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ABSTRACT
The dorsal vertebrae of Xinjiangtitan shanshanesis (SSV12001) from the Late Jurassic Qigu Formation of 
Xinjiang Uygur Autonomous Region, China, are redescribed based on the further exposure and preparation 
of the holotype. As a mamenchisaurid sauropod dinosaur, Xinjiangtitan shanshanesis displays a unique 
combination of autapomorphic and plesiomorphic features, such as the presences of both lateral spino
postzygapophyseal laminae (L.SPOL) and medial spinopostzygapophyseal lamina (M.SPOL) in dorsal verteb
rae and a shallow intralaminar fossa (SPOL-F) between the L.SPOL and M.SPOL; anterior spinodiapophyseal 
laminae (A.SPDL), posterior spinodiapophyseal laminae (P.SPDL) and middle spinodiapophyseal lamina (M. 
SPDL) in dorsals 3–5; bifurcated anterior and middle dorsal neural spines with the median tubercle and the 
triangular lateral processes. Phylogenetic analysis and morphological comparison show that Xinjiangtitan 
shanshanesis probably shares a close relationship with Hudiesaurus and Mamenchisaurus and provide new 
information for future taxonomic revision of the mamenchisaurids.
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Introduction

The characteristics associated with vertebrae are critical in sauro
pod studies (Harris 2006a, 2006b), and their morphology is of 
primary importance in understanding sauropod phylogeny and 
evolution (Bonaparte 1986; Alexander 1989; Martin et al. 1998; 
Seymour and Lillywhite 2000; Wilson 2002). The terrestrial 
Middle and Late Jurassic strata in China are rich in mamenchi
saurid fossils, and the axial skeletons of some of these sauropods are 
preserved completely (e.g. Mamenchisaurus youngi Ouyang and Ye  
2002; Mamenchisaurus hochuanensis Young and Chao 1972). The 
anatomies of these taxa are important to clarify the evolutionary 
interrelationships of these and related Middle-Late Jurassic taxa.

Wu et al. (2013) briefly described a new mamenchisaurid saur
opod Xinjiangtitan shanshanesis from the Late Jurassic Qigu 
Formation based on field observation. Following this, the complete 
and articulated vertebral column was exposed from further excava
tion in 2014 and 2015. This discovery sheds light on the restudy of 
this taxon and the evolution of mamenchisaurid sauropods. The 
primary anatomical information remains a central pillar of dino
saur palaeobiology (Hedrick and Dodson 2020), and redescription 
of the historically and taxonomically important mamenchisaurid 
specimens is much needed in broader morphofunctional and 
palaeobiogeographical research (Moore et al. 2020). Zhang et al. 
(2020) restudied the complete cervical vertebrae of this taxon. Here, 
we further redescribe and illustrate the complete dorsal vertebral 
column of Xinjiangtitan shanshanesis and revise its unique char
acteristics. We also morphologically compared Xinjiangtitan shan
shanesis to other mamenchisaurid and relevant sauropods from the 
Middle-Late Jurassic and Early Cretaceous of China and performed 
a cladistic analysis with this new information.

Systematic palaeontology

Dinosauria Owen 1842

Saurischia Seeley 1887

Sauropodomorpha Huene 1932

Sauropoda Marsh 1878

Eusauropoda Upchurch 1995

Mamenchisauridae Young and Chao 1972

Xinjiangtitan Wu et al. 2013

Xinjiangtitan shanshanesis Wu et al. 2013

Holytype

Xinjiangtitan shanshanesis (SSV12001) includes a complete axial 
skeleton and pelvic girdle and hind limb, as shown in Zhang et al. 
(2020).

Occurrence and horizon

According to Wu et al. (2013), Xinjiangtitan shanshanesis 
(SSV12001) was excavated from the quarry 8 km south to Qiketai, 
30 km east to Shanshan. The horizon was from the brown – red, 
grey – green argillaceous siltstone at the middle beds of the Qigu 
Formation. The lower part of the Qigu Formation has been dated 
151 Ma, and the Jurassic-Cretaceous boundary is located in the 
upper part of the Qigu Formation (Fang et al. 2015; Huang 2019), 
suggesting that Xinjiangtitan shanshanesis is from the Late Jurassic.
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Revised Diagnosis of dorsal vertebrae

The dorsal vertebrae of Xinjiangtitan shanshanesis are distin
guished from other known mamenchisaurid sauropods by the fol
lowing unique combination of character states (characters with an 
asterisk represent autapomorphies of Xinjiangtitan shanshanesis): 
(1) presence of both lateral spinopostzygapophyseal lamina (L. 
SPOL) and medial spinopostzygapophyseal lamina (M.SPOL) and 
a shallow intralaminar spinopostzygapophyseal lamina fossa 
(SPOL-F) inbetween in dorsals 3–11; (2) pits on dorsal surface of 
prezygapophyses in last cervical and dorsals 1–2(similar to 
Hudiesaurus sinojapanorum); (3) hyposphene- hypantrum system 
in dorsals 3–7, with the ‘Y’-shaped hypantrum in dorsal 4 and 
a single vertical hypantrum in dorsal 7*; (4) a subtle keel subdivid
ing spinodiapophyseal fossa in dorsals 1–2 (similar to 
Klamelisaurus gobiensis); (5) anterior spinodiapophyseal lamina 
(A.SPDL), posterior spinodiapophyseal lamina (P.SPDL) and mid
dle spinodiapophyseal lamina (M.SPDL) in dorsals 3–5*; (6) dor
sally bifurcated middle spinodiapophyseal lamina (M.SPDL) in 
dorsals 4–5 (similar to Klamelisaurus gobiensis); (7) neural spine 
bifurcated with the median tubercle and triangular lateral processes 
in anterior and middle dorsal vertebrae; (8) sloping secondary 
crests situated at the dorsal end of the spinodiapophyseal fossa 

(SDF) in middle dorsal vertebrae*; (9) dorsally bifurcated spinopre
zygapophyseal lamina (SPRL) in some middle dorsals*; (10) bipar
tite or triplicate PCPLs in some middle-posterior dorsal vertebrae 
(similar to Klamelisaurus gobiensis); (11) two nearly parallel cen
tropostzygapophyseal laminae (CPOLs) in posterior dorsal 
vertebrae*.

Description

The following description is based on the complete elements 
(Figure 1). Osteological descriptions are organised as anatomical 
subdivisions (Dorsal vertebrae and Dorsal ribs). See Table 1 for 
measurements of dorsal vertebrae.

Dorsal vertebrae

Xinjiangtitan shanshanesis (SSV12001) includes a complete, articu
lated dorsal series extending from dorsal 1 to dorsal 12. The dorsal 
series are generally in excellent condition, but there are minor 
damages in several parts. The lower portions of centra of dorsals 
1–8, the dorsal portion of neural arch and neural spine of dorsal 12 
are missing. All dorsal vertebrae show strongly opisthocoelous with 

Figure 1. Preserved dorsal elements of Xinjiangtitan shanshanesis (SSV12001). A, burial condition of dorsal elements of SSV12001; B, field photograph of dorsal elements of 
SSV12001.
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deep pleurocoels located at the most anterolateral portion of the 
centra. Pneumaticity extends throughout the centrum and the 
neural arch. The lamination is well developed in dorsal series. 
There is some distance between the postzygapophyses on both 
sides in dorsal 1, but the postzygapophyses are adjacent to each 
other in dorsals 3–12. And that, the hyposphene-hypantrum system 
appears from dorsal 3 to subsequent dorsals as in most sauropods 
(Upchurch et al. 2004). Neural spines are all bifurcated except for 
the last three dorsal vertebrae.

The 18th vertebra was recognised as the first dorsal vertebra, 
and the 10th and the11th dorsal vertebrae were identified as 
a single dorsal vertebra by Wu et al. (2013). By reobservation 
and redescription, the centrum of the 19th vertebra is regarded 
as the first dorsal vertebra, because the less elongated antero
posteriorly centrum (the minimum centrum length 310 mm is 

less than half of the 17th centrum 730 mm) with the typical 
undivided pleurocoel, and its stouter transverse process projects 
more horizontally than previous vertebra, as suggested by 
Zhang et al. (2020).

We divide the description into sections of dorsal vertebrae 1–3, 
dorsal vertebrae 4–9, dorsal vertebrae 10–12 based on morphology 
and condition of articulation.

Dorsal vertebrae 1-3

Dorsal 1
The cervicodorsal transition here is continuous. The first dorsal 
vertebra identified here was preserved articulated with the last 
cervical vertebra. The lower portion of dorsal 1 is not preserved 
(parapophyses are missing) and reconstructed by plaster (Figure 2). 

Table 1. Dorsal vertebral measurements of Xinjiangtitan shanshanesis (SSV12001) (in mm).

Vert Max centr length

Min 

centr 

length

Pa 

width

Max 

Vert 

Ht

T.P 

width

Pneu Foss 

Ht

Pneu Foss 

length

Anter 

Artc 

Ht

Anter 

Artc 

width

Poster 

Artc 

Ht

Poster 

Artc 

width

Pre 

Zyg 

width

Post 

Zyg 

width

Neural 

Arch 

Ht ±

Spin Proc 

Ht 1

Spin 

Proc 

Ht 2

Spin Proc 

Max Med-Lat Width 3

Spin Proc Max 

Anter Poster length

D1 – – 310 70 740 370* 170 200 – – – – – – 430 100 130 210- 290 460 170,450 260#
D2 330 290 70 – – 370 – – – – – – 400 – – – – 200 200 – – 245 495 160,470 200#
D3 – – 240* 70 – – 370 – – – – – – – – – – – – – – 170 230- 160* 470 350 160#
D4 370 270 70 – – 270 70 130 – – – – – – – – 140 – – 200+ 150 400 350 90#
D5 – – 290 70 – – 240 – – – – – – – – – – – – – – – – – – 170 460 340 60#
D6 – – 280 – – – – 240 – – – – – – – – – – – – – – 120 270- 140 480 330 45#
D7 340 260* 70 920 210 100 130 370 370 – – – – 90 – – 300+ 230 500 340 70
D8 – – 260 70 940 180 110 150 – – – – – – – – – – – – – – 210 510 330 80
D9 – – 230 70 990 160 80 140 – – – – 380 410 – – 110 340- 230 590 320 100
D10 240* 190* – – 1030 200 110 110 450 350 220* – – 110 – – 220+ 280 580 200* 85*
D11 – – 200* 50 1040 150 120 90 210* – – 385* 400 – – 120 250- 300 590 200* 80*
D12 320 220 40 – – – – 80 110 400 400 440 445 100 – – 230+ – – – – – – – –

Note: Pa Width, measured the distance of the mediolateral width of the parapophysis; T.P Width, measured the distance of the mediolateral width of the transverse process 
*measured distance based on diagenetically distortion; – – distance not be accurately measured or unsaved; Pre Zyg Width, the distance of prezygapophysis 
anteroposteriorly; Neural Arch Ht+, measured from the ventral margin of neural canal to the ventral margin of prezygapophyses; Neural Arch Ht-, measured from the 
ventral margin of neural canal to the ventral margin of postzygapophyses; 1: measured from anterioralmost point on spinoprezygapophyseal lamina; 2: measured from 
dorsal margin of neural foramen on the posterior end; 3, if two values given, first, distance between paired metapophyses, second, distance between two triangle lateral 
processes; #, the length of bifurcation anteroposteriorly.

Figure 2. Photographs of cervical 18 and dorsal 1 of Xinjiangtitan shanshanesis (SSV12001). A, left lateral view; B, close-up of left lateral view of the horizontal accessory 
strut of dorsal1; C, close-up of left lateral view of pleurocoel; D, right lateral view. Scale bars: A, D, 30 cm; B, C, not to scale.
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The centrum is longer anteroposteriorly than that of the following 
dorsal vertebrae but shorter than those of the preceding cervical 
vertebrae. The centrum is strongly opisthocoelous, and the depth of 
the cotyle is about one-third of the minimum length of centrum 
(exclude the condyle length) (Figure 2). In the left lateral view, the 
single and large pleurocoel deepens to invade the condyle ante
riorly, which dorsally merges with the centrodiapophyseal fossa 
(CDF) (Figure 2 A, 2C). In the right lateral view, the anteroventrally 
orientated anterior centrodiapophyseal lamina (ACDL) and the 
comparatively strong posterior centrodiapophyseal lamina 
(PCDL) bound a deep centrodiapophyseal fossa (CDF) just below 
the base of the transverse process.

The height of the neural arch (measured as the distance from the 
dorsal margin of the centrum to the level of the base of the post
zygapophyses) is relatively lower than that of the succeeding dor
sals. The transverse processes present as plate-like processes, 
projecting more horizontally than that of cervical 18 (Figure 2A,). 
The prezygapophyses of dorsal 1 are articulated with the postzyga
pophyses of cervical 18. The centroprezygapophyseal lamina 
(CPRL) extends ventrally to meet the anterodorsal part of the 
ACDL. The prezygodiapophyseal lamina (PRDL) extends antero
dorsally from the transverse process to the prezygapophysis at 20° 
to the horizontal, whereas the postzygodiapophyseal lamina 
(PODL) is nearly vertically projected (Figure 2B, 2D). The PRDL, 
the ACDL and the CPRL outline an anterodorsally to posteroven
trally elongated triangular prezygapophyseal centrodiapophyseal 
fossa (PRCDF) on the neural arch (Figure 2D). The postzygapo
physes protrude ventrolaterally, and the postzygapophyseal facets 
are much transversely wider than the anteroposterior length. In the 
right lateral view, the postzygodiapophyseal lamina (PODL) 
extends from the dorsolateral margin of the transverse process to 
the postzygapophysis. In posterior view, the two almost parallel 
centropostzygapophyseal laminae (CPOLs) support the postzyga
pophyses. The medial margins of the postzygapophyses descend 
slightly medially and merge to form an incipiently developed ‘V’ - 
shaped intrapostzygapophyseal laminae (TPOLs) (Figure 2C).

