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ABSTRACT

Neosauropods were the dominant sauropod clade with a global distribution as early as
the Late Jurassic. However, its distribution and biogeography in the Middle Jurassic
are unclear due to the paucity of phylogenetic evidence for neosauropod taxa of this
age. In China, the only reported Middle Jurassic neosauropod, the diplodocoid, has
challenged the traditional East Asian Isolation Hypothesis for dinosaur
paleobiogeography. Here, based on phylogenetic analysis inciuding Dashanpusaurus
dongi from the early Middle Jurassic of southwest Chi'ia, /e demonstrate that this
taxon represents the earliest diverging macronaria.i .= well as the stratigraphically
lowest neosauropod globally. Our biogeograr.:.:< analysis together with other
geological evidence further indicates t'ia. necsauropods achieved a global distribution

at least in the early Middle Jurass.~ while Pangaea was still a coherent landmass.

Keywords: Sauropoda; Ma.onaria; Pangaea; Biogeography; Middle Jurassic; Lower

Shaximiao Formatior,

1. Introduction

Sauropods were globally distributed gigantic herbivorous dinosaurs that dominated
many Jurassic and Cretaceous terrestrial faunas (Upchurch et al., 2004). However,
several aspects of the evolution of sauropods remain poorly understood, such as the

origin of Neosauropoda and the early diversification of its major groups



(Diplodocoidea and Macronaria) (Xu et al., 2018). Nevertheless, in recent years,
significant progress has been made in our understanding of Jurassic sauropod
diversification and biogeography in East Asia (e.g. Xu et al., 2018; Mannion et al.,
2019). For example, the origination times of major neosauropod clades and their
existence in East Asia are far earlier than previously realized, although sampling
biases make the diversity still cryptic (Xu et al., 2018); whi’e the predominantly East
Asian non-neosauropodan clade, Mamenchisauridae, trad tion illy thought to
constitute endemic radiations has been reported not <nly cxists in East Asia during the
Middle Jurassic (Mannion et al., 2019; Moore et ai., ~020). These advances encourage
and urge us to revisit Middle Jurassic materic’< that were previously discovered, such
as those from the Zigong Dashanpu qu2'ry in southwest China.

Dashanpusaurus dongi was firs. reported as a camarasaurid sauropod by Peng et al.
(2005). Its horizon is situated at the base of the Lower Shaximiao Formation. Here,
we re-examine the anatcmy f its materials and include it in phylogenetic analysis for
the first time. We uomuistrate that it is, to our knowledge, the earliest diverging
macronarian as well as the earliest known neosauropod by geological age. Our
biogeographic analysis including this discovery further calibrates the timing of
neosauropod diversification and undermines the Jurassic East Asian Isolation

Hypothesis (EAIH).



2. Materials and Methods

Materials.

The two specimens assigned to this taxon include the holotype (ZDM 5028) and the
paratype (ZDM 5027). The two partly articulated skeletons derive from a single
locality (Dashanpu quarry) in the Lower Shaximiao Formation of Zigong, southern
Sichuan, China. The holotype (ZDM5028) of the taxon is i1~ wding near complete
middle-posterior cervical to posterior caudal vertebrae, 1=t. **:1a, ilium, pubis, femur,
and tibia. By contrast, the paratype (ZDM 5027) inciu-es four anterior cervical
vertebrae, a nearly complete dorsal series, left hv.nerc3, and radius.

Phylogenetic analysis. We have scored th.. two specimen-level operational
taxonomic units (OTUs) and ‘Dashanpu.~urus Total’, for the data matrix of Ren et al.
(2020) (Supplementary Data (SL') 2 .o 5). The original version of this matrix
comprises 386 characters score for 76 sauropodomorph taxa. We have chosen to use
this matrix as the mair na:2<et based on the matrix of Xu et al. (2018), which is the
up-to-date version o1 “he series of datasets produced by Carballido and colleagues,
and includes scores for many Middle-Late Jurassic neosauropods (e.g. Middle
Jurassic Lingwulong from China), and many mamenchisaurids (e.g. Omeisaurus
tianfuensis, and Mamenchisaurus youngi). Furthermore, this dataset is suitable for our
study because it samples a phylogenetically and spatiotemporally wide array of
sauropodomorph taxa, and thus gives Dashanpusaurus the freedom to cluster

