extends from the base of the prezygapophysis to
the middle portion of the neural spine. By contrast, the
SPOLs extend from the distal end of the postzygapophy-
sis to the middle portion of the neural spine.

Middle caudal vertebrae. Most of the middle caudal
vertebrae are only partially preserved, with reconstructed
neural arches and neural spines (Figs 19-21A; see
Table 2 for measurements). All the centra of the middle
caudal vertebrae are amphicoelous. The anteroposterior
lengths of the centra are slightly shorter than the anter-
ior caudal vertebral series. All of the anterior and pos-
terior articular surfaces are sub-circular in outline. The
ventral surface is transversely and anteroposteriorly con-
cave. The narrow concavity of the ventral surface ante-
roposteriorly extends to both the anterior and posterior
margins of the articular surfaces. A ventrolateral ridge is
absent on the ventral surface. The lateral margin of the
ventral surface merges with the lateral surface smoothly.
In ventral view, the lateral surfaces are prominently con-
cave, and the narrowest part of the ventral surface is sit-
uated in the middle portion. Some lateral surfaces of the
centra are irregularly concave with low ridges antero-
posteriorly extended from the centrum (e.g. Fig.19B, C).
The lateral pneumatic fossa is absent from the lateral
surface, as with most sauropod taxa.

The heights of the neural arches of the middle caudal
vertebrae are much shorter than those of the centra.
These are about one-half to one-third the height of the
posterior articular surfaces. The neural arches are
located over the midpoint and occupy the anterior por-
tion of the dorsal margin of each centrum. The neural
canals are elliptical in outline, with a dorsal margin nar-
rower than the ventral margin. The prezygapophyses are
narrowly extended. These projections are anterodorsally
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Figure 15. Dashanpusaurus dongi paratype anterior caudal vertebra in (1) anterior, (Il) right lateral and (lIl) posterior views.
Abbreviations: di, diapophysis; nc, neural canal; nsp, neural spine; prz, prezygapophysis; poz, postzygapophysis; SPOL,
spinopostzygapophyseal lamina; vir, ventrolateral ridge. Scale bar = 50 mm.

beyond the anterior articular surface of the centrum. The
articular surfaces of the prezygapophyses are dorsolat-
erally oriented. These are oriented at ~80° to the hori-
zontal. The postzygapophyses do not extend beyond the
posterior articular surface of each centrum.

Posterior caudal vertebrae. Four posterior caudal ver-
tebrae are present (Cd31-34) and are partly preserved,
with incomplete neural arches and spines (Fig. 21B-E;
see Table 2 for measurements). The centrum of the pos-
terior caudal vertebra is amphicoelous. The ventral sur-
face is transversely convex and anteroposteriorly
concave with a small anteroposteriorly extended, low
ventral ridge situated in the mid-centrum. Two concav-
ities are located on the central portion of the anterior
and posterior margins of the ventral surface, respect-
ively. In ventral view, the lateral margins are concave
with the concavity located on the middle portion. The
transition between the ventral and lateral surfaces is
continuous. Low ridges extend anteroposteriorly on the

lateral surface. The lateral pneumatic fossa is absent
from the lateral surface. The preserved distal end of the
neural spine extends beyond the posterior articu-
lar surface.

Scapula

Only the left scapula from the paratype is partially pre-
served. The posterior end of the scapular blade and the
acromion are incomplete (Fig. 22A, B; see Table 3 for
measurements). We describe the scapula and coracoid
with its long axis orientated horizontally. The scapular
blade is dorsoposteriorly expanded and becomes increas-
ingly robust ventrally and dorsally towards the stout dis-
tal end, resembling the condition found in
Rebbachisaurus garasbae and Shunosaurus lii (Zhang
1988, fig. 43; Wilson & Allain 2015, fig. 13). By con-
trast, the distal end does not extend ventrally in sauro-
pod taxa such as Bellusaurus sui, Yuanmousaurus
jiangyiensis and Omeisaurus tianfuensis (He et al. 1988,
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Figure 16. A-C, Dashanpusaurus dongi holotype caudal vertebrae 4-6. I, anterior views; Il, left lateral views; Ill, posterior views.
Striped regions indicate reconstruction. Scale bar = 50 mm.
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fig. 41; Lu et al. 2006, fig. 7; Mo 2013, pl. 46). In ante-
rodorsal view, the scapular blade is moderately medially
curved with the proximal end being more deflected. The
ratio of the maximum dorsoventral height of the scapu-
lar blade vs the minimum dorsoventral height of the
scapular blade is >2.0, similar to the condition present
in  Omeisaurus tianfuensis, Apatosaurus ajax and
Chubutisaurus insignis (He et al. 1988; Upchurch et al.
2004a; Carballido et al. 2011a). In cross-section the
scapular blade is ‘D’-shaped, as in many sauropod taxa
such as Camarasaurus lewisi, Apatosaurus ajax,
Haplocanthosaurus priscus and Amargasaurus cazaui
(Hatcher 1903; Salgado & Bonaparte 1991; Mcintosh
et al. 1996a; Upchurch et al. 2004a).

The lateral surface of the expanded proximal plate
bears a wide shallow concavity that occupies the anter-
ior and dorsal portions, defined by an acromial ridge
caudally (Fig. 22). According to the preserved portion,
the acromial ridge is well developed, as in most neo-
sauropods (Upchurch et al. 2004b). The posterior mar-
gin of the shallow concavity is defined by the acromial
ridge in the upper part of the proximal plate and is
much more prominent in Apatosaurus ajax, Bellusaurus
sui and some other taxa such as Mamenchisaurus youngi
(Ouyang & Ye 2002, fig. 33; Upchurch et al. 2004a,
fig. 4; Mo 2013, pl. 46). The bounds of this concavity
are a low, broad ridge that extends anterodorsally form-
ing an angle of ~60° with the long axis of the scapular
blade (Fig. 22), similar to that in Bellusaurus sui (basal
portion: 75°) and Apatosaurus ajax (70°) (Upchurch
et al. 20044, fig. 4; Mo 2013, pl. 46). Laterally, the cor-
acoid articulation is perpendicular to the long axis of
the scapular blade, similar to Omeisaurus tianfuensis
(He et al. 1988, fig. 41). This differs from what is found
in some taxa where the same concavity and long axis of
the scapula form an acute angle (e.g. Shunosaurus lii:
Zhang 1988, fig. 43; Bellusaurus sui: Mo 2013, pl. 46).
The scapular blade becomes increasingly expanded ven-
trally towards the glenoid. The scapular glenoid is sub-
triangular in shape. The articular surface of the glenoid
is slightly concave and slightly laterally oriented.

Coracoid

The left coracoid from the paratype is well preserved
(Fig. 22C-E; see Table 3 for measurements). This elem-
ent is most robust at the glenoid. Towards its dorsal
margin, the coracoid narrows transversely. The anterior
margin is intermediate in thickness between the glenoid
area and the dorsal margin. The lateral surface is con-
vex, especially the central area around the coracoid for-
amen, whereas the medial surface is deeply concave.
The articular surface of the glenoid is sub-triangular and
dorsoventrally expanded in outline with a convex medial

margin and straight posteromedial and posterior margin
where it articulates with the scapula. The ratio of the
anteroposterior length of the coracoid to the maximum
length of scapula-coracoid articulation is <1.5. The
morphology of the anterodorsal margin of the coracoid
is rounded, resembling that in many taxa such as
Camarasaurus lewisi (Mclntosh et al. 1996a, fig. 61).
The coracoid foramen is elliptical and situated at mid-
height of the coracoid dorsoventrally, close to the junc-
tion with the scapula. The coracoid foramen can be
observed on both lateral and medial surfaces and perfo-
rates the bone posteromedially. In lateral view, the dor-
sal and anterior margins of the coracoid merge smoothly
into each other. The infraglenoid lip of the coracoid is
absent, similar to that in most sauropods such as
Camarasaurus lewisi (Mclntosh et al. 19963, fig. 61).

Humerus

The left humerus of the paratype is well preserved (Fig.
23A-F; see Table 3 for measurements). The HRI (the
average of the greatest widths of the proximal end, mid-
shaft, and distal end of humerus/length of the humerus)
value is 0.32. In anterior view, the proximal and distal
portions of the humerus expand gradually towards the
lateral and medial margins, giving the proximal end a
‘fan’-like shape. The proximal width is 45% of the total
length of the humerus. Generally, a value of 0.4 or
greater is plesiomorphic for eusauropods and is present
in nearly all non-turiasaurian and non-neosauropod sau-
ropods (e.g. Shunosaurus lii [0.48], Cetiosaurus oxo-
niensis  [0.40], Mamenchisaurus youngi [0.42];
Bellusaurus sui [0.41]; Tehuelchesaurus benitezii [44%])
and greater than that in Camarasaurus lewisi (0.36),
Lourinhasaurus alenquerensis (0.39) and Galveosaurus
herreroi (0.32) (He et al. 1988, table 9; Mclintosh et al.
1996b, table 9; Ouyang & Ye 2002, table 8; Upchurch
& Martin 2003, table 3; Sanchez-Herndndez 2005;
Carballido et al. 2011b, fig. 15; Mo 2013, pl. 48;
Mocho et al. 2014; Xu et al. 2018). In lateral view, the
anterior margin of the articular surface is anteriorly
extended (Fig. 23) in Dashanpusaurus dongi, similar to
Camarasaurus lewisi (Mcintosh et al. 1996a, fig. 62F).
In contrast, it is weak in Bellusaurus sui and some
early-diverging taxa such as Omeisaurus (He et al.
1988, fig. 44; Tang et al. 2001; Mo 2013, pl. 48). The
humeral head extends posteriorly in dorsal view, similar
to Euhelopus zdanskyi, whereas a distinctive humeral
head is absent in most non-neosauropod sauropods
(Poropat et al. 2016). In proximal view, the proximal
surface of the humerus is sigmoidally curved from the
medial margin of the humerus to the lateral margin, as
in Camarasaurus lewisi and Bellusaurus sui. The supra-
coracoideus tuberculum is absent on the proximolateral
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Figure 17. A-C, Dashanpusaurus dongi holotype caudal vertebrae 7-10. I, anterior views; I, left lateral views; Ill, posterior views.
Striped regions indicate reconstruction. Scale bar = 50 mm.
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Figure 18. A-C, Dashanpusaurus dongi holotype caudal vertebrae 11-15. I, anterior views; Il, left lateral views; I1l, posterior views.
Striped regions indicate reconstruction. Scale bar = 50 mm.
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Figure 19. A-C, Dashanpusaurus dongi holotype caudal vertebrae 16-20. I, anterior views; I, left lateral views; Ill, posterior
views. Striped regions indicate reconstruction. Abbreviation: Ir, lateral ridge. Scale bar = 50 mm.
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Figure 20. A-G, Dashanpusaurus dongi holotype caudal vertebrae 21-29 (excluding 23 and 24). I, anterior views; Il, left lateral
views; Ill, posterior views. Striped regions indicate reconstruction. Scale bar = 50 mm.
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Figure 21. A-G, Dashanpusaurus dongi holotype caudal vertebrae 30-34. I, anterior views; Il, left lateral views; IlI, posterior

views. Striped regions indicate reconstruction. Scale bar = 50 mm.

portion of the humerus, differing from some other neo-
sauropods with a prominent supracoracoideus tubercu-
lum, such as Suuwassea emilieae, Opisthocoelicaudia
skarzynskii and  Saltasaurus loricatus  (Borsuk-
Bialynicka 1977, fig. 7; Powell 1992, fig. 31; Harris
20086, fig. 3).