The neural spine bifurcates with a median tubercle and two 
metapophyses (Hatcher 1901; Wiman 1929; Gilmore 1936; Harris  
2006a; Zhang et al. 2020) as that in cervical 18. The median tubercle 
is lower than the metapophyses and slightly expanded posteriorly, 
thereinto, a developed notch between the median tubercle (Hatcher  
1901; Wiman 1929; Gilmore 1936; Harris 2006b) and each of the 
paired metapophyses. The paired metapophyses correspond to the 
‘processus pseudospinosus’, as suggested by Wilson and Upchurch 
(2009) and Wiman (1929). Each metapophysis extends 

posterolaterally to develop a triangular lateral process (TLP), 
which overlaps the dorsal surface of postzygapophysis, respectively, 
merging with the spinopostzygapophyseal lamina (SPOL). In con
trast to the bifurcation of the neural spine in cervical 18, the median 
tubercle of dorsal 1 is very developed in dorsal view, while the 
metapophysis extends more laterally than posteriorly as a flat 
broad lamina, and the end of which no longer expands laterally as 
a prominent triangular precess as that of cervical 18. Thus, the 
neural spine becomes ‘trifid’, which is similar to that in 
Hudiesaurus (Dong 1997), Klamelisaurus gobiensis (Zhao 1993; 
Moore et al. 2020) and Euhelopus zdanskyi (Wilson and 
Upchurch 2009). However, the bifurcation area of Xinjiangtitan 
presents as a ‘W’-shaped cleft in dorsal view and becomes‘U’- 
shaped in posterior view (Figure 2A, 2B; Figure 3A, 3B, 3C). We 
will compare these groups in detail in the following paragraphs. 
Laterally, as in the cervical series, the first dorsal vertebra lacks the 
spinodiapophyseal lamina (SPDL) which is replaced by a horizontal 
accessory strut (H.A.S) connecting the medial margin of prezyga
pophysis and the base of the postzygodiapophyseal lamina (PODL). 
The horizontal accessory strut subdivides the spinodiapophyseal 
fossa (SDF) into an upper spinodiapophyseal fossa (U.SDF) and 
a lower one (L.SDF) on the base of spine of dorsal 1 (Figure 2A, 2B). 
Furthermore, this condition is also present in cervicals of Euhelopus 
zdanskyi (PMU 233; Wilson and Upchurch 2009: Figs. 9, 10, 12) 
and resembles the posterior continuation of the pre-epipophysis of 
cervicals 10-16 in Klamelisaurus gobiensis (Moore et al. 2020: Figs. 
3–6). It suggests that the first dorsal vertebra is probably 
a functional cervicodorsal vertebra, which has more osteological 
mobility than that of the following dorsal vertebrae (Vidal et al.  
2020).

Dorsals 2-3
These two dorsal vertebrae are preserved in articulation with each 
other. The lower parts of centra are not preserved and are rebuilt 
with plaster. The remains of the centra are typically opisthocoelous 
with a well-developed anterior condyle and corresponding poster
ior cotyle. The centrum of dorsal 3 shortens anteroposteriorly 
relative to dorsal 2. Only the left parapophyses of dorsals 2–3 are 
preserved as laterally directed processes and position in the dorsal 
portions of the centra (Figure 4).

In the left lateral view, the plate-like transverse processes project 
horizontally but the ends of transverse processes projecting ven
trally with gently concave articular surfaces for ribs. The transverse 
processes of dorsal 2 position in the dorsal portion of the neural 
arch just below the level of the prezygapophyses, while the 

Figure 3. Photographs of cervical 18 and dorsal 1 of Xinjiangtitan shanshanesis (SSV12001) in dorsal, posterior and anterior views. A, dorsal view; B, close-up of dorsal view 
of neural spine; C, posterior view; D anterior view. Scale bar: A, C, D, 30 cm; B, 10 cm.
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transverse processes of dorsal 3 ascend up to the level of prezyga
pophyses. In the right lateral view, the transverse processes of 
dorsals 2–3 are broken, only the bases of transverse processes are 
preserved and migrate to the anterior portion of the neural arch 
(Figure 4A, 4C). In dorsal 2, the short PRDL projects anterodorsally 
to meet the lateral margin of the prezygapophysis as in dorsal 1. The 
partial CPRL extends posteroventrally from the ventral aspect of the 
prezygapophysis to the neural arch in the right lateral view of dorsal 
2, which is a broad flat sheet beneath the prezygapophysis in ante
rior view (Figure 5A, 5B, 5C ,). The ACDL extends from the poster
oventral margin of the transverse process down to the anterolateral 
section of the centrum (Figure 4A, 4C), whereas the PCDL is 
broken and only the lower portion is preserved. By contrast, the 
laminae and fossae could be prominently observed in dorsal 3. The 
paradiapophyseal lamina (PPDL) originates from the base of the 
transverse process to connect the parapophysis on the neurocentral 
junction, which merges with the ACDL (Figure 4A, 4C). 
Furthermore, the PPDL+ACDL and PCDL bound a broad triangu
lar parapophyseal centrodiapophyseal fossa (PACDF) on the neural 
arch. The CPRL in dorsal 3 is a variant that is canted anteriorly and 
contacts the PPDL+ACDL ventrally rather than the anterior margin 
of neurocentral junction. The CPRL, the PRDL, the transverse 
process and the partical ACDL + PPDL bound a well-defined 
prezygapophyseal centrodiapophyseal fossa (PRCDF) subdivided 
by an oblique lamina (O.l) (Figure 4A, 4C), which is corresponding 
to ‘cranial infradiapophyseal fossa’ suggested by Harris (Harris  
2006a).

In left lateral view, there is a deep dorsoventrally elongated SDF 
on the base of the neural spine of dorsal 2, which is also divided into 
U.SDF and L.SDF by the horizontal accessory strut as that in dorsal 
1 and posterior cervicals (Figures 2A, 2D, 4F). However, the SDF of 
dorsal 3 presents as an anteroposteriorly elongated deep fossa, 

which is divided into an anterior prezygapophyseal spinodiapophy
seal fossa (PRSDF) and a posterior postzygapophyseal spinodiapo
physeal fossa (POSDF), respectively, by the middle 
spinodiapophyseal laminae (M. SPDL) (Figure 4). The M. SPDL 
appears as an anteriorly bended ridge on the midline of the prox
imalmost part of the transverse process. In addition to the M. SPDL, 
there are anterior spinodiapophyseal laminae (A. SPDL) extending 
from the anterior margin of the transverse process to merge with 
the SPRL and a short sloping secondary crest (S.C) in the end of the 
SDF (Figure 4A, 4B).

In anterior view, the dorsomedially oriented prezygapophyses of 
dorsal 2 meet each other via a horizontal lamina (H.L), the position 
of which is equivalent to that of the TPRL, but it is difficult to 
confirm if this lamina is the TPRL because of the unrepaired neural 
canal (Figure 5A, 5C). Dorsally, the articular surfaces of the pre
zygapophyses are prominently extended transversely and convex 
dorsally though they are not well preserved. There are also some 
small coels on the dorsal surface of the left prezygapophysis as those 
on cervical 18 (Figures 3 A; 6A), this condition resembles the pits 
on the dorsal surface of prezygapophysis (PRZ.P) of Hudiesaurus 
sinojapanorum (Upchurch et al. 2021: Fig. 3). In posterior view, the 
postzygapophyses of dorsal 3 are adjacent to each other without 
TPOL, and their articular facets are gently concave. The ventrally 
oriented hyposphene extends from the base of the postzygapo
physes connection to the top of the neural canal in dorsal 3 so as 
to strengthen the union between adjoining vertebrae (Figure 5). 
A pair of lateral spinopostzygapophyseal laminae (L. SPOL) con
nects the dorsolateral parts of postzygapophyses to the top of the 
neural spine of dorsal 3 respectively. Furthermore, a pair of stout 
ridges originates from the dorsomedial parts of postzygapophyses 
near the midline of the postzygapophyses to meet the median 
tubercle of the neural spine. Here, we define them as the medial 

Figure 4. Dorsal vertebrae 2–3 of Xinjiangtitan shanshanesis (SSV12001) in lateral views. A, right lateral view; B, close-up of right spinodiapophyseal fossa of dorsal 3; C, 
schematic of right lateral view; D, left lateral view; E, close-up of left spinodiapophyseal fossa of dorsal 3; F, schematic of left lateral view. Scale bars: A, C, D, F, 30 cm; B, E, 
not to scale.
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spinopostzygapophyseal lamina (M. SPOL). The M. SPOL differs 
from that in Rebbachisaurus garasbae (MNHN-MRS 1980) (Wilson  
2012), which is thinner, longer and more vertical than that of 
Xinjiangtitan. It is also different from the postspinal lamina per
pendicular to the midline of the postzygapophyses in Diplodocus 
(Hatcher 1901; Gilmore 1936) and Euhelopus zdanskyi (Wilson and 
Upchurch 2009). The M. SPOLs bound a small deep spinopostzy
gapophyseal fossa (SPOF) (Figure 5D, 5E, 5F). The M. SPOL and 
the L. SPOL define a shallower intralaminar fossa inbetween on 
each side, which should be the spinopostzygapophyseal lamina 
fossa (SPOL-F) (Figure 5E, 5F; Wilson et al. 2011: Fig.9).

The neural spines of dorsals 2–3 bifurcate to a ‘trifid’ appearance 
as that on dorsal 1, but the sulcus between the median tubercle and 
the metapophyses is unconspicuous along with the waning median 
tubercle and the metapophyses (Figure 6A, 6B). Differ from dorsals 
1–2, the TLP of dorsal 3 becomes thin mediolaterally and is not 
fused to the L. SPOL. The L. SPOL of dorsal 3 originates from the 
lateral margin of the TLP to the dorsolateral part of postzygapo
physes. In dorsal or posterior views, the TLP of dorsal 3 projects 
more posteriorly, so that the angle between the paired TLPs of 
dorsal 3 becomes smaller than that on dorsals 1–2.

Dorsal vertebrae 4-9

The dorsal vertebrae 4–9 can be distinguished from the first three 
dorsal vertebrae on the basis of several features: the centra of dorsals 
4–9 are shorter and have more concave lateral surface than those of 
dorsals 1–3; the pleurocoels of dorsals 4–9 become smaller but 
deeper than that of dorsals 1-3, migrating to the most anterodorsal 
parts of the centra and next to the anterior condyles of the centra; 
the pleurocoel of dorsal 4 is well defined, while those of dorsals 5–6 

are not sharply bounded dorsally; the transverse processes shorten 
mediolaterally protruding nearly horizontally and elevate to the 
dorsal portions of the neural arches, while the terminal portions 
extend posterolaterally to the level with the intervertebral bound
ary; the parapophysis from dorsal 4 to succeeding dorsals is com
pletely on the neural arch; the neural arches continue to increase 
their heights dorsoventrally and share more complex fossae and 
laminae structure (Figures 7, 8); the degree of bifurcation of the 
neural spines decreases gradually.

Dorsals 4-6
These three dorsal vertebrae are preserved in articulation. The 
anterior condyle of dorsal 4 is about 37% of the minimus length 
of centrum, and the posterior cotyle of the centrum of dorsal 6 bears 
an obvious flange with the lateral surface of centrum (Figure 7). The 
right lateral and ventral surfaces of centra of dorsals 4-6 are missing.

The neural arches of dorsals 4–6 are more elongated dorsoven
trally and narrower transversely than the previous dorsal vertebrae, 
this trend gradually increases from dorsal 4 to dorsal 6. In the left 
lateral view, the elongated parapophysis of dorsal 4 positions on the 
anterodorsal portion of the neural arch with an oval concave facet. 
Conversely, only the bases of the parapophyses in dorsals 5–6 are 
preserved, but they position more anterodorsally than that on the 
previous dorsal vertebrae. The transverse processes present as rela
tively shorter and thicker processes than those in dorsals 1–3 and 
are adjacent to the prezygapophyses.

The prezygapophyses of dorsal 4 project not as anteriorly as 
those in dorsal 2, but the articular facets are poorly preserved 
with different sizes due to diagenetic deformation. The hypantrum 
presents as a ‘Y’-shaped lamina articulated with the hyposphene in 
dorsal 3. In anterior view, the prezygapophyses are supported by the 

Figure 5. Dorsal vertebrae 2–3 of Xinjiangtitan shanshanesis (SSV12001) in anterior and posterior views. A, anterior view of dorsal 2; B, close-up of the centroprezyga
pophyseal lamina of dorsal 2; C, schematic of anterior view of dorsal 2; D, posterior view of dorsal 3; E, close-up of middle spinodiapophyseal laminae of dorsal 3; F, 
schematic of posterior view of dorsal 3. Scale bars: A, C, D, F, 30 cm; B, 10 cm; E, not to scale.
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PRDL dorsolaterally, the PRPL ventrolaterally and the CPRL ven
trally. The PRPL, the CPRL and the parapophysis bound an elon
gated parapophyseal centroprezygapophyseal fossa (PACPRF) 
(Figure 7A), which is adjacent to a deep triangular centroprezyga
pophyseal fossa (CPRF) defined beneath the prezygapophysis 
(Figure 8A, 8B, 8C). In lateral or dorsal view, the SPRL is well 
developed as a thickened lamina.

The prezygoparapophyseal lamina (PRPL) and the PRDL are 
well developed, forming the anteroventral margin, posterodorsal 
margin of the prezygapophyseal paradiapophyseal fossa (PRPADF), 
respectively, in dorsal 4, but this fossa is not blind ventrally due to 
lacking the PPDL (Figure 7A, 7D). In addition to the forementioned 
laminae, the PODL, the PCDL and the posterior 

centroparapophyseal lamina (PCPL) are well developed in dorsal 
6 in right lateral view (Figure 7D). Furthermore, there are horizon
tal bipartite PCPLs with a thick dorsal lamina and a thin ventral 
lamina in dorsal 6: the ventral PCPL forms the ventral margin of the 
parapophyseal centrodiapophyseal fossa (PACDF) and the dorsal 
margin of the centroparapophyseal fossa (CPAF); the dorsal PCPL 
subdivides the PACDF (Figure 7D, 7F). Laterally, the transverse 
process meets the postzygapophysis via a short PODL. The 
M. SPDLs present in dorsals 4–5 subdividing the SDF into PRSDF 
and POSDF as that in dorsal 3, but differently, the M. SPDL of 
dorsal 4 is dorsally bifurcated (bif.M. SPDL) contracting the SPRL 
in left lateral view (Figure 7A, 7B, 7C). Furthermore, the transverse 
process of dorsal 4 also develops the posterior spinodiapophyseal 

Figure 7. Dorsal vertebrae 4–6 of Xinjiangtitan shanshanesis (SSV12001) in lateral views. A, anterodorsal lateral view of dorsals 4–6; B, left lateral view of dorsals 4–6; C, 
close-up of left spinodiapophyseal fossa of dorsal 4; D, right lateral view of dorsals 4–6; E, close-up of right spinodiapophyseal fossa of dorsal 4; F, close-up of right neural 
arch of dorsal 6. Scale bars: A, C, E, F, 10 cm; B, D, 30 cm.

Figure 6. Dorsal vertebrae 2–6 of Xinjiangtitan shanshanesis (SSV12001) in dorsal views. A, dorsal view of dorsals 2–3; B, schematic of dorsal view of dorsals 2–3; C, close-up 
of neural spine of dorsal 3; D, dorsal view of dorsals 4–6; E, schematic of dorsal view of dorsals 4–6. Scale bars: A-B, D-E, 30 cm; C, 10 cm.
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laminae (P. SPDL) in left lateral view, which originates from the 
posterior margin of transverse process to meet the upper half of the 
SPRL (Figure 7C). In the right lateral view of dorsals 4–6, the 
P. SPDL is replaced by some sloping secondary crests (S.C) at the 
dorsal end of the SDF; this condition is similar to that in dorsal 3 
(Figure 7D, 7E).

In posterior view, the paired postzygapophyses of dorsal 6 con
nect to each other as that in dorsal 3, but the vertical hyposphene is 
badly preserved, and the CPOL is not preserved. The articular 
surface of the postzygapophysis is slightly concave and oriented 
ventrally. The L. SPOL and the M. SPOL are well developed as that 
in dorsal 3. The sturdier M. SPOL mainly develops on the dorsal 
portion of the postzygapophyses, so that the enclosed SPOF is 
relatively small. In addition, a vertical secondary ridge (V.R) can 
be discerned in the SPOL-F adjacent to the M. SPOL (Figure 8D, 
8E, 8F).