anywhere within known sauropod diversity. Nine taxa were added to the matrix



(including Dashanpusaurus dongi, Atlasaurus imelakei, Lourinhasaurus
alenquerensis, Omeisaurus puxiani, Spinophorosaurus nigerensis, Wamweracaudia
keranjei, Rhoetosaurus brownei, Aragosaurus ischiaticus, and Janenschia robusta),
with 386 original characters plus 14 new characters. Coding of the characters for these
taxa is based on an extensive review of the literature (e.g. Longman, 1926; Monbaron
et al., 1999; Bonaparte et al., 2000; Remes et al., 2009; Carudo et al., 2012; Nair and
Salisbury, 2012; Mocho et al., 2014; Royo-Torres et al., 2 114; Mannion et al., 2019;
Vidal et al., 2020), as well as our personal observatir.ns.

Phylogenetic analyses were carried out in TNT v. .5 (Goloboff et al., 2008) (SD
2-5). Equal weights parsimony (EWP) and e~ erded implied weighting (EIW)
analyses are employed in the phyloge:.~.ic analysis. For extended implied weighting
analyses, we used a concavity co:..*an. (K) of 12 (referred to Moore et al., 2020). The
New Technology Search was ~ophed first, 50 search replications were used as a
starting point for each Fkt, ar d with the consensus stabilized 10 times, using random
and constraint secw via. searches under default settings, five ratchet iterations, and five
rounds of tree fusing per replicate (‘xmult=replications 50 hits 10 css rss ratchet 5
fuse 5°). The resulting MPTs were then used as the starting trees for a Traditional
Search using TBR. The support for each node in the trees was assessed in TNT using
GC values generated via symmetric resampling, based on 5000 replicates. The latter
analyses used the Traditional Search option with TBR. Character mapping was carried

out in Mesquite version 2.75 (Maddison and Maddison, 2011).



Biogeographic analysis. The biogeographic analyses in this study have generally
followed the operation of Xu et al. (2018). We added some ‘new’ taxa and revised
some taxon ages. The 84 taxa in the agreement subtree have been dated generally
using the data of Xu et al., (2018). The taxon ages of the original literature were
derived from the Paleobiology Database (https://www.paleobiodb.org/) and
Fossilworks Database (http://fossilworks.org/?a=home), as "vell as the primary
literature. The ages of several Jurassic stratigraphic units rom China are in a state of
flux. Indeed, this is the case for the Shaximiao Form:tio... Wang et al. (2018) recently
dated it as Oxfordian, rather than the Middle Jurass.~ (Bajocian-Callovian) age, which
had been the traditional consensus for a lorig “‘e (e.g. Zhang et al., 1976; Chen et al.,
1982; Shen, 2003, 2004, 2010; Liao €. =.., 2014). Although our taxon ages are
generally dated from the latest litc. ~tu, 2, in this case, our ages differ from Wang et al.
(2018), so we use our data i\ *his study. Here, the added taxa, such as Yuanmousaurus,
from the Middle Jurassi~ Zh-.ing Formation (Aalenian-Callovian) of Southwest China,
are known from u sy, specimen from a single horizon, so their range of First
Appearance Datum (FAD) and Last Appearance Datum (LAD) values lack temporal
resolution rather than a stratigraphic range. Thus, these taxa were given midpoint ages,
as in other recent studies (e.g. Xu et al., 2018; Mannion et al., 2019). The revised taxa
include multiple specimens from a single horizon, such as Lingwulong, the
bone-bearing stratigraphic unit is revised from Yan’an Formation to Zhiluo Formation,

making the stratigraphic age for the quarries revised from early Middle Jurassic



(Aalenian) to middle-late Middle Jurassic (Bathonian-Callovian) according to the
newest literature (You et al., 2019), are given midpoint ages for the FAD and LAD.
Some monophyletic taxa, such as Omeisaurus, are known from multiple specimens at
several stratigraphic horizons, are divided as separate OTUs and given a stratigraphic
range and so have different FAD and LAD. The added and revised taxon ages listed in
this study referring the 2020 version of the International Ccmmission on Stratigraphy
Chronostratigraphic Chart (Cohen et al., 2013). The FAD.'. L+ .Ds, and midpoint ages
for the 84 taxa used in the biogeographic analysis ar< givail in Supplementary Data
10.