The length of the deltopectoral crest is ~0.45 the total
length of the humerus (in Camarasaurus lewisi it is
0.43). It is orientated slightly anterolaterally, which is
similar to the condition found in Camarasaurus lewisi
and Bellusaurus sui. By contrast, some sauropod taxa
(e.g. Opisthocoelicaudia skarzynskii) share an anterome-
dially orientated deltopectoral crest (Borsuk-Bialynicka
1977, fig. 7). The deltopectoral crest is restricted to the
lateral margin of the humerus, this condition resembling
most sauropods such as Camarasaurus lewisi. The

cross-section of the midshaft is elliptical, similar to that
in Camarasaurus lewisi and Bellusaurus sui. This fea-
ture is plesiomorphic for gravisaurians. The width of the
cross section is 0.18 of the total length of the humerus,
which is a little greater than Camarasaurus lewisi (0.15)
and Bellusaurus sui (0.15) (Mclintosh et al. 1996b, table
9; Mo 2013, pl. 48), and 0.15 or more is plesiomorphic
for sauropods (Moore et al. 2020).

The distal end of the humerus is quadrilateral in
shape, and the two condyles are slightly convex with
coarse surfaces. The distal width is 0.33 of the total
length of the humerus. The anteroposterior length of the
radial condyle is similar to the ulnar condyle, as occurs
in Bellusaurus sui and some mamenchisaurids (e.g.
Omeisaurus tianfuensis) (He et al. 1988, fig. 44; Mo
2013, pl. 48). Four minute ridges are situated on the
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Figure 22. A, B, Dashanpusaurus dongi paratype left scapula; and C-E, coracoid. A and C, lateral views; B and D, medial views;
E, posterior view. Abbreviations: ac fo, acromial fossa; ac ri, acromial ridge; ca, coracoid articular surface; cf, coracoid foramen;
gl, glenoid. Scale bar = 100 mm.
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Table 3. Measurements of pectoral girdle and forelimb of paratype. An asterisk (*) denotes a measurement based on an incomplete
element. All measurements are in millimetres. Abbreviation: HRI, the average of the greatest widths of the proximal end, mid-
shaft and distal end of humerus/length of humerus (after Wilson & Upchurch 2003).

Element Dimension Measurement
Scapular (left) Total straight-line length (from junction with coracoid to the 1060
distal tip of the scapular blade)
Width of distal part of scapular blade 390%*
Width of narrowest part of scapular blade 171
Maximum transverse thickness of the distal end of 54
scapular blade
Maximum width of the proximal expansion of the scapula 390*
(between the anterodorsal and posteroventral corners)
Length of glenoid surface along its long axis 192*
Transverse width of the glenoid (measured at the junction 143
with the coracoid)
Coracoid (left) Anteroposterior length on lateral surface 325
Dorsoventral length on lateral surface 518
Transverse width of scapular articular surface 148
Dorsoventral length of scapular articular surface 290%*
Transverse width of the glenoid (measured at the junction 119
with the scapula)
Dorsoventral length of the glenoid 215
Humerus (left) Length 935
Proximal end maximum mediolateral width 414
Proximal end maximum anteroposterior width 161
Distance from proximal end to distal tip of 363
deltopectoral crest
Mediolateral width at midshaft 167
Anteroposterior width at midshaft 83
Distal end maximum mediolateral width 313
Distal end maximum anteroposterior width 142
HRI 0.32
Left radius (left) Length 614
Proximal end maximum mediolateral width (long axis) 191
Proximal end maximum anteroposterior width 68
Mediolateral width at midshaft 85
Anteroposterior width at midshaft 55
Distal end maximum mediolateral width 143
Distal end maximum anteroposterior width 95

anterodistal edge of the humerus. Some taxa share two
accessory processes on the anterodistal edge of the
humerus (e.g. mamenchisaurids, Patagosaurus fariasi,
Apatosaurus ajax, Bellusaurus sui). All of the ridges are
slightly convex, extending along the lower portion of
the shaft. Moreover, several ridges extend along the
long axis to the upper portion of the humeral anter-
ior surface.

Radius

The paratype left radius is well preserved (Fig. 23G-M;
see Table 3 for measurements). The length of the radius
is 0.66 the length of the humerus; similar to that
in  Camarasaurus lewisi (0.71), Bellusaurus sui
(0.60), Lourinhasaurus alenquerensis (0.73) and
Tehuelchesaurus benitezii (0.66) (Mclntosh et al. 1996b,
table 9: Rich et al. 1999; Mo 2013, pls 48, 50; Mocho

et al. 2014). Proximally, the maximum width of the
radius is 23% of the total length (Camarasaurus lewisi
is 24%; Bellusaurus sui is 33%; Lourinhasaurus alen-
querensis is 25%; Tehuelchesaurus benitezii is 35%).
The proximal end is nearly oval in outline with a mildly
concave medial surface that meets the anteromedial pro-
cess of the ulna. This shape of the proximal end is simi-
lar to that of Camarasaurus lewisi, Bellusaurus sui and
early-diverging sauropods (e.g. Vulcanodon karibaensis,
Shunosaurus lii, Barapasaurus tagorei) (Dong et al.
1983; Cooper 1984; Mclintosh et al. 1996a; Tang et al.
2001; Bandyopadhyay et al. 2010; Mo 2013). The sur-
face of the proximal end is nearly flat with a slightly
concave area along the central portion, and there is
a bump oriented anteromedially (which is also present
in some mamenchisaurids, Patagosaurus fariasi,
Camarasaurus lewisi and Saltasaurus loricatus:
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Figure 23. A-F, Dashanpusaurus dongi paratype left humerus; and G-M, radius. A and G, anterior views; B and H, posterior
views; C and J, medial views; D and I, lateral views; E and K, proximal views; F and M, distal views; L, cross section of radius.
Abbreviations: acf, anconeal fossa; AP, accessory process; bde, bevelled distal end; dpc, deltopectoral crest; Ic, lateral condyle; mc,
medial condyle; M. cor, tuberosity for attachment of M. coracobrachialis; mp, medial process; pmcr, posteromedial convex of lower

part of radius; pp, posterior process. Scale bar = 100 mm.

Bonaparte 1986b, fig. 60; He et al. 1988, fig. 45;
Powell 1992, fig. 33; Mclintosh et al. 1996b, pl. 18F;
Sekiya 2011, fig. 43A). The dorsal surface of the prox-
imal end is nearly perpendicular to the long axis of the
shaft, resembling that in Camarasaurus lewisi and
Bellusaurus sui (Mclntosh et al. 1996b, pl. 18; Mo
2013, pl. 50). By contrast, the posterior portion of the
radial proximal end is posterodorsally projected, and the
middle portion of the radial proximal end is prominently
concave in  Lourinhasaurus  alenquerensis  and
Tehuelchesaurus benitezii (Rich et al. 1999, fig. 12;
Mocho et al. 2014, fig. 16). The cross-section of the
radial midshaft is elliptical.

The distal surface of the radius is flat, with an ellip-
tical outline. A prominent elongated convex area exists
on the posteromedial surface of the distal portion (Fig.
23H), as occurs in Camarasaurus lewisi, and other taxa
such as mamenchisaurids (Mclintosh et al. 1996b, pl.
18G; Ren et al. 2020, fig. 4). The radial distal condyle
is nearly perpendicular relative to the long axis of the
shaft with a rugose articular surface. This condition
resembles that found in other sauropods (e.g.
Shunosaurus lii, Camarasaurus lewisi, Apatosaurus
ajax, Bellusaurus sui, Alamosaurus: Gilmore 1946, fig.
7; He et al. 1988, fig. 47; Mclintosh et al. 1996b, pl. 18;
Upchurch et al. 20044, fig. 6; Mo 2013, pl. 50).
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Figure 24. A-F, Dashanpusaurus dongi holotype left ilium; and G-L, pubis. A and G, anterior views; D and H, posterior views; E
and J, medial views; B and I, lateral views; C and K, proximal views; F and L, distal views. Striped regions indicate reconstruction.
Abbreviations: act, acetabulum; amp, ambiens process; avc, anteroventral concavity of ilium; ila, iliac articulation; posta,
postacetabular process; prea, postacetabular process; puf, pubic foramen; pup, pubic peduncle. Scale bar = 50 mm.

Ilium

The holotype left ilium is partially preserved with an
incomplete distal end of the pubic peduncle (recon-
structed in plaster). In lateral view, the dorsal margin of
the ilium is semicircular (Fig. 24A-F; see Table 4 for
measurements). This condition is regarded as a synapo-
morphy of Eusauropoda and is seen in many taxa such
as Camarasaurus lewisi, Bellusaurus sui and

Lourinhasaurus alenquerensis (Mclintosh et al. 1996b,
pl. 10; Mo 2013, pl. 56; Mocho et al. 2014, fig. 18; Xu
et al. 2018). We suggest that the preacetabular process
projects beyond the anterior end of the pubic peduncle
in a lateral view (e.g. Camarasaurus lewisi, Bellusaurus
sui and some early-diverging sauropods such as
Shunosaurus lii, Barapasaurus tagorei and Omeisaurus
tianfuensis (He et al. 1988, fig. 49; Zhang 1988, fig. 51;
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Mclintosh et al. 1996b, pl. 10; Bandyopadhyay et al.
2010, fig. 11; Mo 2013, pl. 56), whereas the two ele-
ments extend to the same level in Lourinhasaurus alen-
querensis (Mocho et al. 2014, fig. 18). In lateral view,
the preacetabular process is angular, similar to that in
Bellusaurus sui (Mo 2013, pl. 56), and the ventral sur-
face of the preacetabular process is curved dorsally. By
contrast, the preacetabular process is sub-rounded lat-
erally in many macronarians such as Camarasaurus lew-
isi (Mclintosh et al. 1996a, fig. 67). The orientation of
the preacetabular process is anterolateral to the body
axis of the ilium, as occurred in most later-diverging
sauropod taxa such as Camarasaurus lewisi and
Bellusaurus sui (Mclntosh et al. 1996b, pl. 10; Mo
2013, pl. 56). The transverse width of the distal end is
prominently broader than the basal portion of the prea-
cetabular process. The highest point of the iliac dorsal
margin is situated posterior to the base of the pubic ped-
uncle, similar to Camarasaurus lewisi, Bellusaurus sui,
Lourinhasaurus alenquerensis, and Apatosaurus ajax
(Mcintosh et al. 19964, fig. 67; Upchurch et al. 2004a,
fig. 9; Mo 2013, pl. 56; Mocho et al. 2014, fig. 18).
The same point is located anterior to the base of the
pubic peduncle in other sauropods, such as
Tastavinsaurus sanzi (Canudo et al. 2008, fig. 10). The
preacetabular process suffered a slight distortion that
makes the anterior-most margin of the process mildly
ventrally projected. The angle between the ventral
surface of the preacetabular process and the anterior
face of the pubic peduncle is ~90°, as in Bellusaurus
sui, Tastavinsaurus sanzi, Omeisaurus tianfuensis,
Cetiosaurus oxoniensis and Apatosaurus ajax, which
also have an approximately right angle between the two
elements (He et al. 1988, fig. 49; Upchurch & Martin
2003, fig. 11; Upchurch et al. 2004a; Canudo et al.
2008, fig. 10; Mo 2013, pl. 56). Along the parasagittal
section, the iliac lobe is approximately at the same plane
as the two peduncles, and the anteroventral portion of
the iliac lobe is slightly inwardly concave. The distal
end of the postacetabular process is rounded, which
makes the dorsal and ventral surfaces of this process
merge smoothly. Medially, the dorsal portion of the
ilium is coarsely textured along the articular surfaces of
the sacral ribs. The acetabulum is concave. Both the
anterior and posterior portions of the acetabulum are
broader than the middle portion. The ventrolateral sur-
face of the postacetabular process lacks a prominent bre-
vis fossa, a condition that occurs in all sauropods
(Gauthier 1986).