Differs from the preceding dorsal vertebrae, the bifurcation with 
wider and shallower median concave between the median tubercle 
and the metapophyses of the three dorsal vertebrae weakens gradu
ally as a ‘U’-shaped cleft in dorsal view (Figure 6D, 6E). Whereas in 
the posterior view, the median tubercle of dorsal 6 becomes a smaller 
tip and the bifurcation of the neural spine appears obvious ‘W’- 
shaped (Figure 7A). The metapophyses are simply developed merged 
with the TLPs, but the TLPs present as shorter paddle-shaped pro
cesses extending prominently posteriorly, rather than the triangular 
lateral process present in previous dorsals (Figure 8D, 8E, 8F).

Dorsals 7-9
Dorsals 7–9 are preserved in articulation, but the right lateral lower 
portions of the centra of dorsals 7–8 are reconstructed by plaster. 
The centra of these three dorsal vertebrae are shorter anteroposter
iorly than the aforementioned dorsal vertebrae. However, the 

length of the centrum of dorsal 9 shortens abnormally due to 
distortion (Figure 9). Laterally, the smaller and deeper pleurocoels 
ascend to the higher level relative to that on the previous dorsal 
vertebrae (Figures 10 B; 10A). The ventral surfaces of dorsals 8–9 
are smooth and concave without the ventral keel (Figure 11E).

The height of the neural arch increases obviously from dorsal 1 
to dorsal 9, measured from the dorsal margin of the centrum to the 
base of the postzygapophyses. A deep PACDF is developed poster
iorly to the parapophyses and ventrally to the PRDL in dorsals 7-9 
(Figure 9B, 9D). The PRPL of dorsal 7 presents as a stout lamina, 
the short PPDL contacts the posterior margin of the prezygapophy
sis and the anterior margin of the transverse process. The parapo
physis with a suboval-shaped articular facet situates at the most 
anterior portion of the arch just posteroventrally to the prezygapo
physis. The PRPADF becomes very shallow with the elevation of the 
parapophysis (Figure 9A). Laterally, the anterior centroparapophy
seal lamina (ACPL) forms the anterior border of the neural arch in 
dorsal 7 (Figure 9B), and interestingly, there are bipartite PCPLs on 
the right side of the neural arch of dorsal 7 with a thin dorsal lamina 
subparallel to a robust ventral lamina (Figure 10A). The single thick 
PCPL of dorsal 8 is represented by its posteroventral portion that 
joins the almost vertically directed PCDL (Figure 9B, 9D). In dorsal 
9, the ACPL and the PCPL are well developed as single laminae, 
forming the triangular centroparapophyseal fossa (CPAF) poster
oventral to the parapophysis (Figure 9B, 9D). The transverse pro
cesses of dorsals 7–9 position in the level of the postzygapophyses, 
projecting horizontally as short robust processes with rough articu
lar surfaces. In contrast to the previous dorsal vertebrae, the 
A. SPDL, the P. SPDL and the M. SPDL are absent in dorsals 7–9, 
and the SDFs appear as single large and deep fossae. Only a sloping 
secondary crest develops in the dorsal end of the right SDF of dorsal 
7 (Figure 10A). In the left lateral view of dorsal 8, a robust SPRL 

Figure 8. Dorsal vertebrae 4–6 of Xinjiangtitan shanshanesis (SSV12001) in anterior and posterior views. A, anterior view of dorsal 4; B, close-up of anterior neural arch of 
dorsal 4 in anterior view; C, schematic of anterior view of dorsal 4; D, posterior view of dorsal 6; E, close-up of neural spine of dorsal 6 in posterior view; F, schematic of 
posterior view of dorsal 6. Scale bars: A, C, D, F, 30 cm; B, E, 10 cm.
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bifurcates dorsally into two branches, an anterior sturdy branch 
connecting the metapophyses of the neural spine and the posterior 
thin branch connecting the dorsolateral portion of the TLP of the 
neural spine (Figure 9B, 9C). Despite serial variability in the devel
opment of the bifurcated SPRL (bif.SPRL), we consider this may be 
an autapomorphy of Xinjiangtitan.

The left prezygapophysis of dorsal 7 is not the same size as 
the right prezygapophysis due to distortion. The articular 
surfaces of the prezygapophyses are slightly convex. Unlike 
the previous dorsal vertebrae, the hypantrum of dorsal 7 
appears as a single vertical lamina that widens transversely 
in its upper part and tapers in the lower part (Figure 10B, 

Figure 10. Dorsal vertebrae 7–9 of Xinjiangtitan shanshanesis (SSV12001) in right, anterior and posterior views. A, right lateral view of dorsals 7–9; B, anterior view of dorsal 
7; C, posterior view of dorsal 9; D, close-up of posterior view of the centropostzygapophyseal laminae of dorsal 9; E, close-up of anterior view of the hypantrum of dorsal 7. 
Scale bars: A-C, 30 cm; D, 10 cm; E, not to scale.

Figure 9. Dorsal vertebrae 7–9 of Xinjiangtitan shanshanesis (SSV12001) in left lateral view. A, close-up of left dorsolateral view of the parapophyseal centrodiapophyseal 
fossa of dorsal 7; B, left lateral view of dorsals 7–9; C, close-up of left spinoprezygapophyseal lamina of dorsal 8; D, close-up of left lateral view of laminae of dorsals 8–9. 
Scale bars: A, C, 10 cm; B, 30 cm; D, not to scale.
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10E), while the hypothesis is not preserved in dorsal 9 in 
posterior view (Figure 10C, 10D). The SPRLs extend poster
iorly and dorsally and terminate at the base of the anterior 
margin of neural spine to form a dorsoventrally elongated 
spinoprezygapophyseal fossa (SPRF). In posterior view, the 
postzgapophyses of dorsal 9 connect to each other as in 
dorsals 4–6. The left postzygapophysis is supported ventrally 
by the two stout CPOLs: one is a medial centropostzygapo
physeal lamina (M. CPOL) just under the postzygapophysis, 
and the other one is a lateral centropostzygapophyseal lamina 
(L. CPOL) extending from the ventrolateral margin of the 
postzygapophysis down to the PCDL, while only the 
L. CPOL is preserved under the right postzygapophysis. The 
L. SPOL, the M. SPOL and the SPOF are developed as that on 
previous dorsal vertebrae (Figure 10C, 10D).

The heights of the neural spines increase sequentialy in 
these three dorsal vertebrae, but the bifurcation of neural 
spines weakens obviously. The median tubercle appears as 
sub-tetragonal processes, and the sulcus between the median 
tubercle and the metapophyses is narrow and shallow. The 
metapophyses are poorly developed, but the TLPs extend 
posteroventrally along the lateral margin of the neural spines 
as acute triangular processes (Figure 9B, 9C). The whole 
median portion of the spine elongates anteroposteriorly. In 
dorsal view, the bifurcations of the neural spines of dorsals 7– 
9 are weaker than those on previous dorsals and are crescentic 
shaped, neither the ‘W’-shaped in dorsals 1–3 nor the ‘U’- 
shaped in dorsals 4–6. Whereas in posterior view, they are 
stronger ‘W’-shaped cleft than those in dorsals 2–4, and 
almost similarly developed as dorsals 5–6.

Dorsal vertebrae 10-12

These three dorsal centra shorten anteroposteriorly with markedly 
concave lateral and ventral surfaces. The small and deep pleurocoels 
locate on the most-anterodorsal lateral parts of the centra, but they 
are not sharply defined dorsoposteriorlly. The neural arch pillars 
are lower than the middle dorsal vertebrae. The nearly parallel 
CPOLs are absent, may be due to preservation and preparation. 
The neural spines of dorsal 10 to dorsal 12 are unbifurcated with the 
height bigger than the previous dorsals.

Dorsals 10-11
The two dorsal vertebrae are articulated preserved by anteroposteriorly 
diagenetic compression with evidently anteroposteriorly shortened 
centra, so they were considered as one vertebra in the original descrip
tion (Wu et al. 2013). However, it is observed that the two vertebrae are 
not fused into one with a clear boundary between the two centra.

The anterior condyle of dorsal 10 is prominently convex, about 70% 
of the minimus length of centra (exclude the anterior condyle), with 
a developed flange boundary to the lateral surface. In anterior view, the 
centrum exhibits camellate internal architecture, which is infilled with 
matrix as Mamenchisaurus hochuanensis, Mamenchisaurus youngi 
(Young and Chao 1972; Ouyang and Ye 2002). The anterior condyle 
is taller than wide, but the deeply concaved posterior articular surface of 
dorsal 11 is wider than height with prominent flange (Figure 12A, 12B). 
The pleurocoels of dorsals 10–11 invade the most anterior portion of 
the centra, the anterior margin of which is bounded by the posterior 
margin of the anterior condyle. Moreover, the pleurocoels are much 
deeper and almost penetrate the centrum than the aforementioned 
dorsals (Figure 12A, 12B, 12C, 12D). Ventrally, the centra of dorsals 
10–11 are smooth without ventral keel (Figure 11F).

Figure 11. Dorsal vertebrae 7–11 of Xinjiangtitan shanshanesis (SSV12001) in dorsal and ventral views. A, dorsal view of dorsals 7–9; B, schematic of dorsal view of dorsals 
7–9; C, dorsal view of dorsals 10–11; D, schematic of dorsal view of dorsals 10–11; E, ventral view of dorsals 7–9; F, ventral view of dorsals 10–11. Scale bar: A-F, 30 cm.
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The heights of the neural arches increase compared with the 
aforementioned dorsals and the laminae are developed. In ante
rior view, the incomplete hypantrum is faintly developed below 
the prezygapophyses. Only the right CPRL is preserved as 
a vertical ridge. The oval neural canal is elongated dorsoventrally 
(Figure 12E, 12F). In lateral view, the ventral portion of parapo
physis of dorsal 10 is damaged. The right side of dorsal 11 shares 
a single PCPL, while that of dorsal 10 exhibits triplicated PCPLs, 
with a thin dorsal lamina subparallel to the other two laminae. The 
dorsal PCPL extends posteroventrally to contact the PCDL produ
cing the ventral boundary of the PACDF, the middle one extends 
posteroventrally to bound the posterior margin of the CPAF, and 
the robust ventral lamina subdivides the CPAF (Figure 12A, 12B). 
This condition is more complex than the bipartite PCDLs in 
dorsal 7, somewhat similar to the case of dorsals 9–11 in 
Klamelisaurus gobiensis (Moore et al., 2020: Fig. 11). The para
pophysis of dorsal 11 is well developed as a short rod-like-shaped 
process with an elongated dorsoventrally concave articular sur
face, which is supported by ACPL anteroventrally and PCPL 
posteroventrally. The ACPL, the PCPL and the parapophysis 
enclose a shallow CPAF on the anterolateral surface of the cen
trum (Figure 12A, 12B). The transverse processes of dorsals 10–11 
are short robust processes projecting laterally, the transverse pro
cesses of dorsal 11 are shorter mediolaterally than that of dorsal 
10. The articular surface of the transverse process of dorsal 10 
faces ventrolaterally, while that of dorsal 11 is projected laterally.

The prezygapophyses of dorsals 10–11 are not well preserved, 
and the articular surfaces are difficult to identify, but the partial 
SPRL is preserved to define a small SPRF. The postzygapophyses 
of dorsal 11 connect to each other as the condition in the 
aforementioned dorsal vertebrae. However, the hyposphene, the 

L. CPOL and the CPOL are not preserved, may be due to 
respiration. The neural spines of dorsals 10–11 are no longer 
bifurcated and are rectangle-shaped in dorsal view (Figure 11C, 
11D). The SDF can be recognised at the base of the spine in 
dorsal 10. In posterior view, the L. SPOL, the M. SPOL and the 
SPOL-F are developed as that on the aforementioned dorsal 
vertebrae. The SPOF is developed even though it shortens dor
soventrally (Figure 12G, 12H).

Dorsal 12
The dorsal 12 is poorly preserved, represented by the centrum, 
prezygapophyses, left parapophysis and partial neural arch. It is 
the last dorsal vertebra, marking the dorsosacral transition. The 
anterior condyle of centrum is prominently convex, about half 
of the minimum length of the centrum. The outline of anterior 
condyle and posterior articular surface are subcircular. The 
posterior facet bears a more obvious flange with the lateral 
surface of centrum than that of the anterior condyle. In lateral 
view, the lateral surface of the centrum is prominently concave. 
The depth of the pleurocoel rapidly increases across dorsals 10– 
12. The ventral surface of the centrum is distinctly concave 
(Figure 13C).

The remnant of the neural arch is more compressed anteropos
teriorly than the previous dorsal vertebrae. The prezygapophyses 
project anterodorsally, with the subcircular and slight convex 
articular surface (Figure 13A). In the left lateral view, the parapo
physis is damaged distally and positions at the lower portion of the 
neural arch. The PRPL extends from the lateral edge of the pre
zygapophysis to the anterodorsal portion of the parapophysis 
(Figure 13A, 13B).

Figure 12. Dorsal vertebrae 10–11 of Xinjiangtitan shanshanesis (SSV12001). A, left lateral view of dorsals 10–11; B, schematic of left lateral view of dorsals 10–11; C, right 
lateral view of dorsals 10–11; D, schematic of right lateral view of dorsals 10–11; E, anterior view of dorsal 10; F, schematic of anterior view of dorsal 10; G, posterior view of 
dorsal 11; H, schematic of posterior view of dorsal 11. Scale bar: A-H, 30 cm.

HISTORICAL BIOLOGY 11



Dorsal ribs

Five isolated, partial dorsal ribs were found disarticulated, but 
none of them is directly associated with any particular dorsal 
vertebra. There are four left ribs preserved belong to the ante
rior part of the series, and one is the right rib of the anterior 
dorsal series according to its curvature and shaft diameter. The 
right one is represented by the proximal plate and an elongated 
portion from the top of the shaft, whereas the other four dorsal 
ribs only represented by the base of the proximal plate. The 
following description is mainly based on the right one because 
it is better preserved. The proximal portion of the shaft of rib 
presents as ‘Y’-shaped with maximum width of the proximal 
shaft (47 cm) (measured from the proximal end of the tubercle 
and capticulum). The anterior surface of the shaft is convex and 
the posterior surface is concave (Figures 14A, 14B). The capi
tulum and tuberculum are relatively strong, forming an acute 
angle depression between them at the rib head; this depression 
is similar to that in Klamelisaurus gobiensis (Moore et al. 2018) 
and Bellusaurus sui (Moore et al. 2020: Fig. 14), but lacks the 
subparallel ridge within the depression due to breakage.