We used the R package BioGeoBEARS (s. > #:s0: Gorscak and O’Connor, 2016;
Poropat et al., 2016; Xu et al., 2018; 1v*=.1nion et al., 2019) to analyze the
biogeographic history of sauropca. to estimate the areas occupied at ancestral nodes
(see Supplementary Data 16 :r Kk script). These analyses require a fully resolved and
dated phylogenetic topc'ogy (see Supplementary Data 9). Iterative PCR was used in
TNT to identify un.*au.c OTUs. We get the unstable OTU (Calcareo Diplodocid) in
this study, then we removed this unit to get a fully resolved topology. This taxon was
dated using the Paleobiology Database (https://paleobiodb.org/), with modifications
based on the primary and recent literature. All taxon ages were converted into
absolute ages, using the 2020 version of the International Commission on Stratigraphy
Chronostratigraphic Chart (https://www.iugs.org/ics). The EWP was calibrated against

time using the R package strap (Bell and Lloyd, 2015), via the Date Phylo command.



The root length was set at 5 million years, and adjacent zero-length branches were
distributed using the ‘equal’ method (see also: Brusatte et al., 2008). BioGeoBEARS
uses Maximum Likelihood to enable ancestral area estimation (Matzke, 2013, 2014).
Six different models (DEC, DEC+J, DIVALIKE, DIVALIKE+], BAYAREALIKE,
and BAYAREALIKE+]. DEC and DIVALIKE) of how the geographic ranges
occupied by ancestors and lineages might evolve on a tree 7re implemented. These
models allow different forms of vicariance to occur at noc es, \ /hereas
BAYAREALIKE disallows vicariance, and instead consu wins daughter lineages to
inherit the range of their immediate ancestor (Matz.=, 2013). The +J versions of each
model share the same properties as their ncn- !yversions, except that the former also
allows founder-event speciation to oc.' " at ancestral nodes (i.e. long-distance
geodispersal). Log-likelihood ratic *tes.s and AIC values are then used to determine
which of these models best f..< the data. In this study, we allowed each ancestor to
occupy up to the full eight g-ographic areas available. We ran two analyses, using the
relaxed and harsti v ~rsicas of our dispersal multiplier matrices applied to the dated
EWP agreement subtrees. BioGeoBEARS was run in R version 3.2.3 (R Core

Development Team, 2015), and the script used is presented in Supplementary Data 16.
Anatomical abbreviations

AL, accessory lamina contacting the perzygodiapophyseal lamina and
paraodiapophyseal lamina; ap, accessory process; CPRL, centroprezygapophyseal
lamina; di, diapophysis; dpc, deltopectoral crest; EPRL,

epipophyseal-prezygapophyseal lamina; IE, internal excavation; Ic, lateral condyle;



mc, medial condyle; nsp, neural spine; pa, parapophysis; PCDL, posterior
centrodiapophyseal lamina; pf, lateral pneumatic fossa; PODL, postzygodiapophyseal
lamina; poz, postzygapophysis; PRDL, prezygodiapophyseal lamina; prz,
prezygapophysis; SPRL, spinoprezygapophyseal lamina.

Other abbreviations

Aal, Aalenian; AF, Asia - Africa; AN, Asia - North Americ~; AS, Asia - South
America; AFN, Asia - Africa - North America; ANS, Asic Nc 'th America - South
America; AS, Asia - South America; Baj, Bajocian; 3ay, Hathonian; Cal, Callovian;
Fm., Formation; MRCA, the most common anceswc”. OTU, operational taxonomic

unit; SD, Supplementary Data.

3. Results

3.1 Systematic paleontoiuv
Sauropoda Marsh, 1878
Neosauropoda Bonaparte, 1986
Macronaria Wilson and Sereno, 1998
Dashanpusaurus dongi Peng, Ye, Gao, Shu et Jiang, 2005
Locality and horizon
The specimens were excavated in Dashanpu Town, Zigong City, Sichuan Province,