The pubic peduncle curves anteroventrally. The trans-
verse width is similar to the iliac lobe. The anterior sur-
face of the pubic peduncle is mildly convex. The lateral
and medial surfaces gradually and smoothly merge with

the anterior surface of the pubic peduncle. Two ridges
are formed by the meeting of the lateral and medial sur-
faces, respectively, with the posterior surface. The
ischial peduncle is distinctly reduced anteroposteriorly
when compared with the pubic peduncle and resembles
that found in Camarasaurus lewisi, Bellusaurus sui,
Lourinhasaurus alenquerensis, Tastavinsaurus sanzi,and
most other gravisaurians (Mclntosh et al. 19964, fig. 67;
Canudo et al. 2008, fig. 10; Mo 2013, pl. 56; Mocho
et al. 2014, fig. 18; Xu et al. 2018). The distal end of
the ischial peduncle is transversely compressed. The
articular surface of the peduncle is sub-triangular in out-
line, with one apex contacting the medial margin of the
acetabulum and one apex contacting the lateral margin
of the postacetabular process, respectively.

Pubis

The left pubis from the holotype is well preserved (Fig.
24G-L; see Table 4 for measurements). The ischial
articulation is medially oriented, with an *S’-shaped out-
line. The length of the ischial articulation is about 0.41
the proximodistal length of the shaft. The articular sur-
face of the ischial articulation is irregularly rough. The
acetabular articular surface extends transversely to the
shaft and is slightly transversely and anteroposteriorly
concave. The length of the iliac articular surface is 0.37
the proximodistal length of the shaft. The iliac articula-
tion is transversely compressed with a slightly concave
articular surface. The pubic foramen is situated on the
upper portion of the shaft, located between the ischial
and iliac articulations, and below the acetabular articular
surface. This foramen is elliptical in outline and projects
medioposteriorly.

The pubic shaft has a comma-shaped outline in hori-
zontal cross section. This condition is similar to that in
Camarasaurus lewisi, Bellusaurus sui, Apatosaurus ajax
and other sauropod taxa (Mclntosh et al. 1996a, fig. 69;
Upchurch et al. 20044, fig. 10; Mo 2013, pl. 57). It is
formed by a shallowly concave medial surface and a
strongly convex lateral surface. The lateral surface
includes an acute flange-shaped anterior portion and a
flat posterior portion. There is a ridge situated near the
anterolateral margin that extends dorsoventrally (Fig.
24). The lateral convexity curves away from the poster-
ior margin and is buttressed at the posterior part of the
distal expansion. The distal end is anteroposteriorly
extended. The anteroposterior length of the pubis is
about 0.37 the total length of the shaft. The anterior por-
tion of the distal end distinctly extends anteriorly with a
sub-triangular outline, similar to that in Camarasaurus
lewisi (Mclntosh et al. 1996b, pl. 30). In anterior view,
the lateral surface curves laterally to merge with the dis-
tal surface and form an acute angle. By contrast, the
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Table 4. Measurements of pelvic girdle and hindlimb of holotype. An asterisk (*) denotes a measurement based on an incomplete

element. All measurements are in millimetres.

Element Dimension Measurement
Hium (left) Length (between the tips of the anterior and posterior lobes) 813
Length of anterior lobe (from the tip of this lobe to the base of the pubic peduncle) 265
Length of posterior lobe (from the tip of this lobe to the base of the ischial peduncle) 184
Length of pubic peduncle 165*
Width of preacetabular 57
Width of mid-portion of iliac blade 29
Width of postacetabular 48
Transverse width of the distal end of the pubic peduncle 125*
Transverse width of the dorsal margin of the acetabulum 89
Length of ischial peduncle 66
Transverse width of ischial peduncle 130
Height of the iliac blade above the pubic peduncle 303
Diameter of acetabulum between the pubic and ischial peduncles 272%*
Pubis (left) Length (from distal end to the point where the iliac articulation meets the acetabular margin) 722
Length of iliac articulation along its lateral edge 268
Maximum transverse width of the acetabular surface 83
Dorsoventral length of ischial articulation 293
Maximum transverse width of the ischial articulation 54
Maximum diameter of obturator foramen 61
Anteroposterior diameter of distal end 264
Maximum transverse width of distal end 101
Maximum width of pubic shaft immediately below the pelvic basin 66
Femur (left) Length 1100
Maximum anteroposterior width of the proximal head 56
Maximum anteroposterior width of greater trochanter 150
Transverse width of proximal end 350
Distance from the proximal end of the femur to the top of the 4™ trochanter 535
Anteroposterior length of midshaft 92
Transverse width of midshaft 165
Minimum midshaft perimeter 455
Anteroposterior length of distal end 184
Transverse width of distal end 278
Anteroposterior width of the tibial condyle 146*
Anteroposterior width of fibular condyle 184
Tibia (left) Length 660
Maximum anteroposterior diameter of the proximal end 137
Maximum transverse diameter of the proximal end (including cnemial crest) 310
Anteroposterior length of midshaft 58
Transverse width of midshaft 120
Perimeter of midshaft 310
Transverse width of distal end 185
Anteroposterior width of distal end 184

medial surface near the distal end is flat and forms a
right angle in anterior view. This condition resembles
that in Bellusaurus sui (Mo 2013, pl. 57). However, the
distal end of the pubis is prominently medially expanded
in Camarasaurus lewisi (Mclntosh et al. 1996b, pl. 30).
The distal end is elliptical in outline with an irregular
concavity on the distal surface.

Femur

The holotype left femur is partially preserved with the
middle portion of the posterior surface and fibular con-
dyle reconstructed with plaster (Fig. 25A-F; see Table 4

for measurements). The femoral head projects medially
and a little dorsally. This condition is similar to that in
Camarasaurus lewisi, Bellusaurus sui, Lourinhasaurus
alenquerensis, Shunosaurus lii, Barapasaurus tagorei,
Chuanjiesaurus anaensis and Chubutisaurus insignis
(zZhang 1988, fig. 53; Mclintosh et al. 1996a, fig. 70;
Bandyopadhyay et al. 2010, fig. 13; Carballido et al.
2011a, fig. 14; Sekiya 2011, fig. 52; Mo 2013, pl. 57;
Mocho et al. 2014, fig. 21). It differs from that in
Aragosaurus ischiaticus, Tastavinsaurus sanzi and
Omeisaurus tianfuensis, which have a dorsolaterally ori-
ented femoral head (He et al. 1988, fig. 52; Canudo
et al. 2008, fig. 13; Royo-Torres et al. 2014, fig. 15).
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Figure 25. A-F, Dashanpusaurus dongi holotype left femur; and G-L, tibia. A and G, anterior views; B and H, posterior views; C
and I, medial views; D and J, lateral views; E and K, proximal views; F and L, distal views. Striped regions indicate reconstruction.
Abbreviations: 4", fourth trochanter of femur; cc, cnemial crest; dac, distal anterior concavity; fc, fibular condyle; fmr, median
ridges on femoral anterior surface; Ib, lateral bulge; Im, lateral malleolus; md, medial deflection; mm, medial malleolus; tc, tibial

condyle; tfi, tuberculum fibularis. Scale bar = 50 mm.

The dorsal surface of the proximal end is irregularly
concave. Laterally, the femoral head projects slightly
beyond both the anterior and posterior surfaces of the
shaft. The posterior surface is more expanded than the
anterior surface. There is no constriction between the
femoral head and the greater trochanter. The lesser tro-
chanter is not observable, resembling the condition in
Camarasaurus lewisi and other eusauropod taxa such as
Bellusaurus sui (Mcintosh et al. 1996a, fig. 70; Mo
2013, pl. 57). A lateral bulge (defined as the lateral
expansion and a dorsomedial orientation of the dorsolat-
eral margin of the femur: see Salgado et al. 1997) is

present and the proximolateral margin above the lateral
bulge is medial to the lateral margin of the distal half of
the shaft (see Mannion et al. 2013; Moore et al. 2020).
Both are found on the lateral surface of the upper femur,
similar to Aragosaurus ischiaticus, Tastavinsaurus sanzi,
Europasaurus holgeri and many non-neosauropods such
as Omeisaurus tianfuensis and Chuanjiesaurus anaensis
(He et al. 1988, fig. 52; Canudo et al. 2008, fig. 13;
Sekiya 2011, fig. 52; Royo-Torres et al. 2014, fig. 15;
Carballido et al. 2020, fig. 11L). This condition differs
from that in Camarasaurus lewisi, Bellusaurus sui and
many other sauropod taxa (e.g. Apatosaurus louisae,
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Figure 26. Strict consensus tree of the equal weights parsimony (EWP) analysis from the main data set depicting the phylogenetic
position of Dashanpusaurus dongi. Life reconstruction of Camarasaurus by crytivo.com.

Saltasaurus loricatus) without a lateral bulge (Gilmore
1946; Powell 1992, fig. 37; Mclntosh et al. 19964, fig.
70; Mo 2013, pl. 57).

The femoral shaft is straight with the distal third
being prominently expanded when compared with the
midshaft. This trait is also observed in Camarasaurus
lewisi  (McIntosh et al. 1996a, fig. 70) and
Mamenchisaurus youngi (Ouyang & Ye 2002, fig. 40).
It is worth noting that two dorsoventrally extended
ridges are situated on the medial and lateral margins of
the anterior surface. The two ridges occupy the upper
portion of the anterior surface from the base of the fem-
oral head to the middle portion of the femoral shaft
(Fig. 25). A shallow concavity is formed by the two
ridges. This concavity of the anterior surface also exists
on the femoral anterior surface in Bellusaurus sui but is
not formed by two prominent ridges (Mo 2013, pl. 59).

The shaft is a transversely expanded ellipse in cross-
section throughout most of its length, except the prox-
imal and distal ends. The fourth trochanter is situated
near the mid-sagittal plane of the femur and is slightly
medially located. This condition resembles that of
Bellusaurus sui, Shunosaurus lii, Omeisaurus tianfuensis
and many other sauropod taxa such as
Spinophorosaurus nigerensis (Zhang 1988, fig. 53; He
et al. 1988, fig. 52; Remes et al. 2009, fig. 4; Mo 2013,
pl. 59; Moore et al. 2020). That in Camarasaurus lewisi
is located on the posteromedial margin of the shaft
(Mclntosh et al. 19963, fig. 70). Medially, the distal end
of the fourth trochanter is flat.

The transverse width-to-femoral midshaft ratio of the
distal femur is 1.68. In anterior or posterior views, the
medial and lateral surfaces of the distal end are
expanded at the same level. By contrast, the medial
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Figure 27. Strict consensus tree of the equal weights parsimony (EWP) analysis from the Carballido et al. (2020) data set depicting
the phylogenetic position of Dashanpusaurus dongi.

margin of the distal femur is more prominently larger than the fibular condyle in distal view. The two
expanded than the lateral margin in Camarasaurus lew- fibular and tibial condyles are medially separated by a
isi and Bellusaurus sui (Mclintosh et al. 1996a, fig. 70; pronounced intercondylar groove. This groove is much

Mo 2013, pl. 59). The tibial condyle is anteroposteriorly more concave on the posterior surface of the distal end.
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Figure 28. Strict consensus tree of the extended implied weighting (EIW) analysis from the Carballido et al. (2020) data set

depicting the phylogenetic position of Dashanpusaurus dongi.