The tuberculum is shorter than the capitulum with transversely 
oval articular facet. Both tuberculum and capitulum possess pro
minent ridges. In anterior view, the tuberculum forms a sharp ridge 
continued after the depression along the shaft. The distance 
between the highest point of this ridge and the proximal end of 
the tuberculum is 24 cm. The other robust ridge starts from the end 
of depression in the direction to the capitulum. In lateral view, 
a proximodistal ridge extends from the tuberculum to the distal of 
the shaft, forming the lateral boundary of the shaft (Figure 14D). 
The rib shaft is widened anteroposteriorly and compressed medio
laterally, similar to the anterior dorsal rib in titansauriform saur
opods, such as Dinheirosaurus lourinhanensis (Manion et al. 2012). 
There is a small and deep pneumatic fossa (PF) placed at the base of 
the acute ridge (Figure 14A, 14C, 14E,). The rib shaft is broken, and 
the cross-sectional shaft is subtriangular with very limited pneuma
ticity (Figure 14F).

Phylogenetic analysis

In order to assess the phylogenetic relationships of Xinjiangtitan 
and other mamenchisaurid sauropods, we scored them for modified 
versions of datasets of Hudiesaurus (Upchurch et al., 2021). Dataset 
1 of Upchurch et al. 2021 (update from Mannion et al. 2019) is 
based on Mannion et al. (2019) which originally comprises 124 taxa 
scored for 548 characters. Upchurch et al. (2021) added three taxa: 
Hudiesaurus, Rhomaleopakhus and Xinjiangtitan, scored for 
551characters. Dataset 2 of Upchurch et al. 2021 (update from 
GEA of Moore et al. 2020) is the updated matrix of GEA of 
Moore et al. (2020) consisting of 106 taxa scored for 444 characters. 
The revised data matrices are provided as TNT files (Supplementary 
Data 1 and 2 for dataset 1 of Upchurch et al. 2021(updated; 
Mannion et al. 2019) and dataset 2 of Upchurch et al. 2021 (updated 
Moore et al. 2020) respectively), with stored settings for assigning 
characters as ordered or inactive.

Phylogenetic analyses were carried out in TNT V.1.5 (Goloboff 
et al. 2008; Goloboff and Catalano 2016). The New Technology 
Search was applied first, setting 50,000 maximum trees. Searches 
employed sectorial searches, drift, and tree fusing, with the con
sensus stabilised 10 times. Both matrices were analysed in 
a maximum parsimony framework. This yielded 32 trees of length 
2729 steps in the dataset 1 of Upchurch et al. 2021 (update from 
Mannion et al. 2019 matrix), 23 trees of length 2120 steps in the 
dataset 2 of Upchurch et al. 2021 (update from GEA of Moore et al.  
2020). In order to research for additional topologies, the resulting 
32 MPTs and 23 MPTs were, respectively, then used as the starting 
trees for a traditional search using TBR on the trees in RAM. 
Finally, analysis of the dataset 1 of Upchurch et al. 2021 (update 
from Mannion et al. 2019) produces 50,000 most parsimonious 
trees (MPTs) with lengths of 2729 steps and analysis of the dataset 
2 of Upchurch et al. 2021 (update from GEA of Moore et al. 2020) 
produces 50, 000 most parsimonious trees (MPTs) with lengths of 
2120 steps. Strict consensus tree was obtained by consensus analysis 
of all parsimony trees. Character mapping was carried out in 
Mesquite version 2.75.

Figure 13. Dorsal vertebrae 12 of Xinjiangtitan shanshanesis (SSV12001). A, anterior view of dorsal 12; B, left lateral view of dorsal 12; C, ventral view of dorsal 12. Scale bar: 
A-C, 30 cm.
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We revised four scorings of cervical vertebrae of Xinjiangtitan in 
the dataset 1 of Upchurch et al. 2021 (update from; Mannion et al.  
2019) (1/2 to 2 (Ch.122), 1 to 0/1 (Ch.128), 0/1 to 1 (Ch.129), ? to 0 
(Ch.137)), 60 scorings of dorsal vertebrae of Xinjiangtitan in the 
dataset 1 of Upchurch et al. 2021 (update from; Mannion et al.  
2019) (? to 1 (Ch.22, Ch.23, Ch.145, Ch.155, Ch.159, Ch.161, 
Ch.162, Ch.163, Ch.165, Ch.166, Ch.168, Ch.169, Ch.170, Ch.336, 
Ch.338, Ch.339, Ch.345, Ch.466, Ch.469, Ch.476, Ch.482, Ch.485, 
Ch.486); ? to 0 (Ch.142, Ch.144, Ch.146, Ch.149, Ch.150, Ch.151, 
Ch.152, Ch.156, Ch.157, Ch.158, Ch.160, Ch.164, Ch.332, Ch.333, 
Ch.334, Ch.337, Ch.340, Ch.341, Ch.342, Ch.344, Ch.467, Ch.468, 
Ch.470, Ch.471, Ch.472, Ch. 473, Ch.475, Ch.477, Ch.478, Ch.479, 
Ch.480, Ch.481, Ch.483, Ch.484);? to 2 (Ch.147), ? to 1&2 (Ch.148), 
? to 0&1 (Ch.474), and one scoring of dorsal rib of Xinjiangtitan in 
the dataset 1 of Upchurch et al. 2021 (update from; Mannion et al.  
2019) (? to 0 (Ch.487). We scored sixty-five characters of dorsal 
vertebrae and one characteristic of dorsal rib of Xinjiangtitan in this 
matrix.

The mamenchisaurid clade is supported by nine synapomor
phies (‘0’ to ‘1’ for character 128,155,199,212,214,233,465; ‘0’ to ‘2’ 
for character 27; ‘0/1’ to ‘2’ for character 147), two of which are 
cervical characters (Cervical neural arches (post-Cv3), epipophyses 
extend beyond the posterior margin of the postzygapophyses 
(usually as prongs) (character 128); one of which is about cervical 
rib (Anterior–middle cervical ribs, tuberculum is oriented poster
odorsally in lateral view (character 465)), and two characters belong 
to dorsal vertebrae (Middle-posterior dorsal centra, anterior 

articular face shape is strongly convex, with degree of convexity 
approximately consistent along the dorsal sequence (character 147); 
Middle-posterior dorsal diapophyses are directed laterally or 
slightly upwards (character 155)).

Xinjiangtitan is recovered in a polytomy with Hudiesaurus, 
Mamenchisaurus, and Wamweracaudia, with this the sister clade 
to (Chuanjiesaurus + Rhomaleopakhus) (Figure 15). The 
Chuanjiesaurus and Rhomaleopakhus clade within 

Figure 14. Right dorsal rib of Xinjiangtitan shanshanesis (SSV12001). A, anterior view; B, posterior view; C, medial view; D, lateral view; E, proximal view; F, distal view. Scale 
bars: A-D, 30 cm; E-F, 10 cm.

Figure 15. Strict consensus tree for Xinjiangtitan shanshanensis produced after 
dataset 1 of Upchurch et al. 2021 (update from Mannion et al. 2019).
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Mamenchisauridae is supported by two synapomorphies of cervical 
and dorsal vertebrae (‘0’ to ‘1’ for character 44, 51): ‘Radius to 
humerus proximodistal length ratio is less than 0.65 (character 
44)’; ‘Ulna, ratio of mediolateral width of proximal end (equivalent 
to anteromedial arm) to anteroposterior width of proximal end 
(equivalent to anterolateral arm) is 1.4 to <2.0 (character 51)’. The 
Xinjiangtitan, Hudiesaurus, Mamenchisaurus and Wamweracaudia 
clade is supported by seven synapomorphies (‘0’ to ‘1’ for character 
26,140,159,323,355; ‘1’ to ‘0’ for character 391; ‘2’ to ‘3’ for character 
27): ‘Anteriormost caudal centra, lowest average Elongation Index 
[aEI; centrum anteroposterior length (excluding articular ball) 
divided by the mean average value of the anterior surface medio
lateral width and dorsoventral height] value is 0.6 or greater (char
acter 26)’; ‘Anterior caudal centra, anteroposterior length of 
posterior condylar ball to mean average radius [(mediolateral 
width + dorsoventral height) divided by 4] of anterior articular 
surface of centrum ratio is greater than 0.6 (posterior articular 
surface of centrum is very strongly convex) (character 27)’; 
‘Cervical ribs, longest shafts extend beneath 3 vertebrae or more 
(character 140)’); ‘Dorsal neural spines, anteroposterior width nar
rows dorsally to form a triangular shape in lateral view, with the 
base approximately twice the width as the dorsal tip (character 
159)’; cervical ‘Postaxial cervical centra, pneumatization of lateral 
surface is reduced and restricted to less than the anterior two-thirds 
of the centrum (character 323)’; ‘Anteriormost caudal ribs, tubercle 
on dorsal surface at approximately midlength is present (character 
355)’; ‘Tibia to femur length ratio is less than 0.6 (character 391)’.

We revised four scorings of cervical vertebrae of Xinjiangtitan in 
the dataset 2 of Upchurch et al. 2021 (update from GEA of Moore 
et al. 2020) (1/2 to 2 (Ch.122), ? to 0 (Ch.137),? to 1 (Ch.435), ? to 1 

(Ch.436)), 40 scorings of dorsal vertebrae of Xinjiangtitan in the 
dataset 2 of Upchurch et al. 2021 (update from GEA of Moore et al.  
2020) (0 to 1(Ch.23); ? to 0 (Ch.142, Ch.144, Ch.149, Ch.150, 
Ch.151, Ch.152, Ch.156, Ch.157, Ch.158, Ch.160, Ch.164, Ch.332, 
Ch.333, Ch.334, Ch.337, Ch.340, Ch.341, Ch.342, Ch.344, Ch.391, 
Ch.392); ? to 1 (Ch.145, Ch.155, Ch.159, Ch.161, Ch.162, Ch.163, 
Ch.165, Ch.166, Ch.168, Ch.169, Ch.336, Ch.338, Ch.339, Ch.345, 
Ch.390, Ch.393); ? to 2 (Ch.147); ? to 1/2 (Ch.148) and one scoring 
of dorsal rib of Xinjiangtitan in the dataset 2 of Upchurch et al. 2021 
(update from GEA of Moore et al. 2020) (? to 1 (Ch.170). Coding of 
these new characters are based on extensive review of the literatures 
(e.g. McIntosh 1990; Russell and Zheng 1993; Upchurch 1995; 
Salgado et al. 1997; Upchurch 1998; Yates 2007; D’Emic 2012; 
Mannion et al. 2013), as well as our personal observations. See 
supplemental material for the complete character list and 
MESQUITE version of the data matrix. Forty-six characters of 
dorsal vertebrae and one characteristic of dorsal rib of 
Xinjiangtitan were scored in the dataset 2 of Upchurch et al. 2021 
(update from GEA of Moore et al. 2020) (Figure 16).

The mamenchisaurid clade is supported by two synapomor
phies (‘0’ to ‘1’ for character 132 and 434), including postaxial 
cervical and anterior dorsal neural spines that are unbifurcated or 
bifurcated (character 132); the prezygodiapophyseal lamina 
(PRDL) of middle and posterior cervical vertebrae in lateral view 
is convex or with distinct bulging interruption (character 434). 
The (Xinjiangtitan +Rhomaleopakhus+ Hudiesaurus + 
Chuanjiesaurus + Wamweracaudia + Mamenchisaurus + 
Klameilisaurus + Qijianglong + Shishigou cervicodorsals + Phu 
Kradung taxon) clade is supported by two synapomorphies (‘0’ to 
‘2’ for character 27,177): ‘Anterior caudal centra, anteroposterior 

Figure 16. Strict consensus tree for Xinjiangtitan shanshanensis produced after dataset 2 of Upchurch et al. 2021 (update from GEA of Moore et al. 2020).
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length of posterior condylar ball to mean average radius ([medio
lateral width + dorsoventral height] divided by 4) of anterior 
articular surface of centrum ratio is greater than 0.3 (posterior 
articular surface of centrum is strongly convex) (character 27)’; 
‘Anterior caudal centra, posterior articular surface is convex 
throughout all anterior caudal vertebrae with ribs (character 
177)’. This clade is the sister taxon to Omeisaurus junghiensis 
clade within Mamenchisauridae and is supported by one synapo
morphy (‘0’ to ‘1’ for character 323): ‘Pneumatization of lateral 
surface of postaxial cervical centra is reduced and restricted to less 
than the anterior two-thirds of the centrum (character 323)’.

All of our analyses recover Xinjiangtitan as a mamenchisaurid 
sauropod. Note only characters of the cervical and the dorsal 
vertebrae of Xinjiangtitan were included.

Comparison and Discussion

Comparison

Jurassic sauropods remains are relatively abundant in China, and 
mamenchisaurids and relevant sauropods are mainly discovered 
from Shishugou Formation, and Qigu Formation in Xinjiang 
Uygur Autonomous Region (Hudiesaurus sinojapanorum Dong  
1997; Bellusaurus sui Dong 1990; Mo 2013; Moore et al. 2017; 
Moore et al. 2018; Klamelisaurus gobiensis Zhao 1993; Moore 
et al. 2020; Mamenchisaurus sinocanadorum Russell and Zheng  
1993), Lower-Upper Shaximiao Formations and Suining 
Formation in Sichuan basin (Mamenchisaurus constructus Young  
1954; Young 1958; Dong 1983; Mamenchisaurus youngi Pi et al.  
1996; Ouyang and Ye 2002; Mamenchisaurus hochuanensis Young 
and Chao 1972; Dong et al. 1983; Mamenchisaurus jingyanensis 
Zhang et al. 1998; Zhang and Li 2001; Bashunosaurus Kuang  
2004; Daanosaurus zhangi Ye et al. 2005; Shunosaurus lii Zhang  
1984; Protognathus oxyodon Zhang 1988; Abrosaurus Ouyang 1989; 
Datousaurus bashanensis Dong and Tang 1984; Cao and You 2000; 
Peng et al. 2005; Dashanpusaurus dongi Peng et al. 2005; 
Omeisaurus tianfuensis He et al. 1988; Omeisaurus junghsiensis 
Young 1939; Omeisaurus changshouensis Young 1958; Omeisaurus 
maoianus Tang et al. 2001; Omeisaurus jiaoi Jiang et al. 2011; 
Omeisaurus puxiani Tan et al. 2020; Mamenchisaurus anyuensis 
He et al. 1996; Qijianglong guokr Xing et al. 2015a; Yuzhoulong 
qurenensis Dai et al. 2022), Hongqin Formation in Anhui province 
(Huangshanlong anhuiensis Huang et al. 2014; Anhuilong diboensis 
Ren et al. 2018), Yan’an Formation in Ningxia Hui Autonomous 
Region (Lingwulong shenqi Xu et al. 2018) and Chuanjie Formation 
and Zhanghe Formation in Yunnan Province (Chuanjiesaurus 
anaensis Fang et al. 2000; Sekiya 2011; Analong chuanjieensis Ren 
et al. 2020; Yuanmousaurus jiangyiensis Lü et al. 2006; 
Eomamenchisaurus Lü et al. 2008; Nebulasaurus taito Xing et al.  
2015b). Therefore, we selected those taxa whose dorsal vertebrae 
were preserved for comparison with Xinjiangtitan.