Southwest China (Fig. 1). They were recovered from purplish-red silty mudstones,



situated at the bottom of the Lower Shaximiao Formation. Traditionally, the Lower
Shaximiao Formation is generally considered to have been deposited in Middle
Jurassic (e.g. CCMSPSB, 1982; BGMRSP, 1997; Wang et al., 2010). Some
invertebrate fossil records (e.g. conchostracans) are indicative of a (potentially
Bajocian to Bathonian) middle Middle Jurassic age (Zhang et al., 1976; Chen et al.,
1982; Shen, 2003, 2004, 2010; Liao et al., 2014). However obtained radiometric
constraints for this formation represent another scenario. I'revidus electron spin
resonance (ESR) dating results in the age of the Lowv2r . Jpper Shaximiao
Formations were interpreted as 178 to 167 Ma (Z0:.> and Shi, 1997; Guo et al., 2000).
Then, a series of detrital zircon U-Pb geoc”ire 0’ogy for the Lower Shaximiao
Formation yielded 163 + 3 Ma (the yu.'r.gest single zircon age), 160 + 4 Ma, and 158
+ 7 Ma (weighted average age of . = youngest subpopulation) (Li et al., 2010; Luo et
al., 2014; Qian et al., 2016; \'.'ang et al., 2018). In especially, Wang et al. (2018)
reported the youngest irducu vely coupled plasma-mass spectrometry (ICP-MS)
detrital zircon U- rv. ayc (0r the Shunosaurus-Omeisaurus-bearing units from Lower
Shaximiao Formation is 159 + 2 Ma, as the maximum depositional age. Additionally,
a new zircon LA-ICP-MS U-Pb ages from interbedded tuffaceous siltstone collected
beneath the fossil-bearing layers of Yunyang Dinosaur Fauna in northeastern
Chongging (northeastern Sichuan Basin), zircon U-Pb geochronology yielded a
maximum depositional age of 166.0 + 1.5 Ma (late Middle Jurassic) (Zhou et al.,

2021). These geochronological data show that increasing amounts of radiometric



dating evidence support a late Middle Jurassic to Late Jurassic depositional age for
this formation. However, the plant assemblage in this formation consists of
Neocalamites-Coniopteris from the early Middle Jurassic era and further correlates
with the regional fossil-bearing stratigraphic comparison (Yang, 1987; Deng et al.,
2017; Xin et al., 2018). In general, the exact age for this formation is still
controversial.

In this study, we resampled sandstones from the lowest of tt e Lower Shaximiao
Formation near the quarry of Dashanpusaurus dongt spe.:mens in the Zigong
Dinosaur Museum. A total of 107 zircon grains wiu: <uhedral morphologies and
oscillatory zoning patterns were selected for (e 'J-Pb dating. The U-Pb dating is
conducted using an Agilent 7500 ICF- /5 with an ESI NWR 193-nm laser ablation
system in CDUT, following the r.c*hodology described by Zhang et al. (2019). The
youngest age for the zircon scmple is 166.0 + 1.59 Ma, and weighed average ages of
the youngest subpopula‘ion .ader the constraints of 16 and 2c are 170.9 + 0.64 Ma
and 169.9 + 0.63 .~ (Cupplementary figure 1). The maximum confidence age of
169.9 £ 0.63 Ma was selected as the final result. In general, we suggest the age of the
bottom of the Lower Shaximiao Formation in Dashanpu is possibly equal to/ earlier
than 170 Ma (earliest Bajocian), and we provisionally suggest the age of
Dashanpusaurus dongi could be as early as the earliest Bajocian (see Supplementary
data 1 and 6).

Diagnosis



Revised autapomorphies: neural canals are sub-square in anterior dorsal vertebrae;
a thin accessory lamina connects prezygodiapophyseal lamina and paradiapophyseal
lamina, forming an angle of approximately 75° to the horizontal in middle dorsal
vertebrae; four longitudinal ridges on the anterodistal margin of the humerus (Fig. 2).
Detailed monographic description of Dashanpusaurus is prepared in another article
(Ren et al., 2022).
3.2 Phylogenetic analyses