The articular surface of the two condyles is slightly
rough with irregular concavities. The distal articular sur-
face is restricted on the distal portion of the femur, as
occurred in other later-diverging taxa such as

Camarasaurus lewisi (Mclntosh et al. 1996a, fig. 70).
In distal view, the medial margin of the tibial condyle
and lateral margins of the fibular condyle are smoothly
curved. The tibial and fibular condyles are roughly
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perpendicular to the femoral shaft, as occurs in
Camarasaurus lewisi, Bellusaurus sui and many other
eusauropods such as Klamelisaurus gobiensis and
Europasaurus holgeri (Mclntosh et al. 1996a, fig. 70;
Mo 2013, pl. 59; Carballido et al. 2020, fig. 11; Moore
et al. 2020, fig. 22).

Tibia

The left tibia of the holotype is well preserved (Fig.
25G-L; see Table 4 for measurements). The total length
of the tibia is about 0.6 the total length of the femur.
This ratio is in the typical range for sauropods
(Mclntosh 1990; Upchurch 1998). The proximal end of
the tibia is prominently expanded anteroposteriorly and
transversely compared with the rest of the main shaft.
The shaft is transversely wider than the anteroposterior
length. This condition resembles that in Camarasaurus
lewisi, Bellusaurus sui and many other sauropod taxa
such as Mamenchisaurus youngi (Mclintosh et al. 19963,
fig. 75; Ouyang & Ye 2002, fig. 41; Mo 2013, pl. 60).
By contrast, some early-diverging sauropod taxa, such
as Vulcanodon karibaensis, share an anteroposteriorly
extended proximal surface of the tibia (Cooper 1984,
fig. 23). The transverse width of this proximal surface is
about 2.26 the anteroposterior length of the tibia. It dif-
fers from some taxa with a transversely compressed
proximal end (e.g. Tazoudasaurus naimi) (Allain &
Aguesbi 2008, fig. 28). The shape of the proximal tibia
is sub-elliptical. The lateral and medial portions of the
distal end are more expanded than the anterior and pos-
terior portions. The articular surface of the proximal end
is flat with irregular concavities. The articular surface is
restricted to the dorsal end.

As in other eusauropods, the cnemial crest is robust
(Wilson & Sereno 1998). It projects laterally and
slightly posteriorly to articulate with the anteromedial
surface of the fibula. The most prominent portion of the
cnemial crest lies below the dorsal surface of the prox-
imal end of the tibia with the dorsal and ventral regions
connected by a rough ridge. The posterolaterally ori-
ented fibular articular surface of tibia articulates with
the anteromedial margin of the fibula. This condition
resembles that of Camarasaurus lewisi, Bellusaurus sui,
Omeisaurus tianfuensis, Mamenchisaurus youngi and
most other eusauropods (He et al. 1988, fig. 52;
Mclntosh et al. 19964, fig. 75; Ouyang & Ye 2002, fig.
41; Mo 2013, pl. 60). The cross-section of the midshaft
is elliptical, as occurs in Camarasaurus lewisi and
Bellusaurus sui. Additionally, the transverse width of
the midshaft is about 0.18 of the dorsoventral length of
the shaft.

The transverse width of the distal tibia is about 0.28
the dorsoventral length of the shaft, and the distal width

is 1.54 that of the midshaft. These ratios are 0.28 and
1.38 in Bellusaurus sui, 0.29 and 2.20 in Camarasaurus
lewisi, and 0.32 and 2.76 in Lourinhasaurus alenqueren-
sis, respectively (Mclntosh et al. 1996a; Mo 2013;
Mocho et al. 2014). The distal expansion of the tibia is
twisted about 10° relative to the proximal end. Distally,
the anteroposterior length is greater than the transverse
length, with a comma-shaped outline. This condition is
similar to that in many sauropod taxa, such as
Camarasaurus lewisi and Bellusaurus sui (Mclntosh
et al. 1996a, fig. 75; Mo 2013, pl. 60), whereas some
taxa such as Apatosaurus ajax and some early-diverging
sauropod taxa (e.g. Vulcanodon karibaensis, Cetiosaurus
oxoniensis) have a more transversely extended distal
end (Cooper 1984, fig. 23; Upchurch & Martin 2003,
fig. 12; Upchurch et al. 20044, fig. 12). The posterolat-
eral surface terminates distally with a ventral concavity
forming the groove that separates the lateral malleolus
from the medial malleolus. The medial malleolus is
much stouter than the lateral malleolus, as is the case in
Camarasaurus lewisi and Bellusaurus sui (Mclntosh
et al. 1996a, fig. 75; Mo 2013, pl. 60). In posterior
view, the medial malleolus is reduced to the point that
the posterior fossa for the astragalus is exposed.

Phylogenetic analysis

To test the hypothesis that the two specimens of
Dashanpusaurus dongi represent a monospecific assem-
blage, we have scored the two specimens (D. holotype;
D. paratype) and ‘Dashanpusaurus dongi total’ separ-
ately and incorporated them as operational taxonomic
units (OTUs) in the data matrix of Xu et al. (2018) (the
main data matrix). We have chosen to use this matrix
because it is a recently updated version of a series of
data sets produced by Carballido and colleagues, and
includes scores for many early-diverging neosauropods
(e.g. the Middle Jurassic Lingwulong from China).
Furthermore, this data set is suitable for our study
because it samples a phylogenetically and spatiotempor-
ally wide array of sauropodomorph taxa, and thus gives
Dashanpusaurus the freedom to cluster anywhere within
known sauropod diversity, especially among Asian dip-
lodocids. The other four referred data sets are from Pol
et al. (2020), Mannion et al. (2019), Carballido et al.
(2020) and a revised version of Gonzdlez Riga et al.
(GEA) (2018) from Moore et al. (2020). The data set
from Pol et al. (2020) is one of the largest available for
non-eusauropod sauropods that includes a broad sample
of early-diverging sauropod diversity. This data set pro-
vides a suitable test of our hypothesis that
Dashanpusaurus represents a neosauropod. The data set
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of Carballido et al. (2020) is the most up-to-date version
of the series of data sets produced by Carballido and
colleagues; it could further potentially yield insights into
the placement of Dashanpusaurus within Macronaria.
Moreover, the data set of Mannion et al. (2019) is also
one of the largest available for sauropods that includes a
broad sample of eusauropod diversity. Furthermore, the
sampling of neosauropods emphasized the inclusion and
provides a suitable test for our hypothesis that this
taxon represents a neosauropod. GEA from Moore et al.
(2020) was also included as it is also a large data set
available for sauropods that includes a broad sample of
eusauropod diversity. Moreover, the sampling of some
‘mamenchisaurids’ emphasized the inclusion of single-
specimen OTUs rather than at the genus-level in this data
set. It therefore provides a suitable test of our hypothesis
that Dashanpusaurus represents a macronarian, rather
than a mamenchisaurid (Supplemental material).

To test the phylogenetic affinities of Dashanpusaurus
dongi and other macronarians, we ran the analysis using
EWP and EIW analyses (a concavity constant [K] of 12
was used) (Goloboff et al. 2003, 2008; Goloboff 2014;
Goloboff & Catalano 2016). The EWP analysis of the
main data set produced six MPTs with lengths of 1112
steps (consistency index = 0.397; retention index =
0.719) with limited resolution in some parts of the tree,
although Dashanpusaurus was recovered within
Neosauropoda, as a member of Macronaria (Fig. 26).
The Neosauropoda clade is supported by three unam-
biguous synapomorphies (‘0’ to ‘1’ for characters 96
and 225; ‘0’ to ‘2’ for character 106). The Macronaria
clade is supported by three unambiguous synapomor-
phies (‘0" to ‘1’ for character 162; ‘1’ to ‘0’ for charac-
ter 136; ‘1’ to ‘2’ for character 116). Dashanpusaurus
dongi shares all three characters (‘height divided by
width between 0.7 and 0.9 in cervical vertebrae’ [ch.
116]; ‘transverse processes of dorsal vertebrae are
directed laterally or slightly upwards’ [ch. 136]; ‘middle
and posterior dorsal centrum in the transverse section
are slightly dorsoventrally compressed’ [ch. 162]).

Finally, we ran the EIW analysis using K = 12. This
produced three MPTs with lengths of 43.10215 steps
(consistency index = 0.397; retention index = 0.719)
and a well-resolved strict consensus. In our EIW ana-
lysis, Dashanpusaurus dongi is situated as the basal-
most macronarian, supported by three unambiguous
character changes, the characters of which are similar to
that in the EWP analysis.

EWP and EIW analyses were also run with the data
sets of Carballido et al. (2020), Mannion et al. (2019)
and Pol et al. (2020) and the revised version of GEA
from Moore et al. (2020). The EWP analysis of
Carballido et al. (2020) produced 376,200 MPTs with

tree lengths of 1372 steps. The strict consensus is gener-
ally well resolved (Fig. 27). Dashanpusaurus dongi was
recovered within Neosauropoda as a basal member of
Macronaria. Neosauropoda is supported by four unam-
biguous synapomorphies (‘0” to ‘1’ for characters 136
and 269; ‘0’ to ‘2’ for character 115; ‘1’ to ‘0’ for char-
acter 194). Dashanpusaurus dongi is situated in a basal
position in Macronaria and shares a sister clade relation-
ship with Camarasaurus, supported by three unambigu-
ous synapomorphies (‘0’ to ‘1’ for characters 138 and
152; “3’ to ‘1’ for character 277). The (Dashanpusaurus
-+ Camarasaurus) and other macronarians are supported
by 12 unambiguous synapomorphies (‘0° to ‘1’ for char-
acters 93, 96, 195, 283, 320, 321, 337 and 342; ‘1’ to
‘0’ for characters 157 and 174; ‘2’ to ‘0’ for character
176; ‘1’ to ‘2’ for character 132). Dashanpusaurus
shares five of these: height divided by the width of cer-
vical vertebrae is between 0.9 and 0.7 (ch. 132); dorsal
transverse processes are directed laterally or slightly
upwards (ch. 157); anterior dorsal neural spine min-
imum width/length is 0.5 or greater (ch. 174); the dorsal
edge of the anterior dorsal neural spine is flat (ch. 176);
and the middle and posterior dorsal centrum in trans-
verse section is slightly dorsoventrally compressed (ch.
195). EIW analysis was used with K = 12 and produced
1500 MPTs with lengths of 52.40057 steps (Fig. 28).
The EIW resulted in Dashanpusaurus dongi being posi-
tioned within Neosauropoda. This result is supported by
the characters similar to the EWP analysis. Macronaria
is supported by 12 unambiguous synapomorphies, the
same as the EWP analysis. Moreover, Dashanpusaurus
dongi was situated at a basal position in Macronaria
sharing a sister clade with Camarasaurus, which is sup-
ported by three unambiguous synapomorphic characters
(the same as the EWP analysis).