Among them, three (Mamenchisaurus constructus, 
Mamenchisaurus jingyanensis, and Datousaurus bashanensis) are 
poorly preserved. In Mamenchisaurus constructus, only two articu
lated dorsal centra and an isolated vertebra with deformed centrum 
are preserved in the dorsal series. There are some similarities 
between Mamenchisaurus constructus and Xinjiangtitan, such as 
opisthocoelous dorsal centra. However, it is difficult to make 
a detailed comparison due to the fragmentation and the brief 
description of Mamenchisaurus constructus. The holotype of 
Mamenchisaurus jingyanensis (CV00734) has no dorsal vertebrae 
preserved, while its paratype (JV002) (Zhang et al. 1998) has several 
extremely weathered dorsal vertebrae. Differ from well-developed 
pleurocoels of Xinjiangtitan shanshanesis, the pleurocoels are not 

well developed in dorsal vertebrae, and only anterior neural spines 
are bifid in Mamenchisaurus jingyanensis (Zhang et al. 1998). 
Datousaurus bashanensis (Dong and Tang 1984; Peng et al. 2005; 
Cao and You 2000

) differs from Xinjiangtitan in that the posterior dorsal centra are 
platycelous with less developed pleurocoels (Dong and Tang 1984: 
Plate I).

Taxa with better preservation were compared in detail below. In 
addition, we also compared Xinjiangtitan with Euhelopus zdanski 
(Wiman 1929; Wilson and Upchurch 2009) due to similarities of 
cervical vertebrae between them.

Hudiesaurus sinojapanorum

Initially, it was believed that Hudiesaurus sinojapanorum (Dong  
1997) was discovered from Kalazha Formation of the Upper 
Jurassic in Shanshan County of the Turpan Basin, Xinjiang, 
China. Later studies suggested that fossil bearing formation was 
probably the Qigu Formation of the Late Jurassic in Shanshan 
County of the Turpan Basin (Wings et al. 2011; Xing et al. 2015a). 
The holotype of Hudiesaurus sinojapanorum is represented by 
a complete cervicodorsal vertebra (Dong 1997), which was sug
gested as the first dorsal vertebra by Dong. However, it was reesti
mated to be the last cervical vertebra by Upchurch et al. (2021). 
Dong (1997) classified it as a member of Mamenchisauridae. 
Upchurch et al. (2021) agreed with this classification (used the 
term ‘core Mamenchisaurus-like taxa’, refer to Moore et al. 2020), 
and further confirmed that Hudiesaurus sinojapanorum is a sister 
taxon of Xinjiangtitan shanshanesis. Hudiesaurus sinojapanorum 
and Xinjiangtitan shanshanesis share exactly some similar morpho
logical characteristics and close geographic provenance. The holo
typy and referred specimen (right forelimb) were collected from 
two quaries in the same horizon (Dong 1997), while the latter is 
assigned as the holotype (IVPP V11121-1) of Rhomaleopakhus 
turpanensis (Upchurch et al. 2021). Given the difficulties of identi
fying the precise position of the isolated vertebra of Hudiesaurus 
sinojapanorum, we compare it with both the last cervical and the 
first two dorsal vertebrae in Xinjiangtitan shanshanesis.

Some similarities present in morphology between Xinjiangtitan 
shanshanesis and Hudiesaurus sinojapanorum, for example, the 
centrum is strongly opisthocoelous and subcircular in outline; the 
pre-epipophyses are absent; the neural spine bifurcates into three 
parts, including a small median tubercle and paired metapophyses 
protruding posterolaterally to form a triangular lateral process 
(Figure 15A). Comparing to the size of the vertebrae, the maximum 
anterior posterior length of centrum (including anterior condyle) 
(466 mm) in Hudiesaurus sinojapanorum is longer than that of 
dorsal 2(330 mm), but much shorter than that of cervical 18 
(590 mm) in Xinjiangtitan shanshanesis; the transverse width of 
posterior surface of the centrum of Hudiesaurus sinojapanorum 
(398 mm Upchurch et al. 2021) is similar to that of cervical 18 of 
Xinjiangtitan shanshanesis (390 mm), slightly less than that of 
dorsal 1 (posterior surface 430 mm) and dorsal 2 (anterior surface 
400 mm); the height of postzygapophyses above dorsal margin of 
centrum in Hudiesaurus sinojapanorum (295 mm Upchurch et al.  
2021) is greater than that of dorsal 2 of Xinjiangtitan shanshanesis 
(210 mm). Fuctional (excluding anterior convexity) Average 
Elongation Index (FAEI) is 1.0 in Hudiesaurus sinojapanorum, 
while the posterior width of cervical 18 is uncertain, we calculated 
the ratio by replacing the posterior width with the anterior width, 
that of cervical 18 is about 1.1 in Xinjiangtitan shanshanesis, and 
those of dorsals 1–2 are ambiguous due to the ventral portion of 
centra reconstructed with plaster. The height of the neural spine/ 
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height of the vertebrae of Hudiesaurus is 0.54, lower than that of 
cervical 18 (0.59), dorsal 1(0.62) and dorsal 2(0.67) in Xinjiangtitan.

The lateral pleurocoel of Hudiesaurus sinojapanorum is largely 
restricted to the anterior two-thirds of the centrum as that of 
cervical 18 in Xinjiangtitan shanshanesis. The shape of lateral 
fossa in Hudiesaurus sinojapanorum is oval, whereas the latter is 
semicircle. There is a horizontal lamina (H.L) bounding the pleur
ocoel dorsally and extending to the anterior end of the pleurocoel 
merged into the centrum-arch junction, finally both in Hudiesaurus 
sinojapanorum and cervicals17-18 of Xinjiangtitan shanshanesis, 
but unlike the single pleurocoel in dorsal vertebrae of 
Xinjiangtitan shanshanesis. As seen in Figure 2 (Upchruch at al.  
2021), this ridge of Hudiesaurus extends from slightly anterodor
sally to posteroventrally, while that of Xinjiangtitan shanshanesis is 
more horizontally (Figure 2; Upchurch et al. 2021: Fig. 2 A, 2B).

The parapophysis in Hudiesaurus sinojapanorum is located at 
the anteroventral corner of the lateral surface of the centrum as that 
in cervical 18 of Xinjiangtitan shanshanesis, however, which is not 
preserved in dorsal 1 and elevates to the middle-upper portion of 
the centra in dorsals 2–3 of Xinjiangtitan shanshanesis (Figures 2A 
and 4) (Upchurch et al. 2021: Fig. 2A, 2B). The transverse processes 
in Hudiesaurus sinojapanorum are shorter and project more later
ally slightly in contrast to those of cervical 18, dorsal 1 and dorsal 2 
in Xinjiangtitan shanshanesis, where the transverse processes are 
longer mediolaterally, broader anteroposteriorly, and the end por
tion projects posteroventrally. Steeply inclined ACDLs and PCDLs 
present both in the cervicodorsal vertebra of Hudiesaurus sinojapa
norum and cervical18, dorsla1 of Xinjiangtitan shanshanesis, but 
differently, the ACDL in Hudiesaurus sinojapanorum, bifurcates 
into two laminae contracting transverse process ventrally and ante
riorly, respectively. In the right lateral view, the PODL is nearly 
vertical as that in dorsal 1 of Xinjiangtitan shanshanesis, unlike that 
of cervical 18 projects posterodorsally (Figure 2B, 2D).

The prezygapophyses are large and broad with transversely 
convex articular surface projecting forward beyond the anterior 
end of the condyle in Hudiesaurus sinojapanorum, as well as the 
cervical 18 and dorsal 2 in Xinjiangtitan shanshanesis. Furthermore, 
in Hudiesaurus sinojapanorum, the prezygapophyses have a line of 
5–6 adjacent small irregularly shaped coels on their dorsal surface, 
which was regarded as an autapomorphy (Upchurch et al. 2021). 
The condition is also present in cervical 18 and dorsal 2 of 

Xinjiangtitan shanshanesis (Figure 18C 18D, 18E). The medial 
edges of the prezygapophyses descend steeply to meet each other 
on the midline and form a single TPRL extending down to the top 
of the neural canal, which partially subdivides the centroprezyga
pophyseal fossa (CPRF) into left and right subfossae in 
Hudiesaurus. By contrast, in Xinjiangtitan, the medial edges of the 
prezygapophyses of cervical 18 extend medioventrally to form 
a slightly ‘V‘-shaped lamina that closely resemble the TPRL of 
cervicodorsal vertebrae in other sauropods (Wilson 2012), while 
those of dorsal 2 converge medially to produce a horizontal lamina. 
It is difficult to identify the two laminae above as the TPRLs given 
unrepaired the neural canal. The stout single CPRLs in cervicodor
sal vertebra Hudiesaurus sinojapanorum do not bifurcate at their 
dorsal ends unlike those of cervical 18 in Xinjiangtitan shanshan
esis, which is dorsally bifurcated into two subparallel CPRLs (Figure 
3D). Whereas, the CPRLs of Hudiesaurus sinojapanorum are sub
parallel with PCDL laterally, this resembles the condition in dorsal 
1 of Xinjiangtitan shanshanesis, whose CPRL is parallel to the PCDL 
(Figures 2 and 4; Upchurch et al. 2021: Fig. 2A, 2B, 2C).

In Hudiesaurus sinojapanorum, the posterior margins of the 
postzygapophyses end much anterior to the posterior margin of 
the centrum, which is also seen in cervical 18 and dorsal 1 of 
Xinjiangtitan shanshanesis, while in dorsal 2 of Xinjiangtitan shan
shanesis, the posterior margin of postzygapophyses reaches the 
posterior margin of the centrum. According to the description by 
Upchurch et al. (2021), the epipophyses are greatly reduced or 
absent, perhaps replaced by small tab-like process on the postzyga
pophyses in Hudiesaurus. However, in Xinjiangtitan shanshanesis, 
no epipophyses or other processes were detected on the dorsal 
surface of the postzygapophyses, and most of the dorsal surfaces 
of the postzygapophyses are covered by the TLP of the trifurcated 
neural spine. The small tab-like process in Hudiesaurus sinojapa
norum is just part of the TLP, as seen in Figure 18 from Upchurch 
et al. (2021). The hyposphene-hypantrum system is recorded in the 
original description of Hudiesaurus sinojapanorum (Dong 1997), 
but this articulation does not discern by reobservation of the figures 
in the original article (Figure 17A; Dong 1997: Figs.1 and 3; 
Upchurch et al. 2021: Fig. 2D), which is replaced by the paired 
descended separately CPOLs and the ‘V’ -shaped TPOLs as in 
Xinjiangtitan shanshanesis (Figure 3C). The difference is that 
CPOLs in Hudiesaurus sinojapanorum bifurcate dorsally (Figure 

Figure 17. Anterior dorsal vertebrae of Xinjiangtitan shanshanesis (SSV12001) and other sauropods. A, posterior view of dorsal 1 of Hudiesaurus sinojapanorum (Dong, 1997: 
Fig.3); B, posterior view of dorsal 2 of Klamelisaurus gobiensis (Moore et al., 2020:Fig.8J); C, dorsal view of dorsal 1 of Qijianglong guokr (Xing et al., 2015a:Fig.13A); D, 
posterior view of dorsal 3 of Omeisaurus tianfuensis (He et al., 1988: Plate VI.1b); E, posterior view of dorsal 1 of Euhelopus zydanskyi (Wiman, 1929: Plate III: fig17); F, 
posterior view of dorsal 1of Xinjiangtitan shanshanesis; G, posterior view of anterior dorsal (?dorsal 1) of Bellusaurus sui (Mo et al., 2013: Plate 24B); H, posterior view of 
dorsal 1of Mamenchisaurus youngi (Ouyang and Ye, 2002:Fig.19B); I, posterior view of dorsal 1of Mamenchisaurus hochuanensis (Young and Chao, 1972:Plate XII); J, 
posterodorsal view of dorsals 4-5 of Omeisaurus puxiani (Tan et al., 2020:Fig4b). Not to scale.
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3C 17A, 17F; Upchruch at al. 2021: Fig. 2C, 2D). Each SPRL in 
Hudiesaurus sinojapanorum splits into two branches, while those of 
cervical 18 and dorsals 1–2 in Xinjiangtitan shanshanesis are pre
sent as single laminae (Figure 19A, 19B). The former is regarded as 
an autapomorphy (Upchurch et al. 2021). Furthermore, there is 

a large flat space on the anterior surface of the neural spine between 
the SPRLs and an anteriorly directed laterally compressed sword- 
like process presents on anterior of neural spine (Dong 1997), 
which is interpreted to be part of an ossified ligament in 
Hudiesaurus sinojapanorum by re-assessment of Hudiesaurus 

Figure 18. Close-up of cervicodorsal vertebrae of of Xinjiangtitan shanshanesis (SSV12001) and Hudiesaurus sinojapanorum. A, close-up of left spinodiapophyseal fossa of 
cervical 18 and dorsal 1 of Xinjiangtitan shanshanesis; B, close-up of left spinodiapophyseal fossa of cervicodorsal vertebra of Hudiesaurus sinojapanorum (Upchurch et al.,  
2021: fig.2A); C, close-up of prezygapophysis of cervicodorsal vertebra of Hudiesaurus sinojapanorum (Upchurch et al., 2021: fig.3A); D, close-up of prezygapophysis of 
cervical 18 of Xinjiangtitan shanshanesis; E, close-up of prezygapophysis of dorsal 2 of Xinjiangtitan shanshanesis. Scale bars: A, 10cm; B-E, not to scale.