Our equal weights parsimony (EWP) analysis of t'e n...un dataset (SD2-5) resulted
in 3 most parsimonious trees (MPTs) with a length ~f 1387 steps (consistency
index=0.340; retention index=0.687). The “e. 'lt as a strict consensus is generally
well-resolved, and Dashanpusaurus uorgi was recovered within Neosauropoda as a
basal member of Macronaria. Ne._~uigpoda is supported by four unambiguous
synapomorphies (‘0’ to ‘1’ fo. characters 96, 139, and 225; ‘0’ to ‘2’ for character
106). Macronaria is sugortcJ by nine unambiguous synapomorphies (‘0’ to ‘1 for
characters 162, 23¢, 2¢C, 387, and 390; ‘1’ to ‘0’ for 136, and 393; ‘1’ to ‘2’ for
character 116; ‘2’ to ‘1’ for character 394), and Dashanpusaurus dongi shares all the
characters (height divided by width of the cervical posterior articular surface is
between 0.9 and 0.7 (ch. 116); dorsal transverse processes are directed laterally or
slightly upwards (ch. 136); transverse section of middle and posterior dorsal centra is
slightly dorsoventrally compressed (ch. 162); acromion process lies nearly at

midpoint of the acromion (ch. 238); length of puboischial contact is about the half



total length of pubis (ch. 288); mediolateral width of posterior articular face to
dorsoventral height ratio on the middle to posterior dorsal centra is 1.0 or greater (ch.
387); scapular acromion situated posterior to the acromial ridge forms a separate
excavated area (ch. 390); neural spine minimums width/length of anterior dorsal
vertebrae is 0.50 or greater (ch. 393); neural spine length of anterior dorsal vertebrae
slightly higher than the centrum (ch. 394). Then, the subsecuently extended implied
weighting (EIW) analysis resulted in 3 MPTs with a lengt of 56.07553 steps
(consistency index=0.340; retention index=0.687). I*. ou, =IW analysis,
Dashanpusaurus dongi is situated at the basalmost .=ember of Macronaria and
supported by nine unambiguous character sh. 20:s, the character of which are similar
to that in EWP analysis.

Additionally, three non-Asian Z.~au’opod taxa (Australian Rhoetosaurus, African
Spinophorosaurus and Wamv. ~racaudia) were recovered within Mamenchisauridae in
our EWP and EIW anal ses [~ig. 3), and the mamenchisaurid clade is supported by
eight unambiguc.ds ~vi..pomorphies (‘0’ to ‘1 for characters 112, 198, 376, and 392;
‘1’ to ‘0’ for characters 125, 227, 305, and 377). Therein, Spinophorosaurus is
situated as the basal-most of the mamenchisaurid clade, and is supported by all the
eight characters: the ventral surface of cervical centra is transversely concave (ch.
112); the height of the neural arch of middle cervical vertebrae is less than the height
of the posterior articular surface (ch. 125); transverse processes of anterior caudal

neural spines are ‘wing-like’ shaped, not tapering distally (ch. 198); chevrons



persisting throughout at least 80% of the tail (ch. 227); transverse breadth of femoral
distal condyles is subequal (ch. 305); two accessory processes on the anterodistal end
of the humerus (ch. 376); medial accessory process from the humeral anterodistal end
is more robust than the lateral one (ch. 377); parapophyses of middle and posterior
cervical vertebrae are anteroposteriorly elongated (ch. 392). The clade (Rhoetosaurus
+ other mamenchisaurids) is supported by two unambiguov s synapomorphies (‘0’ to
‘1’ for character 116; ‘1’ to ‘0’ for character 161): height civia:d by the width of
cervical vertebrae is around 1.0 (ch. 116); posterior r 2nu parapophyseal lamina
(PCPL) of middle and posterior dorsal neural arche: s absent (ch. 161).
Wamweracaudia is resolved as the sister texc.* t, Mamenchisaurus youngi, supported
by one unambiguous synapomorphy: . »~.rphology of articular surfaces in proximal
caudal vertebral bodies is medio'..~raily compressed (ch. 378).
3.3 Biogeographic analyses

The results of the log like :hood ratio test and AIC values in both harsh and relaxed
EWP analyses ar¢ .vesciited in Table 1. In both two analyses, the log-likelihood ratio
tests in our biogeographic analysis indicate the +J versions of the biogeographic
models are strongly significantly, better fitting the data than other non +J versions
(p-values range from 6.4°° to 8.7°°%) (SD7-17). Furthermore, the AIC values for
BAYAREALIKE + J are 11.2 (harsh) and 12.8 (relaxed) units lower than the next
best-supported model (i.e., DEC+J) (Table. 1). It indicates that the BAYAREALIKE +