The EWP analysis of the data set from Mannion
et al. (2019) produced 500,000 MPTs with tree lengths
of 2586 steps. The strict consensus of the EWP result is
well-resolved (Fig. 29). Dashanpusaurus dongi was
recovered within Neosauropoda, as a basal member of
Macronaria. The Neosauropoda clade is supported by
seven unambiguous synapomorphies (‘0’ to ‘1’ for char-
acters 48, 79, 108, 366, 407 and 519; ‘1’ to ‘0’ for char-
acter 208), and Dashanpusaurus dongi shares two of
these seven characters within Neosauropoda: the ratio of
the mediolateral width of distal end/anteroposterior
width of the radius is <1.5 (ch. 48); and the humeral
head forms a prominent sub-circular process on the pos-
terior surface of the proximal end of the humerus (ch.
366). Macronaria is supported by two unambiguous syn-
apomorphies (‘1” to ‘0" for character 128; ‘1’ to ‘2” for
character 40), and Dashanpusaurus dongi shares epi-
pophyses of cervical neural arches (post-Cv3) that do


https://doi.org/10.1080/14772019.2022.2132886

Osteology of Dashanpusaurus

o o 2

Meosauropoda|

Macronaria '

[L.I.

Lo

_L'
MPTs: 500,000;

Tree length: 2,586; 1

51

hu-’m&'ﬂuws i

rHega
nuanﬂesaurus

anwrgl:audlu
eﬁmunc LETOT

parerrru.s-aums
Eichesaurug
PEEDIE]
PR s

nenscnra

[7] :&saurua
Eiflazaurus

Ierpsayrys
08| D&SUJ'HS

rjag
nthogsaurus delfsé
l:an: osaurua priscus
(GOE
sal.rrr.rs

peraa UrUE

rn-'ra FOSAUTUS

il u ocus
arn ens

u:aurrscus
mar 3 ‘}rula
rac .rac aloparn
DR LIS
|5frra.5dr_rm-$
maznnsa-urus
afilesaurus
aparaaaurmr
a YoSGEaurug
cEapondylis
a epefigaurus
Ehhorfun rebbachisaurid

jmaysa urus

gaagrsaurus

LE' re EC-hIIS-E urid caudal
EI'J?EJ'.I a8&Lrys

urlnﬁasawr.rs
FASAUTLE
a t
l'.iﬁcﬁan ﬂurﬂsTMal
aJ ussurus

GFALLS
{arr

i"av?r i Ll pmnnsaunrnrm
s?n OFFu-:audra

st

5

ﬁ HEaury
ngalatitan

Tangvayosaurus
acwanlang
%wmngsnsauws

Uhelopis
Fhat
watralodocus

EAUTUE
rironolitan
BVANNASAUrUE
ODF
AT ASAUFLUS
B lasauius

U ANTOSEUIUE
ﬁ!h%tucﬁtaudrﬂ

arfawrg s .
l:farr ruyangensis
ua.q =l
nmansaurus

B0
u‘rfsaurua
R clrsaurus
apelosaurys
Jmﬁ shanosaurus
LEMOEaLUS
fneonsauris
BHUNEAUFLS
wryelBnEaurus
pa:hrbasuurus
I}Isn NOSELIUS
d0ZaEaUTUS
ufnJugnﬁD.‘&'ﬂuras

dﬂu:’a
e EG&EIUI‘UE
Bﬂ& nasaurus

‘g -EJ'.I DS-HUFUS

Eﬁl ﬂﬁiﬂﬂ

Nn:agr}fass:rs

Figure 29. Strict consensus tree of the equal weights parsimony (EWP) analysis from the Mannion et al. (2019) data set depicting

the phylogenetic position of Dashanpusaurus dongi.

not extend beyond the posterior margin of the postzyga- unambiguous synapomorphies: dorsoventral height of
pophyses (ch. 128). Dashanpusaurus dongi is situated in ischial articulation of the pubis divided by pubis proxi-
a basal position in Macronaria and shares a sister modistal length 0.4 or greater (ch. 59); the shape of the

clade with Camarasaurus. This is supported by four lateral margin of the humeral diaphysis (approximately
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Figure 30. Strict consensus tree of the extended implied weighting (EIW) analysis from the Mannion et al. (2019) data set depicting

the phylogenetic position of Dashanpusaurus dongi.

the middle third of the humerus) is concave in anterior of the iliac dorsal margin is strongly convex throughout
view (ch. 224); the ratio of maximum mediolateral its length and follows the arc of a circle in lateral view
width of the distal end to the proximodistal length of (ch. 520). These characters are more closely related to

the humerus is 0.3 or greater (ch. 370); and the profile Lourinhasaurus than to the clade including all other
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macronarians, by three characters: the EPRL is present
in cervical neural arches (ch. 129); the middle dorsal
neural spines are bifurcated (ch. 161); and the long axis
of the ischial shaft, if projected upwards/proximally,
passes through the lower part of the pubic articular sur-
face (i.e. it is approximately horizontally oriented), such
that the posterior margin of the iliac peduncle and the
dorsal margin of the shaft form a right angle in lateral
view (ch. 254). The EIW analysis (K = 12) produced
9216 MPTs with lengths of 111.64475 steps. The strict
consensus of the EIW result is well resolved (Fig. 30).
Neosauropoda is supported by eight unambiguous syna-
pomorphies (‘0° to ‘1’ for characters 9, 59, 81, 106, 224
and 426; ‘1’ to ‘0’ for characters 49 and 72). However,
Dashanpusaurus dongi was recovered outside of
Neosauropoda, although the species shares one character
(ch. 49). Dashanpusaurus dongi shares a sister clade
with Camarasaurus and is supported by two unambigu-
ous synapomorphies: the distal condyle is perpendicular
or beveled with an angle of less than 20° to the long
axis of the radial shaft (ch. 49); and the profile of the
iliac dorsal margin is strongly convex throughout its
length and follows the arc of a circle in lateral view (ch.
520). Dashanpusaurus dongi + Camarasaurus consti-
tute a sister clade with Lourinhasaurus alenquerensis
and are more closely related to Haestasaurus +
Janenschia than to the clade including all other
eusauropods.

An EWP analysis of the revised version of the GEA
from Moore et al. (2020) produced 500,000 MPTs with
tree lengths of 2183 steps. The strict consensus of the
EWP results is limited in resolution, so we used 50%
majority rule consensus (Fig. 31). Dashanpusaurus
dongi was recovered within Neosauropoda as a basal
member of Macronaria. Neosauropoda is supported by
13 unambiguous synapomorphies (‘0” to ‘1’ for charac-
ters 25, 52, 108, 133, 173, 266, 285 and 366; ‘1’ to ‘0’
for characters 41, 73 and 297; ‘1’ to ‘2’ for character
122; 2’ to ‘3’ for character 431), and Dashanpusaurus
dongi shares three of the 13 characters within
Neosauropoda: maximum mediolateral width of humeral
proximal end divided by proximodistal length is 0.4 or
greater (ch. 41); the posterior margin of radial distal end
lacks condylar-like processes and fossa (ch. 285); and
the humeral head forms a prominent sub-circular process
on the posterior surface of the proximal end (ch. 366).
Since Dashanpusaurus dongi is situated in the basal
position of Macronaria, it shares a sister clade with
Camarasaurus that is supported by four unambiguous
synapomorphic characters: the EPRL is present along
the cervical neural arch (ch. 129); the middle dorsal
neural spines are bifurcated (ch. 161); the SPOL of the
middle to posterior dorsal neural spines is divided into

medial and lateral branches (ch. 165); and the ratio of
the maximum mediolateral width of the distal end of the
humerus to the proximodistal length of the humerus is
0.30 or greater (ch. 370). Together, they form a clade
with later macronarians on the basis of five characters
(chs. 22, 63, 212, 250 and 269), two of which are
shared with Dashanpusaurus dongi: the ratio of the pos-
terior articular face mediolateral width to dorsoventral
height of middle to posterior dorsal centra is 1.0 or
greater (ch. 22); and the obturator foramen of the pubis
is oval or elliptical with the long axis oriented along the
same plane as the long axis of the pubis in lateral view
(ch. 250). This clade, together with Tehuelchesaurus +
(Haestasaurus  +  Janenschia),  constitutes  the
Macronaria clade (‘0’ to ‘1’ for characters 155, 171,
267, 335 and 361); ‘1’ to ‘0’ for character 272; ‘1’ to
‘2’ for character 147). The EIW analysis (K = 12) pro-
duced 130,464 MPTs of lengths 96.19346 steps. The
strict consensus of the EIW result is well resolved (Fig.
32). Dashanpusaurus dongi was positioned within
Neosauropoda, as a basal member of Macronaria.
Neosauropoda is supported by seven unambiguous syna-
pomorphies (‘0” to ‘1’ for characters 16, 52, 133, 266,
285 and 366; ‘1’ to ‘0’ for character 73), two unambigu-
ous synapomorphies more than the EWP analysis (ch.
16 and 52), but lacking seven characters (chs. 25, 41,
108, 122, 173, 297 and 431). Dashanpusaurus dongi is
situated in the basal position of Macronaria and shares a
sister clade with Camarasaurus that is supported by five
unambiguous synapomorphic characters, which is more
than the result of the EWP analysis with ch. 132 (the
postaxial cervical and anterior dorsal neural spines are
bifurcated). They together share the clade with other
later macronarians by six characters, more than the
result of EWP analysis. This clade, together with
Tehuelchesaurus + (Haestasaurus + Janenschia), con-
stitutes Macronaria. One more unambiguous synapomor-
phic character (ch. 125) further supports this clade, but
lacks ch. 155 when compared with the result of the
EWP analysis.

The EWP analysis of the data set from Pol et al.
(2020) produced 9000 MPTs with tree lengths of 1926
steps. The strict consensus of EWP result is resolved
(Fig. 33). Dashanpusaurus dongi was recovered within
Neosauropoda as a basal member of Macronaria.
Neosauropoda is supported by four unambiguous syna-
pomorphies (‘0" to ‘1’ for characters 23 and 120; ‘0’ to
‘2’ for character 106; ‘1’ to ‘0’ for character 354).
Dashanpusaurus dongi is situated in the basal position
of Macronaria and shares a sister clade with
Camarasaurus, supported by two unambiguous synapo-
morphies (‘0” to ‘1’ for ch. 132; ‘1’ to ‘0’ for ch. 142):
the neural spines of the posterior cervical and anterior
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Figure 31. Reduced consensus (50% major consensus) tree of the equal weights parsimony (EWP) analysis from the Gonzdlez Riga
et al. (GEA) (2018) data set of Moore et al. (2020) depicting the phylogenetic position of Dashanpusaurus dongi.

dorsal vertebrae are bifurcated (ch. 132); and a single
PRSL is absent in single, not bifurcated, neural spines
of dorsal vertebrae (ch. 142). The (Dashanpusaurus +
i unambiguous 375;

Camarasaurus) clade

shares

synapomorphies characters with Bellusaurus and other
later macronarians (‘0” to ‘1’ for characters 143, 162,
238, 288 and 293; 1’ to ‘0’ for characters 136, 317 and
‘1’ to ‘2” for character 116). Dashanpusaurus
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Figure 32. Strict consensus tree of the extended implied weighting (EIW) analysis from the Gonzélez Riga et al. (GEA) (2018) data
set of Moore et al. (2020) depicting the phylogenetic position of Dashanpusaurus dongi.

shares four of them: height divided by the width of the laterally or slightly upwards (ch. 136); middle and pos-
cervical posterior articular surface is between 0.9 and terior dorsal centrum in the transverse section is slightly
0.7 (ch. 116); dorsal transverse processes are directed dorsoventrally compressed (ch. 163); and the cranial
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Figure 33. Strict consensus tree of the equal weights parsimony (EWP) analysis from the Pol et al. (2020) data set depicting the

phylogenetic position of Dashanpusaurus dongi.

process of cervical prezygapophyses is not situated index = 0.721). The strict consensus of the EIW result
ventrolaterally to the articular surface (ch. 375). The is well resolved (Fig. 34). Dashanpusaurus dongi was
EIW analysis (K = 12) produced 15 MPTs of lengths recovered within Neosauropoda as a basal member of

80.99365 steps (consistency index = 0.306; retention Macronaria.