Figure 19. Cervicodorsal vertebrae of Xinjiangtitan shanshanesis (SSV12001) and Hudiesaurus sinojapanorum in anterior views. A, close-up of the spinoprezygapophyseal 
laminae of cervicodorsal vertebra of Hudiesaurus sinojapanorum (Upchurch et al., 2021: fig.2C); B, close-up of the spinoprezygapophyseal fossa of cervical 18 of Xinjiangtitan 
shanshanesis; C, close-up of the spinoprezygapophyseal fossa of dorsal 2 of Xinjiangtitan shanshanesis. Scale bars: A-B, 10cm; C, 30cm.
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sinojapanorum (Upchurch et al. 2021). This is not the case with 
cervical 18 of Xinjiangtitan shanshanesis, where has a small deep 
SPRF between the SPRLs and a short accessory ridge (A.R) within 
the SPRF, projecting dorsally to the right metapophysis and ven
trally to the left prezygapophysis (Figure 19B). The region between 
the SPRLs of dorsal 1 cannot be identified due to articulated pre
servation of cervical 18 and dorsal 1 in Xinjiangtitan shanshanesis, 
while there is a shallower SPRF without any ridge in dorsal 2 of 
Xinjiangtitan shanshanesis (Figure 19C). As in cervical 18, dorsal 1 
and dorsal 2 of Xinjiangtitan shanshanesis, the neural spine is 
relatively low projecting slightly above the level of the postzygapo
physes in Hudiesaurus sinojapanorum. However, differently, the 
posterior margin of the neural spine slopes strongly forward in 
Hudiesaurus sinojapanorum, while that of cervical 18 sloeps 
strongly posteriorly, those of dorsals 1-2 slope slightly posteriorly 
in Xinjiangtitan shanshanesis (Figures 2 and 3; Dong 1997: Fig.1; 
Upchruch at al., 2021: Fig.2). The bifurcation of neural spine is also 
different between the two taxa though they all bifurcate into three 
parts. In anterior and posterior views, the bifurcation in 
Hudiesaurus sinojapanorum is more like ‘W’-shaped with an acute 
median tubercle directing anteriorly and a pair of dorsoventrally 
markedly expanded metapophyses in contrast to that of 
Xinjiangtitan shanshanesis (Figures 3C, 17; Upchurch et al. 2021: 
Fig. 2C, 2D). Each metapophysis in Xinjiangtitan shanshanesis, 
meanwhile, extends posterolaterally to develop a more symmetrical 
triangular lateral process that overlaps the SPOL. In Hudiesaurus 
sinojapanorum, the metapophyses project posterolaterally as acute 
laminae with bifurcated ends that are identified as the SPOL. As 
reobservation of the figures in the original article (Dong 1997: Figs. 
1, 2; Upchurch et al. 2021: Fig. 2D), the bifurcation of the SPOL is 
similar to the TLP of cervical 18 in Xinjiangtitan shanshanesis, the 
SPOLof Hudiesaurus sinojapanorum may also be a combination of 
the SPOL and TLP if it is possible (Figures 3, 6; Upchurch et al.  
2021: Figs. 2, 3)

As in cervical 18 of Xinjiangtitan shanshanesis, there are two 
accessory ridges subdivided the SDF in Hudiesaurus sinojapa
norum, one is an oblique accessory ridge (O.R) and the other one 
is a horizontal accessory strut (H.A.S). However, the difference is 
that the horizontal accessory ridge of Hudiesaurus sinojapanorum 
presents as a thick posterior and tapering forwards strut rather than 
the horizontal ridge in Xinjiangtitan shanshanesis. Dorsal 1 of 
Xinjiangtitan shanshanesis lacks the oblique accessory lamina, 
while exhibits the SPDL in dorsal 2 of Xinjiangtitan shanshanesis 
(Figure 18A, 18B). Compared with cervical 18, dorsal 1 and dorsal 2 
of Xinjiangtitan shanshanesis, the vertebrae of Hudiesaurus sinoja
panorum share more similar morphological characteristics with 
cervical 18 than dorsals 1–2, so it might be the last cervical as that 
proposed by Upchurch et al. (2021).

Bellusaurus sui

Dong (1990) named a sauropod–Bellusaurus sui, which was recov
ered in the upper beds of Shishugou Formation in Jiangjunmiao 
and Karamay regions, Xinjiang (Dong 1990; Mo 2013; Moore et al.  
2017; Moore et al. 2018). Morre et al. (2018) noted that Bellusaurus 
sui is likely early Late Jurassic in age. Bellusaurus sui was proposed 
as a juvenile form of Klamelisaurus (Paul 2010), but Moore et al. 
(2020) proposed that the two taxa have several differences, which 
cannot be explained by different ontogenetic stages. Here, we sepa
rate it from Klamelisaurus gobiensis, and compare them with 
Xinjiangtitan shanshanesis, respectively. The centra and neural 
arches of all dorsal vertebrae in Bellusaurus sui are separately pre
served. Bellusaurus sui has opisthocoelous dorsal centra as in 
Xinjiangtitan shanshanesis. The ventral surface of dorsal 1 in 

Bellusaurus sui bears a low ridge on the midline, and the ventral 
surfaces of anterior and middle dorsal centra in Bellusaurus sui are 
transversely convex, bearing weakly developed ventral keels (Mo  
2013), but the condition of Xinjiangtitan shanshanesis is unknown 
due to lacking the ventral portion of centra; in preserved dorsal 
centra of Xinjiangtitan shanshanesis (dorsals 8–12), the ventral 
surfaces are smooth and concave, while those of posterior dorsals 
in Bellusaurus sui are transversely convex (Mo 2013). In 
Bellusaurus, the pleurocoels of centrum extend nearly to the mid
line of the centrum, but those of Xinjiangtitan shanshanensis are 
restricted to the anterodorsal portion of the dorsal centra. The 
postzygapophyses of the anterior dorsal vertebrae of Bellusaurus 
sui meet each other medially to produce the intrapostzygapophyseal 
lamina (TPOL), and the laminae are fused to mark the dorsal limit 
of a short vertical posterior midline lamina (PML) (Figure 17C). In 
contrast to Bellusaurus sui, the postzygapophyses of dorsal 1 in 
Xinjiangtitan shanshanesis do not meet each other so that the 
TPOL and the PML are not developed. The postzygapophyses of 
other anterior dorsal vertebrae of Xinjiangtitan shanshanesis, mean
while, connect each other but form the hyposphene-hypantrum 
system rather than the TPOL and the PML. A lateral centropostzy
gapophyseal lamina (L. CPOL) projects above the embayed poster
ior surface, incompletely dividing the POCDF into posterior dorsal 
vertebrae of Bellusaurus; unlike the condition in Bellusaurus sui, the 
lateral CPOL positions on the same flat surface under the postzy
gapophysis of dorsal 9 in Xinjiangtitan shanshanensis (Figure 20B, 
20C). A dorsally bifurcated SPDL in the middle and posterior dorsal 
vertebrae and the anterior and posterior branches extend entirely to 
the SPRL and SPOL in Bellusaurus sui, whereas in middle and 
posterior dorsals of Xinjiangtitan, the dorsally bifurcated SPDL is 
the M. SPDL, and the anterior branch extend dorsally to the SPRL, 
while the posterior branch did not contract the SPOL.

Bellusaurus sui still differs from Xinjiangtitan shanshanesis in 
that: sharing unbifurcated neural spines (Figure 17G); having 
a deep, sharp-lipped pneumatic fossa in posterior dorsal centra 
and a vertical accessory strut within the pneumatic fossa (Mo  
2013: Plate 30E); lacking the A. SPOL, the M. SPDL, and the 
P. SPOL in dorsal series; presence of dual ridges on the proximal 
anterior surface of dorsal rib without the pneumatic fossa (PF) 
placed at the base of the acute ridge.

Klamelisaurus gobiensis

Klamelisaurus gobiensis was first reported by Zhao (1993). 
Klamelisaurus gobiensis was recovered from the lower beds of the 
Shishugou Formation in the eastern Junggar Basin, Xinjiang (Zhao  
1993; Li et al. 2011; Moore et al. 2020). According to redescription 
of Klamelisaurus gobiensis by Moore et al. (2020), they have several 
similarities in laminae and fossae construction: deep and undivided 
pleurocoel with acute posterior margin in first two dorsal centra, 
a dorsally bifurcated SPDL (bif.SPDL) in middle dorsal vertebrae 
(Figure 21). The latter was considered the unique autapomorphy 
(Moore et al. 2020). However, in addition to the bifurcated SPDL, 
the dorsal 4 of Xinjiangtitan shanshanensis also has a posterior 
SPDL (P.SPDL) that is absent in Klamelisaurus gobiensis (Figure 
21). The differences between them are remarkable. For example, 
dorsal centra in Klamelisaurus gobiensis are shorter anteroposter
iorly with elliptic posterior concave (higher than wide), while the 
anterior and posterior articular surfaces of centrum in Xinjiangtitan 
shanshanensis are subcircular. The ventral surfaces of dorsals 1–7 in 
Klamelisaurus gobiensis bear low ventral ridge (Moore etal. 2020), 
while the condition of Xinjiangtitan shanshanesis is unknown due 
to reconstruction of the ventral portion of centra in dorsals 8–12 of 
Xinjiangtitan shanshanesis, the ventral surfaces are smooth and 
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Figure 20. Lateral centropostzygapophyseal lamina in posterior dorsal vertebrae of Xinjiangtitan shanshanesis (SSV12001) and other sauropods. A, right posterolateral view 
of dorsal 7 of Klamelisaurus gobiensis (IVPP V9492) (Moore et al. 2020: Fig. 13A), posterior view of a posterior dorsal neural arch of Bellusaurus sui (IVPP V17768.95) (Mo 2013: 
Plate31B). C, posterior view of dorsal 9 of Xinjiangtitan shanshanesis (SSV12001). Not to scale.

Figure 21. Middle dorsal vertebrae of Xinjiangtitan shanshanesis (SSV12001) and Klamelisaurus gobiensis (IVPP V9492). A, left lateral view of dorsals 4–6 of Xinjiangtitan 
shanshanesis; B, close-up of bifurcated spinodiapophyseal lamina of dorsal 4 of Xinjiangtitan shanshanesis; C, right lateral view of dorsals 5–8 of Klamelisaurus gobiensis 
(Moore et al. 2020: Fig. 10C) close-up of bifurcated spinodiapophyseal lamina of dorsal 7 of Klamelisaurus gobiensis (Moore et al. 2020: Fig. 10G). Scale bars: A, 30 cm; B, 
10 cm; C, 10 cm; D, 5 cm.
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concave, but in Klamelisaurus, the ventral ridge is absent in dorsal 8 
and dorsal 12 and unknown in dorsals 9–11. The middle dorsal 
neural arch (dorsals 4–7) of Klamelisaurus gobiensis is relatively 
upright (Figure 19A, 19C), the maximum height of the dorsal 
vertebra is much lower. The smaller and shallower pleurocoels of 
Klamelisaurus gobiensis position on mid-dorsal portion of the cen
tra with a posteriorly acute almond-shaped pneumatic foramen, 
while in Xinjiangtitan shanshanensis, there is no pneumatic fora
men in the deep pleurocoels, located in most-anterodorsal portion 
of centra with acute anterior and ventral boundary (Figure 21A, 
21C). A very low, vertically orientated incipient lateral branch of the 
CPOL descends from the postzygapophysis to the halfway to the 
ventral edge of the PCDL, incompletely dividing the POCDF into 
dorsal 7 of Klamelisaurus gobiensis. This structure is unlike the 
condition in Xinjiangtitan shanshanensis, in which the lateral 
CPOL projects lateroventrally as a distinct lamina (Figure 20A, 
20C). In Xinjiangtitan shanshanensis, there is a horizontal accessory 
strut subdividing the SDF in dorsals 1–2, while the accessory strut is 
only present in dorsal 1 in Klamelisaurus gobiensis. As in 
Xinjiangtitan, neural spine bifurcation persists through dorsals 
1-5 with metapophyses and the lateral triangular processes in 
Klamelisaurus gobiensis. Although only dorsal 1 shares a small 
bump according to Moore er al.(2020) that is corresponding to 
the median tubercle of bifurcated neural spine in Xinjiangtitan 

shanshanensis, by reobserving the figures from Moore et al. 
(2020), the median tubercle presents in the bifurcation of neural 
spines of dorsals 1-8 in Klamelisaurus, which is similar to the 
bifurcation of the neural spines of dorsals 1–9 in Xinjiangtitan 
(Moore et al. 2020: Figs. 8 I, 9G, 10E); the metapophyses of bifur
cated neural spines of Klamelisaurus are better developed than 
those in Xinjiangtitan; the lateral triangular processes of the neural 
spine present as dorsolaterally facing platform in Klamelisaurus, 
while that of Xinjiangtitan faces dorsally; furthermore, the lateral 
triangular processes on both sides extend far more laterally than 
that of Klamelisaurus (Figure 23); in posterior view, the bifurcation 
area presents as a ‘W’-shaped cleft in Xinjiangtitan, whereas that is 
‘V’-shaped and shallow ‘U’-shaped clefts in Klamelisaurus (Figure 
17B). The non-bifurcated neural spines (dorsals 9–12) in 
Klamelisaurus gobiensis areangled slightly anteriorly rather than 
posteriorly in that of Xinjiangtitan shanshanensis (Figure 20A, 
20). Klamelisaurus share triplicate PCPLs in some posterior dorsal 
vertebrae, while in Xinjiangtitan, there are bipartite or triplicate 
PCPLs in some middle-posterior dorsal vertebrae (Figure 22). 
Apart from that, Klamelisaurus gobiensis can be distinguished 
from Xinjiangtitan shanshanensis in having a ventral keel in dorsals 
3–7, shorter transverse process projecting horizontally in anterior 
dorsal vertebrae, and dual ridges on the proximal anterior surface of 
dorsal rib without the pneumatic fossa (PF).

Figure 22. Posterior centroparapophyseal laminae in middle-posterior dorsal vertebrae of Klamelisaurus gobiensis (IVPP V9492) and Xinjiangtitan shanshanesis (SSV12001). 
A, close-up of the PCPLs in dorsals 9–11 of Klamelisaurus gobiensis in right view (Moore et al. 2020: Fig. 11c) dorsals 9–11 of Klamelisaurus gobiensis in right view (Moore 
et al. 2020: Fig. 11C) dorsals 7–9 of Xinjiangtitan shanshanesis in right view; D, close-up of the PCPLs in dorsal 7 of Xinjiangtitan shanshanesis in right view; E, dorsals 10–11 
of Xinjiangtitan shanshanesis in left view. Scale bars: A-B, 10 cm; C, E, 30 cm; D, 10 cm.