J model can be regarded as strongly outperforming the other five models (Burnham



and Anderson, 2002). These results further indicate that the biogeographic history of
the sauropods in this study is best explained in terms of a mix of sympatry (because
the BAYAREALIKE + J model only allows range duplication when cladogenesis
occurs), early occurrences of widespread ancestral stocks followed by regional
extinction, and founder-event speciation (Matzke, 2013, 2014). The lack of support
for DEC, DIVALIKE, and the other five models also means that the data provide no
clear evidence for continent-scale vicariance (See also: X t et (l., 2018; Mannion et al.,
2019). Although this may indicate the true biogeograahi. process controlling the
distributions of sauropods, it is possible that sampi.>7 biases, incorrect phylogenetic
topology, and/ or errors in the dating of cledc ter.etic and palaeogeographic events,
have obscured any evidence for vicarn>ce signals. The ancestral area estimations for
the best-supported models, i.e. B X /ArEALIKE+] for the relaxed and harsh EWP, are
shown in Supplementary Daw 15-i7.

The ancestral area es:imauons for the relaxed and harsh BAYAREALIKE+] results
are generally sima.- a.& are identical for the key selected nodes discussed below.
According to these results, the most probable areas occupied by the most recent
common ancestors (MRCAS) for the following clades are Asia + Africa
(Mamenchisauridae), Asia + North America (Neosauropoda, Diplodocoidea, and
Macronaria), and Asia + South America (Lingwulong + later-diverging
dicraeosaurids). Following the previous reasoning (e.g. Poropat et al., 2016; Xu et al.,

2018; Mannion et al., 2019), we propose that these estimations indicate only part of



areas occupied by the ancestral stocks, which in reality would have been widespread
across Pangaea (instead of those anomalously discrete area reconstructions) by the
Middle Jurassic, but sampling failures or phylogenetic results with low resolution

could make those areas not shown in the ancestral area estimations.

4. Discussion

The East Asian Isolation Hypothesis (EAIH) has previcus: ' been the most accepted
explanation to interpret the distinct difference between Eas. Asian and other Pangaean
terrestrial faunal lineages during the Jurassic to E~rly Cretaceous in the last three
decades (e.g. Russell, 1993; Wilson and Upchr.rch, 2009; Mannion et al., 2011). This
paradigm suggests the isolation of A<.a r¢sulted in the evolution of some endemic
groups such as mamenchisaurid sau, "oods, and the absence of many sauropod
lineages (e.g. diplodocoid) in cat Asia during the Jurassic. This hypothesis, however,
is debated, given that some au.hors considered the supporting evidence to be biased,
such as Laurasia/rasi>rn sasia might have been a center of diversification for dinosaur
some clades (e.g. Manabe et al., 2000), the low species richness of Late Jurassic Asian
sauropods may be attributed to a smaller number of fossiliferous terrestrial localities
(e.g. Xing et al., 2015). Furthermore, two recent studies convincingly challenged this
hypothesis (Xu et al., 2018; Mannion et al., 2019), especially the discovery of
dicraeosaurid Lingwulong from the middle/late Middle Jurassic (Bathonian-Callovian)

(the horizon was revised from Yan’an Fm. to Zhiluo Fm. (Bathonian-early Oxfordian)



(You et al., 2019)). Our study further shows the existence of macronarian
Dashanpusaurus in the early Middle Jurassic (early Bajocian). Moreover, together
with the later-diverging diplodocoid Lingwulong, these records strongly indicate
neosauropods potentially possessed a relatively high diversity in Middle Jurassic East
Asia. Moreover, another two macronarians are also known in Late Jurassic East Asia
(Bellusaurus, though some phylogenetic results propose it rutside Neosauropoda;
Daanosaurus, phylogenetically recovered as a macronaric n). tesides,
Wamweracaudia from Late Jurassic Africa was reco:ereu as a sister taxon of
Mamenchisaurus youngi, reflecting the mamenchiscirids might not have been
endemic to East Asia.