Neosauropoda

is supported by five
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Figure 34. Strict consensus tree of the equal weights parsimony (EWP) analysis from the Pol et al. (2020) data set depicting the
phylogenetic position of Dashanpusaurus dongi.

unambiguous synapomorphies (‘0’ to ‘1’ for characters
23, 120 and 177; 0’ to ‘1’ for character 106; ‘1’ to ‘0’
for character 354), and Dashanpusaurus dongi shares
two of these five characters within Neosauropoda:

internal pneumaticity of cervical centra is present with
single and wide cavities (ch. 120); and epipophyses on
cervical vertebrae are stout, pillar-like expansions above
postzygapophyses (ch. 354). Macronaria is supported by
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four unambiguous synapomorphies (‘0’ to ‘1’ for char-
acters 142, 186 and 236; ‘1’ to ‘0’ for character 161).
Dashanpusaurus dongi shares two of these four charac-
ters within Macronaria: the PCPL of middle and poster-
ior dorsal neural arches is absent (ch. 161); and the
scapular length/minimum blade breadth ratio is 5.5 or
more (ch. 236). Moreover, Dashanpusaurus dongi
shares a sister clade with Camarasaurus, which is sup-
ported by two unambiguous synapomorphic characters:
neural spine of posterior cervical and anterior dorsal
vertebrae is bifid (ch. 132); and single PRSL of single,
not bifid, dorsal neural spine is absent (ch. 142).

Discussion

Phylogenetic implications for

macronarian evolution

In our EWP and EIW analyses (except for the EIW ana-
lysis using the data of Mannion et al. [2019]),
Dashanpusaurus dongi is positioned as the basal-most
member of Macronaria. This position is supported by
many unambiguous synapomorphies (e.g. height divided
by width is between 0.9 and 0.7 for cervical vertebrae;
transverse processes of dorsal vertebrae are directed lat-
erally or slightly upwards; middle and posterior dorsal
centra in the transverse section are slightly dorsoven-
trally compressed) in the main data matrix.
Dorsoventrally compressed cervical centra are widely
observed in many later-diverging eusauropods (e.g.
Mamenchisaurus [Ouyang & Ye 2002, table 4],
Klamelisaurus gobiensis [Moore et al. 2020, table 1],
Hudiesaurus sinojapanorum [Upchurch et al. 2021, fig.
2], Camarasaurus lewisi [Mclntosh et al. 1996b, table
2]), and most of them are from the Late Jurassic or
later. In the Middle Jurassic, only the Rutland
Cetiosaurus (Upchurch & Martin 2002, table 2),
Lingwulong shengi (Xu et al. 2018, supplementary
fig. 4) and Dashanpusaurus dongi are reported to share
this character, especially among the other ‘transversely
compressed’ sauropod taxa in Dashanpu quarry. The
variation in cotyle shape in sauropod necks might arise
from mechanical factors (Taylor 2022). Moreover, in
the Middle Jurassic, the possession of bifurcated neural
spines in the presacral vertebrae as seen in Lingwulong
shenqgi (posterior cervicals) and Dashanpusaurus dongi
(preserved anterior to middle dorsals) is rare. The

=2

bifurcated spines would increase the lateral leverage of
the ligaments and muscles that attach to the metapophy-
ses, thus enabling them to contribute to lateral stabiliza-
tion and motion as well as vertical motion (Taylor &
Wedel 2013). These cervical vertebral features may set
them apart from the taxa with transversely compressed
cervical centra and unsplit neural spines found
at Dashanpu.

The length of the puboischial contact, reaching
approximately one-half or greater of the total length of
the pubis, is a plesiomorphic condition for Macronaria
(e.g. Camarasaurus: Osborn & Mook 1921, fig. 88; Xu
et al. 2018). By contrast, in non-neosauropod sauropod
taxa (e.g. Shunosaurus lii: Zhang 1988, fig. 51), the
ratio is less than one-third the length of the pubis. This
ratio in Dashanpusaurus dongi is 0.4, which falls
between the non-macronarian eusauropods and later-
diverging macronarians. It further indicates the phylo-
genetic placement of Dashanpusaurus dongi in a basal
position in Macronaria.

Conversely, Dashanpusaurus dongi lacks some char-
acters that unite later-diverging macronarians, such as: a
median tubercle that is present on the posterior cervical
and anterior dorsal bifurcated neural spines; an articular
surface of the posterior dorsal centra that is opisthocoe-
lous; and the presence of pleurocoels along the lateral
surfaces of the sacral centra (Xu et al. 2018).
Furthermore, 12 or fewer dorsal vertebrae is a plesio-
morphic condition for Omeisaurus + (Jobaria +
Neosauropoda) (Wilson 2002). However, the number in
Dashanpusaurus dongi is 13 (potentially 14) dorsal ver-
tebrae, which is similar to the numbers in Shunosaurus
lii and the neosauropod Haplocanthosaurus (probably
14 dorsals). Furthermore, the amphicoelous articular sur-
faces of the posterior dorsal vertebrae are a plesiomor-
phic condition for many Early-Middle Jurassic early-
diverging sauropods, some diplodocoids (including the
Middle Jurassic Lingwulong shenqi) and
Dashanpusaurus dongi. Dashanpusaurus dongi still
shares plesiomorphic features that may indicate its
‘basal’ position and possibly the species’ mosaic mor-
phological evolution.

The EPRL in early-diverging eusauropods
Epipophyses are common in saurischians and some line-
ages develop a lamina that crosses the SDF, connecting

=

Figure 35. Structures considered components of the epipophyseal-prezygapophyseal lamina (EPRL) feature exhibited in
Dashanpusaurus dongi, Shunosaurus lii and Omeisaurus tianfuensis. A, B, Cv3 and D1 of Dashanpusaurus dongi (ZDM5028); C-G,
Cv3, Cv7, Cv8, Cv9, Cvll and Cv12 of Shunosaurus lii (ZDM5008); H-M, Cv3, Cv7, Cv8, Cv12, Cv15 and Cv17 of Omeisaurus
tianfuensis (T5701 and T5705). Abbreviations: Cv, cervical; D, dorsal. Scale bar = 50 mm.
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Figure 36. Types of the epipophyseal-prezygapophyseal lamina (EPRL) feature in cervical and anterior dorsal vertebrae of some
eusauropod specimens representing several taxonomic groups. Shunosaurus lii, ZDM5008; Omeisaurus tianfuensis, ZDM T5701 and
T5705; Apatosaurus ajax (after Upchurch et al. 2004a); Dashanpusaurus dongi, ZDM 5028; Euhelopus zdanskyi, PMU 233;
Uberabatitan ribeiroi, CPP-1108-Urb. Abbreviations: di, diapophysis; ns, neural spine; po, postzygapophysis; PODL,
postzygodiapophyseal lamina; pr, prezygapophysis; PRDL, prezygodiapophyseal lamina; SDF, spinodiapophyseal fossa; SPOL,

spinopostzygapophyseal lamina; SPRL, spinoprezygapophyseal lamina.

them to the prezygapophyses in the cervical vertebrae
(Wilson 2012) and sometimes the anterior dorsals (e.g.
Wilson & Upchurch 2009, fig. 13). This feature was
first recognized in the non-avian theropods Noasaurus
and Carnotaurus (Bonaparte 1996b), then reported in
many other theropods and later identified in many sau-
ropods (Wilson 2012). This lamina was not named by
Bonaparte (1996b) and has received many names and
interpretations over the past few decades (e.g. Coria &
Salgado 2000; O’ Connor 2007; Sereno et al. 2007;
Wilson & Upchurch 2009; Ezcurra et al. 2010; Dal
Sasso & Maganuco 2011; Pol & Rauhut 2012; Wilson
2012; Moore et al. 2020). Among sauropods, this fea-
ture was first noted in Nigersaurus (Sereno et al. 2007,
fig. 3). Wilson (2012) revised the existing definitions in
accordance with the nomenclature devised by Wilson
(1999) for sauropods, proposing the term ‘epipophyseal-

prezygapophyseal lamina’ (EPRL) (Wilson & Upchurch
2009) and distinguished two types: the lamina fully
reaches and connects the prezygapophysis and epipophy-
sis or connects the two landmarks via its union with the
SPRL and PODL or prezygapophysis and epipophysis
(we term this the ‘standard’ EPRL [Type A] in this
study); or the ‘stranded” EPRL where the lamina in the
SDF contacts one of two landmarks (prezygapophysis or
epipophysis), but in adjacent vertebrae its serial homo-
logues contact two (Wilson 2012) (Type B in this
study). Moore et al. (2020) argued against using the
term EPRL and explicitly distinguished the pneumatic
and muscular parts of the ‘EPRL’ from a truly seg-
mented lamina in early-diverging sauropodomorphs that
lack an SDF. Previously, a rugose anterior extension of
the epipophysis (anterior epipophyseal muscle scar) and
an unmoored lamina of the SDF (accessory strut of the
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Figure 37. Palaeogeographic reconstruction showing the main Middle Jurassic neosauropod faunas discussed in this text.
Palaeogeographic reconstruction of 170 Ma from PALEOMAP (Scotese 2014). Abbreviations: Aal, Aalenian; Baj, Bajocian; Bat,

Bathonian; Cal, Callovian; Fm., formation.

SDF that is associated with pneumatized epithelium)
were interpretable as the constituent elements of an
EPRL. In Klamelisaurus gobiensis, the joint presence of
these structures might indicate the EPRL is segmented.
Moreover, these structures are more informatively con-
sidered distinct, rather than co-dependent (Moore et al.
2020). In particular, some vertebrae share more than
one accessory strut across the SDF, with no convincing
evidence for the one to be the constituent element of the
EPRL feature. It is better to distinguish these struts
from one constituent feature. Before better terms are
applied, we advocate stating that the two structures are
provisionally interpretable as an EPRL feature, rather
than using the term EPRL, because these two terms are
more accurate and descriptive of the actual morphology,
and potentially more helpful for accurate homological
analysis. Moreover, before the accurate homological
interpretation of these two structures, intuitive morpho-
logical identification may be easier to operate for dis-
tinction — to identify this morphology easily, especially
for usually partially preserved vertebral materials, and
explore the potential synapomorphy for sauropod taxa.
We distinguished four types of situations for this feature
including the aforementioned ‘Type A’ and ‘Type B’,
and added another two types of ERPL: a ‘segmented’
EPRL lamina where the laminae in the SDF are not
attached directly to surrounding landmarks but extend
past one another (Type C in this study), and a

pronounced anterior extension of the epipophysis that
can be present in the absence of a strut of the SDF (we
suggest ‘partly’ EPRL [Type D] in this study; e.g.
Uberabatitan: Silva Junior et al. 2019, figs 3, 4). As
Moore et al. (2020) mentioned, the osteological products
of these soft tissues can often be distinguished and,
when they can be identified, it is more anatomically
informative to describe these structures separately in
sauropods. Considering the lack of extensive evidence
(e.g. the influence of morphogenetic soft tissues on
some structures), it is still early to give hypotheses of
the primary homology of the EPRL feature. We agree
on the need to precisely describe these structures separ-
ately for the reason that they show the capacity for inde-
pendent development in sauropods and that this can
impact phylogenetic analyses (see Moore et al. 2020).
Thus, we consider the structures of the EPRL feature
from some early-diverging sauropods in the Dashanpu
Dinosaur Fauna, to give more information on this fea-
ture as a homologous structure and to provide more
information on it for a better understanding of these
structures in future studies.