20 X.-Q. ZHANG ET AL.



Euhelopus zdanskyi

Euhelopus zdanskyi was collected from grey sandstone deposits of 
Mengyin Formation in Shandong Province (Wiman 1929; Wilson 
and Upchurch 2009). The evolutionary relationship of Euhelopus 
zdanskyi and Mamenchisaurids has been controversial for a long 
time (Wilson and Sereno 1998; Wilson 2002; Moore et al. 2020). 
The different geological ages of Euhelopus zdanskyi and 
Xinjiangtitan shanshanensis imply taxonomic separation, as 
Euhelopus zdanskyi is from Early Cretaceous of Mengyin 
Formation. Based on the redescription of Euhelopus zdanskyi by 
Wilson and Upchurch (2009), here, we mainly compare example 
a (PMU 233), example b (PMU234) and of Euhelopus zdanskyi with 
Xinjiangtitan shanshanensis. Example a consists anterior and pos
terior dorsal vertebrae; example b consists only the posterior dorsal 
vertebrae (Wilson and Upchurch 2009). In general, the anteropos
teriorly elongated pleurocoels of dorsal vertebrae in Euhelopus 
zdanskyi (PMU 233, PMU 234) present as dorsally defined shallow 
fossae in the dorsal portion of centra, while the pleurocoels of 
Xinjiangtitan shanshanensis are much deeper and smaller without 
clear dorsal boundary, located at anterodorsal portion of the centra. 
The first four dorsal centra of Euhelopus zdanskyi (PMU 233) have 
dorsally sharply defined pleurocoels, while the pleurocoels of the 
first two dorsals in Xinjiangtitan shanshanensis merge with the CDF 
dorsally without the defined dorsal margin. The transverse pro
cesses are pendants with flattened lateral surfaces in anterior dorsals 
of Euhelopus zdanskyi (PMU 233), as that in Xinjiangtitan shan
shanensis. The ACPL firstly appears in dorsal 5 in Euhelopus zdans
kyi (PMU 233), whereas that presents firstly in dorsal 7 in 
Xinjiangtitan shanshanensis (Figure 9B; Wilson and Upchurch  
2009: Fig.16). Camellate pneumaticity appears in dorsal vertebrae 
of Euhelopus zdanskyi (dorsal 7 PMU 233) (dorsal 10 PMU 234), 

which also appears in dorsal 10 in Xinjiangtitan shanshanensis 
(Figure 12 A, 12E; 12 and Upchurch 12: Fig.12)

Zhang et al. (2020) reported that Xinjiangtitan shanshanensis 
shared several important features of the cervical series with 
Euhelopus zdanskyi, such as the horizontal accessory strut (EPRL, 
Wilson and Upchurch 2009) separating two pneumatocoels in 
cervical vertebrae, bifurcated neural spine with medial tubercle. 
The horizontal accessory strut (remnant of the EPRL, Wilson and 
Upchurch 2009) continues to present in dorsals 1–2 of Euhelopus 
zdanskyi (PMU 233), and it is replaced by the SPDL in dorsal 3. 
This condition is also present in dorsals of Xinjiangtitan shanshan
esis. The anterior dorsal neural spines bifurcate with medial tuber
cle, but the median tubercles of the bifurcated dorsal spines in 
Euhelopus zdanskyi are as large as or larger (dorsoventrally taller) 
than metapophyses, whereas those of Xinjiangtitan shanshanensis 
are smaller and lower than metapophyses (Figure 17E, 17F). 
Furthermore, bifurcation of spine is broader with transversely 
wider TLP than that in Euhelopus zdanskyi (Figures 3, 6; Wilson 
and Upchurch 2009: Fig.15). The PCDL, the PCPL and the ACDL 
of the middle and posterior dorsals cross to form ‘K’ configuration 
in Euhelopus zdanskyi (PMU 233) (Wilson and Upchurch 2009), 
but the middle and posterior dorsal vertebrae of Xinjiangtitan 
shanshanensis lack the ‘K’ configuration. Euhelopus zdanskyi dor
sals lack the sloping secondary crests (S.C) situated at the dorsal end 
of the SDF, which is observed in dorsals 4–6 of Xinjiangtitan 
shanshanensis (Figure 7D, 7E). In Euhelopus zdanskyi (PMU 233), 
the SPDLs of the anterior dorsals are slightly forwardly orientated 
or vertically shown from the figure of the original paper (Wilson 
and Upchurch 2009: Fig. 17) though Wilson and Upchurch (2009) 
said they were vertical. A different condition presents in 
Xinjiangtitan shanshanensis, where the L. SPDL and the M. SPDL 

Figure 23. Neural spines in anterior dorsal vertebrae of Klamelisaurus gobiensis (IVPP V9492) and Xinjiangtitan shanshanesis (SSV12001). A, close-up of the neural spines in 
dorsals 1–2 of Klamelisaurus gobiensis in dorsal view (Moore et al. 2020: Fig. 8J) neural spines in dorsals 1–2 of Klamelisaurus gobiensis in dorsal view (Moore et al. 2020: 
Figure. 8jJ) neural spines in dorsals 1–2 of Klamelisaurus gobiensis in posterior view (Moore et al. 2020: Figure. 8jJ) neural spines in dorsals 2–3 of Xinjiangtitan shanshanesis 
in dorsal view; E, neural spines in cervical 18 and dorsal 1 of Xinjiangtitan shanshanesis in dorsal view; F, neural spines in cervical 18 and dorsal 1 of Xinjiangtitan 
shanshanesis in posterior view. Scale bars: A, not to scale; B-C, 10 cm; D-F, 30 cm.
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present in the anterior and middle dorsal vertebrae, but the laminae 
are absent in posterior dorsal vertebrae.

Tienshanosaurus chitaiensis

Tienshanosaurus chitaiensis was recovered from gently dipping, 
green-yellow sandstone in the upper portion of Shishugou 
Formation (Young 1937; Dong 1992; Moore et al. 2018). The speci
mens of Tienshanosaurus chitaiensis are represented by two sets of 
fossils (field number 40002 and 40003) (Young 1937). Young (1937) 
first reported Tienshanosaurus chitaiensis and proposed it had 
a close affinity to Euhelopus zdanskyi. Li (1998) suggested that 
Tienshanosaurus chitaiensis belonged to Mamenchisauridae. 
Moore et al. (2020) proposed that Tienshanosaurus positioned as 
a close outgroup of ‘Core Mamenchisaurus-like Taxa’. Therefore, 
we compared Tienshanosaurus chitaiensis and Xinjiangtitan shan
shanesis even though the elements of Tienshanosaurus chitaiensis 
are not well preserved.

In Tienshanosaurus chitaiensis (40002), the neural spines are not 
bifurcated and oriented slightly posteriorly, the neural arches elon
gate dorsoventrally, the transverse processes elevate adjacent to the 
zygapophyses; therefore, we infer that the vertebrae may be the 
mid-posterior dorsals. As in the middle dorsals of Xinjiangtitan, 
there is a M. SPDL that sundivided the SDF into an anterior SDF 
and a posterior SDF in preserved dorsals (Young 1937: Fig. 1B), 
while in Xinjiangtitan, the A. SPDL presents in dorsal 3 and the 
P. SPDL presents in dorsal 4. Given that the right side of vertebrae 
of Tienshanosaurus in good condition and similar to that of 
Euhelopus zdanskyi in original description (Young 1937) we suspect 
that the ‘Fig. 2A’ from Young (1937) was miswritten as a left view, 
which may be a right lateral view. If ‘Fig. 2A’ (Young 1937) is a right 
lateral view, the dorsal vertebrae of Tienshanosaurus chitaiensis 

(40002) are opisthocoelous or amphicoelous, the posterior cotyles 
of the centra are much shallower than those in Xinjiangtitan shan
shanesis. However, Li (1998) proposed that the dorsals of 
Tienshanosaurus are amphicoelous, the condition is different from 
Xinjiangtitan and other mamenchisaurid sauropods (e.g. 
Mamenchisaurus youngi Ouyang and Ye 2002; Mamenchisaurus 
hochunaensis Yang and Chao 1972; Dong et al. 1983; Qijianglong 
Xing et al. 2015a; Omeisaurus tianfuensis He et al. 1988). 
Furthermore, the pleurocoels of Tienshanosaurus chitaiensis are 
shallower and more anteroposteriorly elongated than those of 
Xinjiangtitan shanshanesis, and located at the mid-dorsal portions 
of the centra rather than the anterodorsal parts of the centra in 
Xinjiangtitan (Figures 9, 10, 12)

Mamenchisaurus youngi

Mamenchisaurus youngi (Pi et al. 1996; Ouyang and Ye 2002) was 
unearthed from the Upper Shaximiao Formation in Sichuan 
Province (Ouyang and Ye 2002). In Mamenchisaurus youngi, the 
middle and posterior dorsal centra have camellate pneumaticity, 
but that is only present in posterior dorsal centra of Xinjiangtitan 
shanshanesis. In Xinjiangtitan shanshanesis, the neural spines of the 
anterior and middle dorsal vertebrae project posterodorsally bifur
cated into three parts with a medial tubercle, the paired metapo
physes and the lateral triangular processes, unlike the condition in 
Mamenchisaurus youngi, in which the corresponding neural spine 
project subvertical, only the first four neural spines are bifurcated 
with slightly developed medial tubercle and well-developed meta
pophyses, the latter expand dorsoventrally and project posterolat
erally to connect the postzygapophyses as acute laminae rather than 
flat broad laminae (Ouyang and Ye 2002: Figs 19–21). Unlike 
Xinjiangtitan shanshanesis, the first two dorsal vertebrae of 

Figure 24. Dorsal 1 of Daanosaurus zhangi (ZDM 0193), Xinjiangtitan shanshanesis (SSV12001) Dashanpusaurus dongi (ZDM 5028). A, close-up of the spinodiapophyseal 
fossa in dorsal 1 of Daanosaurus zhangi in left lateral view (Ye et al. 2005: Fig. 4A) close-up of the spinodiapophyseal fossa in dorsal 1 of Daanosaurus zhangi in posterior 
view (Ye et al. 2005: Fig. 4B); C, close-up of the spinodiapophyseal fossa in dorsal 1 of Xinjiangtitan shanshanesis in left lateral view; D, close-up of the spinodiapophyseal 
fossa in dorsal 1 of Xinjiangtitan shanshanesis in posterior view; E, dorsal 1 of Dashanpusaurus dongi in posterior view (Peng et al. 2005). Scale bars: A-B, 2 cm; C-D, 30 cm; E, 
10 cm.

22 X.-Q. ZHANG ET AL.



Mamenchisaurus youngi have shallower and smaller pleurocoels, 
well-developed intraprezygapophyseal laminae (TPRL) and intra
postzygapophyseal laminae (TPOL) (Figure 17H), but lack the 
M. SPOL. Compared to the SDF, Mamenchisaurus youngi lacks 
the horizontal accessory strut in dorsals 1–2, the SPDL is located 
at the slightly posterior portion of the SDF in dorsal 3 rather than 
the A. SPDL and the M. SPDL in Xinjiangtitan. Furthermore, the 
L. CPOL is not present in the posterior dorsal vertebrae of 
Mamenchisaurus youngi fromthe original description and pictures 
(Pi et al. 1996; Ouyang and Ye 2002), which is present in 
Xinjiangtitan shanshanesis, Hudiesaurus sinojapanorum, 
Bellusaurus sui and Klamelisaurus gobiensis (Moore et al. 2018; 
Moore et al. 2020; Upchurch et al. 2021).

Mamenchisaurus hochuanensis

Mamenchisaurus hochuanensis was discovered from the Upper 
Shaximiao Formation in the Sichuan Basin (Young and Chao  
1972). As in Xinjiangtitan shanshanesis, Mamenchisaurus hochua
nensis (Young and Chao 1972; Dong et al. 1983) has 12 opisthocoe
lous dorsal vertebrae; the parapophysis of dorsal 3 to subsequently is 
completely on the neural arch. There are several differences between 
them though the deformed material and simplistic description. The 
anterior faces of the dorsal neural arches of Mamenchisaurus hochua
nensis are more deeply excavated than that of Xinjiangtitan shan
shanesis. The hyposphene-hypantrum system presents in the middle 
and posterior dorsal vertebrae of Mamenchisaurus hochuanensis, 
while that is developed in dorsals 3–7 of Xinjiangtitan shanshanesis 
with the ‘Y‘-shaped hypantrum in dorsal 4 anda single vertical 
hypantrum in dorsal 7. The first four dorsal neural spines bifurcate 
deeply as a ‘V’-shaped cleft in Mamenchisaurus hochuanensis similar 
to that of Klamelisaurus gobiensis. The spine of dorsal 1 in 
Mamenchisaurus hochuanensis is flat and blunt with a medial shallow 
groove (Figure 17I); however, in Xinjiangtitan shanshanesis, only the 
neural spines of dorsals 10–12 are not bifurcated, and the bifurcation 
of the first six dorsal neural spines with a developed medial tubercle 
appear as ‘W’-shaped, the degree of bifurcation gradually decreases 
from dorsal 7 to dorsal 9.

Daanosaurus zhangi

Daanosaurus zhangi (ZDM 0193 Peng et al. 2005; Ye et al. 2005) has 
more than 20 presacral vertebrae but in poor preservation. Similar to 
Xinjiangtitan, dorsal centra of Daanosaurus are opisthocoelous. There 
is a SPDL dividing the SDF of dorsal 1 into anterior and posterior 
portions as that of dorsal 3 in Xinjiangtitan, but there is another 
horizontal accessory ridge (H.R) subdivided the anterior portion of 
the SDF, which also differs from the horizontal accessory strut of 
dorsals 1–2 in Xinjiangtitan (Figure 24A, 24B, 24C, 24D). Moreover, 
the top of the neural spines of the anterior dorsals in Daanosaurus is 
flat and not bifurcated rather than ‘trifid’ spines of anterior dorsals in 
Xinjiangtitan.

Dashanpusaurus dongi

Dashanpusaurus dongi (Peng et al. 2005) is from Lower Shaximiao 
Formation in Sichuan basin. Both the holotype (ZDM 5028) and 
paratype (ZDM 5027) of Dashanpusaurus are preserved 12 dorsal 
vertebrae, but Peng et al. (2005) believed that it may have 13 dorsal 
vertebrae. Ren et al. (2022) redescribed Dashanpusaurus dongi and 
proposed that Dashanpusaurus dongi is an early-diverging macro
narian (Ren et al. 2022). Differ from Xinjiangtitan, the anterior 
dorsal centra are amphiplatyan, the middle dorsal centra are amphi
platyan or weakly amphicoelous and the posterior dorsal centra are 

weakly amphicoelous in Dashanpusaurus; the neural spines of the 
anterior dorsals of Dashanpusaurus weakly bifurcate into shallow 
‘U’-shaped (Figure 24E; Peng et al. 2005: Fig.61) or wide ‘V’-shaped 
(Ren et al. 2022 : Fig. 7I); the dorsally bifurcated SPDL, A.SPDL, P. 
SPDL and dorsally bifurcated SPRL are absent in dorsals of 
Dashanpusaurus. The CPOL of dorsal 1 of Dashanpusaurus is 
more developed than that in Xinjiangtitan. The ratio of the length 
of the first dorsal vertebra to the length of the last cervical vertebra 
of Dashanpusaurus is 0.60 (Peng et al. 2005), while that of 
Xinjiangtitan is 0.53. Furthermore, the epipophyses are situated at 
the posterior portion of the postzygapophyses of the anterior dorsal 
vertebrae (Ren et al. 2022), while that are absent in dorsal vertebrae 
of Xinjiangtitan. As in Xinjiangtitan, there is no SPDL sundividing 
the SDF in first two dorsals of Dashanpusaurus, but differently, 
Dashanpusaurus lacks the horizontal accessory strut that subdi
vided the SDF of dorsals 1-2 of Xinjiangtitan. The L.SPOL and 
the M.SPOL present in middle dorsals of Dashanpusaurus (Ren et 
al. 2022: Figs.10B, 11B), this condition resembles that of 
Xinjiangtitan, in which there are L.SPOL, M.SPOL and a shallow 
SPOL-F in dorsals 3-11.

Mamenchisaurus anyuensis

Mamenchisaurus anyuensis was reported in 1996 (He et al. 1996), 
whose holotype (AL001) includes a complete dorsal column. As in 
Xinjiangtitan shanshanesis, Mamenchisaurus anyuensis bears 12 
dorsal vertebrae articulated with the most posterior cervical verteb
rae, and all the centra are opisthocoelous with typical pleurocoels 
(He et al. 1996: Fig. 1); the first six dorsal neural spines are bifid; the 
hyposphene-hypantrum system appears from dorsal 3 to succeed
ing dorsals (He et al. 1996; Li 2012). However, Mamenchisaurus 
anyuensis differs from Xinjiangtitan shanshanesis in that the ante
rior dorsal neural spines of Mamenchisaurus anyuensis are extre
mely weakly bifid, and the middle dorsal neural spines of 
Mamenchisaurus anyuensis are not bifurcated; l the middle and 
posterior dorsals do not have the M. SPOL, the M. SPDL and two 
nearly parallel CPOLs. Given the simple original description and 
blurred figures, it is difficult to make further comparison between 
the two taxa.