Dashanpusaurus dongi. In the preserved anterior cer-
vical vertebrae (Cv4 and Cv6), rugose muscle scars
extend from the epipophyseal ramus to the middle por-
tion of the SDF. A robust strut crosses the SDF horizon-
tally and disappears near the SPRL (Fig. 35A). This
lamina morphologically approximates the ‘accessory
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strut of the SDF’ described in Cv5 of Camarasaurus
lewisi (Moore et al. 2020). In the anterior dorsal verte-
brae (D1 and D2) of Dashanpusaurus dongi, the mor-
phologically distinct structures (Type A), on the lateral
side of the neural arch are interpretable as the ‘standard’
EPRL as the anterior epipophyseal muscle scar extends
from the epipophysis along the PODL, and the acces-
sory strut distinctly extends from the PODL to the pre-
zygapophysis. Each epipophysis is separated ventrally
from its respective postzygapophysis by a shallow
groove (D1: Fig 35B). The posterior portion of the
muscle scar of the EPRL feature near the connection
with the epipophysis is a low ridge above the SPOL. A
weakly expressed line of rugosities is located dorsome-
dially to the smooth, rounded edge of the PODL.
Anteriorly, a strut of the SDF is stout and extends as a
combined ridge with the SPOL posteriorly near the
anterior-most portion of the articular surface of the post-
zygapophysis. Then it crosses the neural spine to the
base of the prezygapophysis, under the SPRL. This mor-
phological condition is most similar to that of the pre-
served cervical of Zapalasaurus bonapartei, Cv10 of
Nigersaurus taqueti and the middle cervical series of
Euhelopus zdanskyi (Salgado et al. 2006, fig. 4; Sereno
et al. 2007, fig. 3; Wilson & Upchurch 2009, fig. 10;
Wilson 2012, fig. 3). By contrast, it is a stout element
on the anterior dorsal vertebrae of Dashanpusaurus
dongi, and the combination of the EPRL and PODL is
much more robust compared with those on Cv10 of
Euhelopus zdanskyi. However, it differs from the condi-
tion on the anterior dorsal vertebrae of Euhelopus zdan-
skyi with the remnant of SDF connecting the two
landmarks directly (Wilson & Upchurch 2009).

Shunosaurus lii. A similar correspondence between an
anterior epipophyseal muscle scar and an accessory strut
of the SDF lamina of the SDF is apparent in
Shunosaurus lii (ZDM5008) (Fig. 25C-G). In Cv3 of
Shunosaurus lii (Fig. 35C), a rugose ridge (muscle scar)
tops the posterior end of the postzygapophysis antero-
posteriorly and a weak lamina (accessory strut) anteri-
orly crosses the SDF. The anterior and posterior
margins of this lamina disappear near SPRL and PODL,
respectively. These structures are interpreted as the
‘segmented” EPRL (Type C). In Cv6 and Cv7 (Fig.
35D), the rugose muscle scars are much more promin-
ently expanded than in Cv3 (blue arrows in Fig. 35C,
D). The muscle scar on the dorsal surface of the postzy-
gapophyseal ramus, along the PODL, extends further
into the SDF. The SDFs of Cv6 and Cv7 contain a
weak, smooth-edged accessory lamina (accessory strut
of the SDF), as in Cv3. It disappears near the PODL
posteriorly. This lamina is prominently elongated com-
pared with that in Cv3. In contrast to the

aforementioned cervical vertebrae, the accessory strut of
Cv8 is prominent (Fig. 35E) and situated at the middle
portion of the SDF. The rugose muscle scar further
extending to the SDF from the epipophysis seems dis-
placed by the horizontal lamina distally in SDF (yellow
arrow in Fig. 35E). In this cervical, the segmented lam-
ina (accessory strut) of the SDF and rugose ridge (anter-
ior epipophyseal muscle scar) extending from the
epipophyseal ramus are generally continuous, but still
belong to the two structures that constituted the
‘segmented” EPRL (Type C). On the other hand, the
anterior portion of the rugose ridge from the epipophysis
is more prominent than the posterior portion near the
epipophysis. This condition is opposite to that in the
anterior cervicals. In Cv10 and Cvll (Fig. 35F), the
rugose ridge, situated inwards near the base of the
neural spine, extends further from the epipophysis into
the middle portion of the SDF. The anterior portion of
this ridge is robust and more prominent than the poster-
ior portion, as occurred in the middle cervical vertebrae
(e.g. Cv8). A horizontal lamina (accessory strut) is situ-
ated in a secondary pneumatic fossa (situated at the
base of SDF, much deeper than other regions of SDF)
that crosses the SDF. This sharp ridge ends at the anter-
ior and posterior margins of the secondary pneumatic
fossa. The rugose ridge (muscle scar) from the epipoph-
ysis and the horizontal lamina of SDF is not continuous,
and these two segmented structures constitute the
‘segmented” EPRL (Type C). It is worth noting that the
horizontal lamina of SDF in Cv12 (Fig. 35G) extends
from the PODL, which seems to connect to the anterior
epipophyseal muscle scar, and disappears anteriorly in
SDF, projecting to the prezygapophysis. This structure
closely aligns with the rugose ‘stranded’” lamina

(Type B).
The EPRL featured in the cervical neural arch of
Shunosaurus lii  bears two distinct types: the

‘segmented” EPRL (Type C, which consists of the anter-
ior epipophyseal muscle scar and the ‘segmented’ acces-
sory strut of the SDF in most of the cervical vertebrae
except the last one) and the ‘stranded” EPRL (Type B,
which includes the anterior epipophyseal muscle scar
and ‘stranded’ horizontal lamina of the SDF that extend
from PODL and project to the prezygapophysis in
Cv12). In contrast to the ‘segmented’ lamina of SDF in
Omeisaurus tianfuensis, this lamina is much more
weakly and solely extended in the SDF of
Shunosaurus lii.

Omeisaurus tianfuensis. Slight variation in the morph-
ology of the cervical neural arches in Omeisaurus tian-
fuensis (Cv3, 15 and 17 of T5701 and Cv7 and 8 of
T5705) provides strong evidence that the anterior epipo-
physeal muscle scars and pneumatic laminae of the SDF
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constitute the EPRL
(Fig. 35H-M).

In Cv3 of Omeisaurus tianfuensis (Fig. 35H), the epi-
pophysis is slightly expanded. A low rugose ridge
extends anteriorly from the epipophysis and crosses the
posterior portion of the SDF. This muscle scar then dis-
appears in the middle portion of the SDF. Anteriorly, a
stout lamina anteriorly extends that crosses the SDF but
fades near the SPRL. This latter structure approximates
the ‘segmented’ lamina of the EPRL (Type C) described
in Camarasaurus lewisi and Klamelisaurus gobiensis
(Moore et al. 2020). Cv6 shares a relatively stout nodule
on the dorsal surface of the postzygapophyseal ramus
and extends beyond the distal end of the postzygapophy-
sis posteriorly. The anterior projection of the muscle
scar is sub-parallel with the PODL and extends farther
anteriorly towards the SDF. A stout but short lamina
(accessory strut) crosses the SDF anteroposteriorly. This
accessory lamina is situated at the anterior portion of
the SDF and is dissolved near the SPRL. This condition
resembles that found in Cv3. A similar arrangement is
present in Cv7 of Omeisaurus tianfuensis (Fig. 35I). In
contrast to Cv3, the epipophysis is weakly projected
whereas the muscle scars are prominent ridges that do
not extend to the junction area of the SDF.
Interestingly, the SDF of Cv7 contains two robust,
smooth-edged accessory laminae on the middle portion.
These two laminae are generally parallel and anteroven-
trally extended. The lower lamina is dissolved on the
dorsal portion of the diapophysis. These structures of
the EPRL feature in Cv7 can be classified as Type C. In
Cv8 of Omeisaurus tianfuensis (Fig. 35J), the accessory
laminae of the SDF are more prominent than any other
cervical vertebrae noted above. At least five struts
occupy the anterior portion of the SDF: two of these
project anteroventrally under the anterior portion of the
neural spine and three project anteroposteriorly toward
the prezygapophysis. It is worth noting that the lower
anteroventrally oriented and dorsal-most anteriorly
extended laminae are serially segmented from the epi-
pophysis towards the SPRL, and possibly belong to the
accessory strut. In addition to the soft tissue attached to
muscle scars for the epipophysis, conspicuous pneumatic
structures were preserved in the SDF in sauropods
(Wilson et al. 2011). In Cv12 (Fig. 35K) and Cv14, the
epipophysis extends beyond the postzygapophysis and
the posterior portion of the epaxial musculature is more
prominent than the anterior segments. A thin lamina
crosses the middle portion of the SDF and projects ante-
roventrally. The rugose ridge is robust along the PODL
and anteriorly extended in Cv15 (Fig. 35L), as occurs in
other cervical vertebrae. An accessory lamina is situated
at the anterior portion of the SDF (yellow arrow in Fig.

feature in this lineage

35L), similar to that in many other cervical vertebrae
(e.g. Cv7). In Cv16 and 17 (Fig. 35M), the posterior
portions of the muscle scars are more extended than the
anterior portion, similar to those in Cv12 and Cv14. The
segmented lamina crosses in a secondary pneumatic
fossa and is situated at the anterior portion of the SDF.

In short, the ridge extending anteriorly from the epi-
pophysis and a (or several) lamina(e) of the SDF consti-
tute the structures of the EPRL feature. The lamina(e)
of SDF is (or are) situated at the anterior portion of the
SDF and horizontally or slightly ventrally. This entity
could be considered to have a ‘segmented EPRL’,
belonging to type C, in the cervical vertebrae of
Omeisaurus tianfuensis.

Our observation shows the two structures (rugose
muscle scar extended from epipophyseal ramus and
accessory strut(s) usually horizontally crossing the
SDF), constitute the features of the ERPL and are uni-
versally found in some early-diverging eusauropods
(especially in Asian lineages at present). These two
structures could vary in appearance (e.g. ‘segmented’ or
‘stranded’) in a single cervical series of a species.
Limited by observation and referred specimens, we can-
not establish a paradigm at present, but the EPRL fea-
ture exists widely in some early-diverging eusauropods
(Fig. 36). Although there are different types of this fea-
ture, these widespread morphologies might indicate an
important function for the EPRL feature. However,
more anatomical information needs to be collected
before further homological analysis of these structures
can be conducted.

Spatiotemporal distribution of eusauropod
materials in the Middle Jurassic

The presence of a new macronarian sauropod from
China provides further evidence of the diversity and bio-
geography of the clade during the Middle Jurassic.
Early putative macronarians are typically represented in
the fossil record as fragmentary bones (Moser et al.
2006) or teeth (Bindellini & Dal Sasso 2019), making
the specimens described here some of the best-preserved
evidence of a basal macronarian sauropod to date. The
sauropod fossils preserved within the lower Shaximiao
Formation provide the first information to suggest that
individual variation or sexual dimorphism may have
been present among populations of Dashanpusaurus
dongi during the Middle Jurassic (e.g. the orientation of
anterior caudal neural spines between the holotype and
paratype), though the extent of individual variation still
needs to be analysed. The lack of globally distributed
macronarians in the Middle Jurassic suggests that the
clade was able to disperse rapidly during, or just prior
to, the Middle Jurassic before diversifying into the Late
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Jurassic basal macronarian and titanosauriform taxa pre-
sent in Asia (e.g. Mo 2013), Europe (e.g. Royo-Torres
et al. 2014), North America (e.g. Mclntosh et al.
1996a), South America (e.g. Carballido et al. 2011b)
and Africa (e.g. Fraas 1908). Additionally, the sauro-
pods from the Late Jurassic Tendaguru Formation of

Tanzania further indicate a more widespread diversifica-

tion of many sauropod clades than realized previously

(Mannion et al. 2019). Previous studies have proposed

that a shallow marine barrier isolated Asia via the west-

ern margin of the continent starting in the Late Jurassic

and receding in the Early Cretaceous (Russell 1993;

Upchurch et al. 2002). Dubbed the “East Asian Isolation

Hypothesis’ (EAIH), it suggested that terrestrial faunas

would have been isolated in Central and East Asia, lead-

ing to endemism within the continent (e.g. mamenchi-
saurids: Xing et al. 2015b). Here, we propose that the
basal-most macronarian, D. dongi, provides more evi-
dence that conflicts with the interpretation of a perman-
ent marine barrier during at least the Jurassic that would
support the EAIH. If D. dongi is the basal-most macro-
narian, then it is probable that any marine barrier that
existed during the Middle Jurassic would have been
intermittent based on the global distribution of other
basal macronarians (e.g. camarasaurids) and titanosauri-
forms in the Late Jurassic. This hypothesis is further
supported if the African sauropod Atlasaurus imelakei is
retrieved as a basal macronarian, although the placement
of A. imelakei is still uncertain (e.g. Upchurch et al.

2015; Mannion et al. 2019; Moore et al. 2020; this

study). Several other geographical regions preserved

diverse eusauropod faunas, including some potential

Middle Jurassic neosauropods (Fig. 37), and brief com-

parisons are made below.

1. Africa. Four areas with Middle Jurassic sauropod
material have been reported (Nicholl et al. 2018;
Mannion et al. 2019): Morocco (Atlasaurus and
‘Cetiosaurus’ mogrebiensis), Algeria (Chebsaurus),
Niger  (Spinophorosaurus and Jobaria) and
Madagascar (Lapparentosaurus, Archaeodontosaurus
and ‘Bothriospondylus madagascariensis’)
(Lapparent 1955; Bonaparte 1986a; Monbaron et al.
1999; Sereno et al. 1999; Upchurch & Martin 2003;
Buffetaut 2005; Mahammed et al. 2005; Rauhut &
L6pez-Arbarello 2009; Remes et al. 2009; Léang and
Mahammed 2010; Mannion 2010; Raveloson et al.
2019). Many African sauropod remains are poorly
preserved and they have seldom been included in
phylogenetic analyses due to a lack of useful
anatomical detail. For example, the initial report on
Archaeodontosaurus indicated that it had a similar
morphology to the Chinese species
Protognathosaurus  oxyodon  (Buffetaut 2005).

However, it was later recovered as a non-eusauropod
sauropod (Pol et al. 2020), and the morphology of
Chebsaurus  shows more  affinities  with
Lapparentosaurus and Cetiosaurus (Mahammed
et al. 2005). New information on Lapparentosaurus
suggests that the relatively fragmentary elements
provide information on the autapomorphies shared
with Cetiosaurus (Raveloson et al. 2019), which lies
outside the Neosauropoda (Mannion et al. 2013).
Spinophorosaurus nigerensis was reported from the
Irhazer Group (Bajocian-Bathonian) of Niger
(Remes et al. 2009). Some studies phylogenetically
supported it as a non-eusauropod sauropod (Remes
et al. 2009; Holwerda et al. 2021), while another
recovered it as a non-neosauropod eusauropod (Pol
et al. 2020). Moreover, Jobaria tiguidensis was the
other sauropod taxon excavated from the Irhazer
Group (Bathonian—Callovian) in Niger (Sereno et al.
1999; Rauhut &  Ldpez-Arbarello  2009).
Phylogenetically, it was situated outside of
Neosauropoda (e.g. Mannion et al. 2019; Moore
et al. 2020; Pol et al. 2020), but it was also
supported as a basal neosauropod (e.g. Carballido
et al. 2020). Atlasaurus imelakei was excavated
from the Guettioua Formation (Bathonian—Callovian)
in Morocco (Monbaron et al. 1999). In some
phylogenetic analyses Atlasaurus imelakei is
positioned as an early-diverging macronarian, while
others find it as a non-neosauropod eusauropod (e.g.
Mannion et al. 2017; Moore et al. 2020). Our
phylogenetic analyses support it as either a basal-
most member of Diplodocoidea or as a macronarian
(e.g. Mannion et al. 2019; Liao et al. 2021).

South  America. Late Early-Middle Jurassic
sauropods from South America are restricted to a
small number of localities in southern Argentina.
Most of the remains belong to Patagosaurus fariasi,
Volkheimeria chubutensis and Bagualia alba, which
were excavated in the upper sections of the Canaddn
Asfalto Formation (Toarcian—Aalenian or Bajocian)
(Bonaparte 1986b; Rauhut 2003; Cdneo et al. 2013;
Hauser et al. 2017; Pol et al. 2020).
Phylogenetically, these three taxa are found outside
of Neosauropoda (Pol et al. 2020). Patagosaurus
fariasi is often recovered as the sister clade to
Cetiosaurus (e.g. Xu et al. 2018; Carballido et al.
2020) and Volkheimeria chubutensis was found as a
non-sauropod sauropodomorph or non-eusauropod
sauropod (Pol et al. 2020; Holwerda et al. 2021).
Some fragmentary remains indicate more diversity
among the sauropod taxa (Rauhut 2003; Holwerda
et al. 2015), including some with putative
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neosauropod affinities in the latest Early—Middle
Jurassic Patagonia (Carballido et al. 2017).

Europe. The most common Middle Jurassic
sauropod from the United Kingdom is the non-
neosauropod eusauropod Cetiosaurus, which has
been recovered from several Bajocian—Bathonian
localities (Upchurch & Martin 2002, 2003). The
Callovian Cetiosauriscus stewarti from the Oxford
Clay Formation (Charig 1980, 1993) was recovered
as a dicraeosaurid in this study. Holwerda et al.
(2019) reported four isolated sauropod axial
elements from the Middle Jurassic (Callovian)
Oxford Clay Formation of Peterborough in the UK
which includes possible neosauropod affinities.
Many other Middle Jurassic materials from the UK
are fragmentary and can only be regarded as
indeterminate eusauropods rather than referring them
to particular taxa (Mannion et al. 2019). In Russia,
the Middle Jurassic (Callovian) marine deposits of
the Podosinki Formation have produced two anterior
caudal vertebrae from a single individual referred to
Diplodocoidea (Averianov & Zverkov 2020).

India. Moser et al. (2006) reported fragmentary
camarasaurid-like material from the Middle Jurassic
(Bajocian) Khadir Formation of Khadir Island.
However, these materials have never been assessed
phylogenetically.

Eastern Asia. Middle Jurassic Eastern Asia is
generally dominated by non-neosauropod
eusauropods, particularly in south-west China,
including well-known taxa such as Shunosaurus and
Omeisaurus spp. and others like Yuanmousaurus and
Nebulasaurus. The recently reported diplodocoid
Lingwulong, from the Middle Jurassic (Callovian)
Zhiluo Formation (Ningxia, north-west China), is the
only valid neosauropod taxon in Middle Jurassic
Asia (Xu et al. 2018; You et al. 2019). Its bone-
bearing stratum was first suggested to be from the
Yan’an Formation (Xu et al. 2018), but a systematic
sedimentary analysis showed that the bone-bearing
horizon was in the upper portion of the Zhiluo
Formation (the Zhiluo Formation overlies the
Yan’an Formation) (You et al. 2019). Bellusaurus
sui is reported from the upper part of the Shishugou
Formation (Dong 1990) with the age of the horizon
being late Middle Jurassic (Mo 2013). However, this
unit has since been re-assigned to the Late Jurassic
(Oxfordian: Moore et al. 2020). Recent phylogenetic
analyses have positioned Bellusaurus sui as an
early-diverging macronarian or lying just outside of
Neosauropoda (e.g. Mannion et al. 2019; Carballido
et al. 2020; Moore et al. 2020; Pol et al. 2020). Our
phylogenetic analyses place the species near the

base of Macronaria. Woodruff & Fowler (2012)
suggested that immature dinosaurs may occupy more
basal positions in phylogenetic analyses because
their morphologies are often similar to their
ancestral states. It is possible that the early
ontogenetic stage of this sauropod is the reason that
its position is unstable in phylogenetic analyses.
Additionally,  Bashunosaurus  kaijiangensis is
reported as a macronarian from the lower Shaximiao
Formation (the specific horizon is unknown) of
Kaijiang, Sichuan. However, this taxon has not been
described in detail or included in a phylogenetical
analysis. The potential macronarian position for this
taxon should be treated with caution. Furthermore,
Tan et al. (in preparation) reported two isolated
sauropod dorsal vertebrae from the lower Shaximiao
Formation of Chongging, south-west China, and
phylogenetic analyses support these as possible
diplodocid materials.

6. Summary. Middle Jurassic deposits have vyielded
evidence of neosauropods from at least four
continents (Asia, South America, Europe and
Africa). Phylogenetic analysis shows that most of
the taxa from this era are non-neosauropod
eusauropods. It is seldom that neosauropod
specimens  from the Middle Jurassic are
taxonomically valid. Middle Jurassic eusauropods
display a great range of diversity and geographic
distribution. This indicates that basal members of the
leading eusauropod lineages appeared earlier than
previously realized. The record of Middle Jurassic
neosauropods consists of fragmentary materials that
could also be considered to represent an early
radiation of Neosauropoda. Differentiated dental
morphology and teeth with wear facets have been
reported from the basal layer of the Cafaddn Asfalto
Formation (late Early Jurassic—-Middle Jurassic).
This variety indicates different food-gathering
strategies and implies potentially separate lineages
(Upchurch & Barrett 2000). In that sense, the
placement of phylogenetically distinct lineages of
eusauropods further pushes the initial diversification
event of the neosauropod clade to an earlier age
than expected. Neosauropods were already highly
diverse during the Middle Jurassic (Fig. 37).

Conclusions

Our comprehensive description and re-assessment of
Dashanpusaurus dongi indicates that it is a valid taxon
that can be distinguished from other Middle Jurassic
sauropods. Moreover, morphological comparisons to
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other macronarians reveal many synapomorphic similar-
ities. The comparative anatomical data presented here
provides an opportunity for not only re-visiting the
phylogenetic relationships within Neosauropoda but also
carrying out a revision of the taxonomy and systematics
of sauropods from the Middle Jurassic of China.
Anatomical comparisons of the cervical vertebrae of
several other Middle Jurassic early-diverging eusauro-
pod lineages in the Dashanpu quarry indicate that con-
stituent structures of the ‘EPRL feature’ are prevalent
among early-diverging eusauropods, and it is better to
use this term separately from ‘EPRL’. However, more
anatomical comparisons are needed for establishing
homologies. As an early-diverging macronarian, a better
understanding of Dashanpusaurus dongi allows for a
better understanding of the origin, early evolution and
palaeogeographic  distribution  of  neosauropods.
Moreover, we demonstrate that sauropods had greater
morphological diversity in the Middle Jurassic of Asia
than previously thought. This study also suggests that
the increase in diversity of the neosauropod clade
occurred much earlier than previously realized.
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