Qijianglong guokr

Qijianglong guokr (Xing et al. 2015a) was unearthed from Upper 
Jurassic Suining Formation in Sichuan Basin. By re-examination of 
the cervical vertebrae of Xinjiangtitan shanshanesis (Zhang et al.  
2020), the cervical vertebrae are similar to that of Qijianglong guokr, 
such as a finger-like process above the postzygapophysis exceeding 
the postzygapophysis posteriorly and the the remant epipophyseal- 
prezygapophyseal lamina subdividing the SDF.

Only six anterior dorsal vertebrae are preserved poorly in 
Qijianglong guokr (Xing et al. 2015a: Fig. 13). Although the pre
servation of Qijianglong guokr makes comparison difficult, there are 
several differences between the two taxa (Figure 17C). The prezy
gapophyseal centrodiapophyseal fossae (PRCDF) of dorsals 3–6 of 
Qijianglong guokr have four distinct pneumatopores, whereas in 
Xinjiangtitan shanshanesis, the PRCDF of dorsal 3 lacks these 
pneumatopores; moreover, the fossae and laminae in dorsals 4–6 
become more complex, the PRCDF is divided into the PRPADF and 
the parapophyseal centroprezygapophyseal fossa (PACPRF) by the 
PRPL (Figure 7A). The postzygapophyseal centrodiapophyseal 
fossa (POCDF) occupies about three times the area of the PRCDF 
in lateral view in dorsal 5 of Qijianglong guokr (Xing et al. 2015a: 
Fig. 13D), but the POCDF is not developed in dorsals 4–6 of 
Xinjiangtitan shanshanesis.
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Xinjiangtitan shanshanesis bears the hyposphene-hypantrum 
system on dorsal vertebrae from dorsal 3 to dorsal 7, but that is 
unclear in Qijianglong guokr (Xing et al. 2015a); the dorsal neural 
arches with the spines in Qijianglong guokr are at least 1.5 times the 
height of the centra, but the ratio of Xinjiangtitan shanshanesis is 
smaller (the minimum of the ratio of dorsal 10 in Xinjiangtitan is 
1.1). It indicates that the neural arches and spines of Qijianglong 
guokr are more dorsoventrally elongated than that of Xinjiangtitan 
shanshanensis; the bifurcated dorsal spines of Qijianglong guokr 
differ from Xinjiangtitan shanshanesis in lacking the medial tuber
cle and the triangular lateral processes.

Omeisaurus tianfuensis

Omeisaurus tianfuensis (He et al. 1988) was discovered in the Lower 
Shaximiao Formation of the Sichuan Basin, whose holotype 
(T5701) and paratype (T5704) both have 12 dorsal vertebrae in 
good preservation (He et al. 1988). As in Xinjiangtitan shanshan
esis, the dorsal centra of Omeisaurus tianfuensis are opisthocoelous, 
and the hyposphene-hypantrum system is absent in dorsals 1–2. 
However, unlike Xinjiangtitan shanshanesis, the pleurocoel is not 
well developed in first dorsal in Omeisaurus tianfuensis, and the 
cross section of dorsal centrum has a honeycomb structure that is 
absent in other dorsal vertebrae. Furthermore, all the dorsal neural 
spines of Omeisaurus tianfuensis are not bifurcated (Figure 17D) in 
contrast to the bifurcated anterior and middle dorsal neural spines 
of Xinjiangtitan shanshanesis. It still differs from Xinjiangtitan 
shanshanesis as follows: the SPDL is weakly developed in the middle 
dorsal vertebrae lacking the M. SPDL and the L. SPDL; the SPOLs of 
dorsals 4–12 appear as posteriorly extending flange; the neural 
spines of dorsals 11–12 significantly slopes posteriorly.

Omeisaurus puxiani

Omeisaurus puxiani (CLGRP V00005) (Tan et al. 2020) was 
unearthed from the lower to middle portion of the lower member 
of the Shaximiao Formation including 12 dorsal vertebrae. As in 
Xinjiangtitan shanshanesis, the internal pneumaticity is present 
in dorsal centra of Omeisaurus puxiani. Tan et al. (2020) pro
posed the diagnoses of dorsals of Omeisaurus puxiani as follows: 
lateral fossae of dorsal centra are divided by secondary septa, 
while the pleurocoels of dorsal centra of Xinjiangtitan shanshan
esis are single; dorsal neural spine ends are knob-shaped and the 
neural spines of posterior dorsals are transversely extended, in 
contrast to bifurcated neural spines with a medial tubercle in 
Xinjiangtitan shanshanesis. Furthermore, the SPOLs present as 
posteriorly extended flange in all dorsal vertebrae of Omeisaurus 
puxiani (Figure 17J), unlike the condition in Xinjiangtitan shan
shanesis, in which the neural spines of the first two dorsal ver
tebrae merge with the TLP of neural spines, and the stout 
M. SPOL and the thin L. SPOL are developed in the rest of the 
dorsals.

Chuanjiesaurus anaensis

Chuanjiesaurus anaensis (Fang et al. 2000; Sekiya 2011) was first 
named by Fang et al. (2000) from Middle Jurassic Chuanjie 
Formation in Lufeng County. Sekiya (2011) re-evaluated the 
holotype and a referred specimen, considered Chuanjiesaurus 
anaensis as a member of Mamenchisauridae. The dorsal verteb
rae were not preserved in the holotype of Chuanjiesaurus anaen
sis, while the referred specomen (LCD9701-I) has at least seven 
posterior dorsals (Sekiya 2011). As in Xinjiangtitan shanshanesis, 
the dorsal centra are opisthocoelous, the pleurocoels of dorsal 

centra have acute anterior and posterior margins, and the dor
soventral height of the neural arch is lower than the height of the 
dorsal centrum in Chuanjiesaurus anaensis. In contrast to 
Xinjiangtitan shanshanesis, Chuanjiesaurus anaensis is appar
ently different from its knob-like fused neural spines, a thin 
prespinal lamina between the spinoprezygapophyseal laminae 
and V-shaped shelf-like hyposphene in posterior dorsal verteb
rae. There are three laminae supporting the infrahyposphenal 
cavity of the dorsal neural arch in Chuanjiesaurus anaensis, 
while there is no cavity beneath the hyposphene in 
Xinjiangtitan shanshanesis. Furthermore, the SPOLs are rela
tively thick single plates and no bifurcated M. SPOL, A.SPOL, 
P.SPOL and bif.SPRL in Chuanjiesaurus anaensis.

Analong chuanjieensis

Analong chuanjieensis (Ren et al. 2020) was recovered from the base 
of the Chuanjie Formation, which is regarded to be Middle Jurassic 
(Bajocian) (Huang et al. 2015; Ren et al. 2020). Ren et al. (2020) 
considered it as the earliest branching of Mamenchisauridae. The 
holotype (LCD9701-1) has eight middle-posterior dorsal vertebrae, 
but most of them are partly preserved (Ren et al. 2020).

The length/posterior surface height ratios of the posterior 
dorsal centra in Analong chuanjieensis range from 0.67 to 0.83 
(Ren et al. 2020), which differ from that in Xinjiangtitan shan
shanesis (0.73 ~ 1.09). The height/the width of posterior surface in 
posterior centra of Analong chuanjieensis is about 1.6, which is 
larger than that in Xinjiangtitan shanshanesis (about 0.75). Unlike 
the single deep pleurocoel without septa in Xinjiangtitan shan
shanesis, the lateral pneumatic fossa of centra is divided into two 
small elliptical fossae by septa in Analong chuanjieensis. In 
Analong chuanjieensis, the hyposphene-hypantrum system is 
weakly developed under the postzygapophyses as ‘V’-shaped in 
posterior vertebrae, whereas the system is absent in posterior 
dorsal vertebrae (dorsals 9–12) of Xinjiangtitan shanshanesis. 
The dorsal neural spines of posterior dorsals in Analong chuan
jieensis present as knob-shaped, but that of Xinjiangtitan shan
shanesis presents as rectangle-shaped, wider transversely than long 
with a weakly developed medial tubercle.

Discussion

Our detailed description and morphological comparison suggest that 
Xinjiangtitan shanshanesis can be distinguished from all other rele
vant sauropods from the Middle-Late Jurassic of China. Zhang et al. 
(2020) proposed that cervical vertebrae of Xinjiangtitan shanshanesis 
are similar to Qijianglong guokr, especially in the posteriorly 
extended epipophysis, but comparative anatomical data of dorsal 
vertebrae indicate that there are plenty of differences between the 
two taxa. Furthermore, through comparing the vertebrae of 
Hudiesaurus sinojapanorum, we found that there are many simila
rities in the last cervical vertebra and the first two dorsal vertebrae of 
Xinjiangtitan shanshanesis, such as two accessory laminae subdi
vided the SDF, pleurocoel subdivided by an oblique lamina as that 
in cervical 18, small coels on the dorsal surfaces of prezygapophyses 
as in cervical 18 and dorsals 1–2, the ‘V’ -shaped TPOL as in dorsal1. 
Interestingly, Xinjiangtitan shanshanesis shares the dorsally bifur
cated M. SPDL in middle dorsal vertebrae, which was thought to be 
a unique autopomorphy of Klamelisaurus gobiensis (Moore et al.  
2020). Xinjiangtitan shanshanesis shares the M. SPDL and the 
L. SPDL, however, the L. SPDL is not observed in Klamelisaurus 
gobiensis.

Similar to the condition of the cervical vertebrae (Zhang et al.  
2020), the dorsal vertebrae of the Xinjiangtitan shanshanesis share 
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many features similar to other mamenchisaurid sauropods. 
However, Xinjiangtitan shanshanesis bears several unique features, 
some of which are similar to the more derived non- 
mamenchisaurid sauropods, for example, the middle dorsal verteb
rae bear the M.SPOL and the L.SPOL, which are similar to the 
divided SPOL in Apatosaurus (Gilmore 1936; Upchurch et al.  
2004); the M.SPOL and the L.SPOL define a shallow intralaminar 
SPOL-F, which is similar to the SPOL-F of posterior dorsal verteb
rae in Camarasaurus supremus (Wilson et al. 2011: Fig. 9; Obsborn 
and Mook 1921), but differs from the SPOL-F in Apatosaurus 
(Gilmore 1936; Upchurch et al. 2004; Wilson et al. 2011: Fig. 12). 
We also note that the lamination of dorsal vertebrae in 
Xinjiangtitan shanshanesis is more developed and complicated 
than other members of Mamenchisauridae, for instance, two nearly 
parallel CPOLs in dorsal series.

Conclusion

Our redescription, comparison and phylogenetic analysis of 
Xinjiangtitan shanshanesis further indicate that it is a valid member 
of Mamenchisauridae, with possible close relationship to 
Hudiesaurus and Mamenchisaurus.

The redescription of Xinjiangtitan dorsal vertebrae provides 
additional information to help understand the dominant Late 
Jurassic sauropod lineage and the evolutionary history of sauropods 
in Eastern Asia. This study also suggests that there is a more com
plex diversity and evolutionary process of Mamenchisauridae hap
pened than we thought before.

Abbreviation

Institutional abbreviations

SSV, Shanshan Geological Museum, Shanshan.

Anatomical abbreviations

In this work, descriptions of vertebral laminae and fossae follow the 
nomenclature of Wilson (1999), Wilson and Upchurch (2009), 
Wilson et al. (2011) and Wilson (2012). acdl (ACDL), anterior 
centrodiapophyseal lamina; acpl (ACPL), anterior centroparapophy
seal lamina; a.r (A.R), accessory ridge; a.spdl (A.SPDL), anterior 
spinodiapophyseal laminae; bif.spdl (bif.SPDL), bifurcated spinodia
pophyseal lamina; bif.m.spdl (bif.M.SPDL), bifurcated middle spi
nodiapophyseal lamina bif.SPRL, bifurcated spinoprezygapophyseal 
lamina; cap (CAP), capitulum; cdf (CDF), centrodiapophyseal fossa; 
cpaf (CPAF), centroparapophyseal fossa; cpof (CPOF), centropost
zygapophyseal fossa; cpol (CPOL), centropostzygapophyseal lamina; 
cprf (CPRF), centroprezygapophyseal fossa; cprl (CPRL), centropre
zygapophyseal lamina; Cv, cervical vertebra; D, dorsal vertebra; eprl 
(EPRL), epipophyseal-prezygapophyseal lamina; h.l (H.L), horizon
tal lamina; h.a.s (H.A.S), horizontal accessory strut; h.r (H.R), hor
izontal accessory ridge; l.cpol (L.CPOL), lateral 
centropostzygapophyseal lamina; l.sdf (L.SDF), lower spinodiapo
physeal fossa; l.spol (L.SPOL), lateral spinopostzygapophyseal 
lamina; m.cpol (M.CPOL), medial centropostzygapophyseal 
lamina; m.spdl (M.SPDL), middle spinodiapophyseal lamina; m. 
spol (M.SPOL), medial spinopostzygapophyseal lamina; mp (MP), 
metapophysis; mt (MT), median tubercle; o.l (O.L), oblique lamina; 
o.r (O.R), oblique accessory ridge; pa (PA), parapophysis; pacdf 
(PACDF), parapophyseal centrodiapophyseal fossa; pacprf 
(PACPRF), parapophyseal centroprezygapophyseal fossa; pcdl 
(PCDL), posterior centrodiapophyseal lamina; pcpl (PCPL), poster
ior centroparapophyseal lamina; pf(PF), pneumatic fossa; pl(PL), 

pleurocoel; pml (PML), posterior midline lamina; pocdf (POCDF), 
postzygapophyseal centrodiapophyseal fossa; podl (PODL), postzy
godiapophyseal lamina; poz (POZ), postzygapophysis; ppdl (PPDL), 
paradiapophyseal lamina; prcdf (PRCDF), prezygapophyseal centro
diapophyseal fossa; prdl (PRDL), prezygodiapophyseal lamina; prpl 
(PRPL), prezygoparapophyseal lamina; prz (PRZ), prezygapophysis; 
prz.p (PRZ.P), pits on dorsal surface of prezygapophysis; prpadf 
(PRPADF), prezygapophyseal paradiapophyseal fossa; p.spdl (P. 
SPDL) posterior spinodiapophyseal lamina; s (S), sacral vertebra; s. 
c (S.C), secondary crest; sdf (SDF), spinodiapophyseal fossa; sp (SP), 
neural spine; spdl (SPDL), spinodiapophyseal lamina; spof (SPOF), 
spinopostzygapophyseal fossa; spol (SPOL), spinopostzygapophyseal 
lamina; spol-f (SPOL-F), spinopostzygapophyseal lamina fossa; sprf 
(SPRF), spinoprezygapophyseal fossa; sprl (SPRL), spinoprezygapo
physeal lamina; tlp (TLP), triangular lateral process; t.p (T.P), trans
verse precess; tprl (TPRL), intraprezygapophyseal lamina; tpol 
(TPOL), intrapostzygapophyseal lamina; tub (TUB), tuberculum; u. 
sdf (U.SDF), upper spinodiapophyseal fossa; v.r (V.R), vertical sec
ondary ridge.
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