In our EWP and EIW analyses, Aus:*dian Rhoetosaurus, African Spinophorosaurus,
and Wamweracaudia are recover.. in \ne mamenchisaurid clade. Our biogeographic
analyses using the Maximun, '.ikeiihood R Package BioGeoBEARS (SD9-19) show
the most recent commoe: anccstor (MRCA) in both harsh and relaxed EWP analyses
of members of Mai~anciiasauridae is present in Africa and Asia. These ancestral area
estimations furtherly suggest a more widespread distribution for the mamenchisaurid
clade, rather than an endemic lineage (see also: Mannion et al., 2019). Although the
estimations do not provide a clear indication for the center of the origin of
mamenchisaurids, these indicate that this clade had become widespread across Asia,
and Africa during the late Early to Middle Jurassic. Laurasia and Gondwana

disconnected during the late Middle to Late Jurassic (e.g. Mannion et al., 2019), and



mamenchisaurids should have become widespread earlier than Bajocian. In short, our
study further undermines the EAIH. Wilson and Upchurch (2009) suggested that a
disbanded endemic East Asian clade (in this case, Euhelopodidae, a monophyletic
clade including Euhelopus, Omeisaurus, Mamenchisaurus, and Shunosaurus) can
provide more, not less, evidence for the EAIH (Wilson and Upchurch, 2009), though
they also pointed out that whether the breakdown of Euhelcpodidae has weakened or
strengthened support for vicariance is uncertain pending f irthe r quantitative
biogeographic analysis. D’Emic (2012) defined the * uhciupodidae (including six
Eary-Middle Cretaceous East Asian genera), but thc miiembers or even the existence of
this group is still controversial (e.g. Carbaliiu * < al., 2013; Xing et al., 2015; Ren et
al., 2018; Mannion et al., 2019a, 201y Moore et al., 2020; Upchurch et al., 2021).
However, Poropat et al. (2022) s'.y,es. the similarity of the teeth between Euhelopus
and multiple other Lower Cr.*acevus materials in China may partly support the notion
of the endemic Asian c!~de. ~\Ithough it differs from the clade that has been
phylogenetically suouied by Moore et al. (2020) with the varied position of
Euhelopus, these hypotheses appear to support a unique sauropod group in East Asia
during Late Jurassic to Early Cretaceous. Therefore, our biogeographic analysis
provides a quantitative result supporting the hypothesis that neosauropods, including
both macronarians and several diplodocoid lineages, were present in East Asia during
the Middle and Late Jurassic. The direct body fossil evidence for this comes from the

Middle Jurassic taxa (Dashanpusaurus and Lingwulong) and early Late Jurassic



Bellusaurus (Mo, 2013). This result significantly undermines the EAIH and its
corollaries relating to invasion by titanosauriforms during the Cretaceous in
association with marine regressions. We advocate the modified EAIH by previous
researchers (e.g. Xu et al., 2018; Mannion et al., 2019) and further propose that the
lack of Asian Late Jurassic titanosauriform records and the flourishing of Late
Jurassic mamenchisaurids may indicate the vicariance was robably still relatively
intense at least before the Early Cretaceous titanosauriforins tt rnover.

The origin and early diversification of Neosaurop- da . one of the most
controversial topics in the evolution of Sauropoda \(Mu et al., 2018; Mannion et al.,
2019). Middle Jurassic faunas are dominat:a v a1on-neosauropodan eusauropods
globally, with few neosauropod recoru~ (Fig. 4). Phylogenetic analyses position the
Middle Jurassic Africa Atlasaurt’s ~s u.e ‘basal’-most member of either
Diplodocoidea or Macronari.. ‘e.g. Moore et al., 2020), or recovered it outside of
Neosauropoda (e.g. Upchurdi et al., 2015). As noted above, Dashanpusaurus is a
macronarian in Eqy>ci. of China and is potential the stratigraphically lowest
neosauropod to date. Besides these, records of putative Early to Middle Jurassic
neosauropod fragmentary materials have been reported, such as those in Toarcian
Patagonia, Callovian UK and the European part of Russia (Carballido et al., 2017,
Holwerda et al., 2019; Averianov and Zverkov, 2020). The putative titanosauriform
tooth in the former report potentially indicates the origin and earliest diversity of

Neosauropoda during the late Early-Middle Jurassic, and the putative Callovian



neosauropod materials in the later reports further supporting neosauropod early
diversification and related dispersal events. Additionally, the sea level was globally
low throughout almost the entire Middle Jurassic until the disconnection of Laurasia
and Gondwana (Poropat et al., 2016; Haq, 2017). It echoes with vast tectonic and
sedimentological evidence such as widespread emergence, erosion, and localized
deposition in the early Middle Jurassic of Europe (Zaton et al., 2006; Zaton and
Taylor, 2009; Nielsen et al., 2010; Cortés and Gomez, 20.8; z>hdi et al., 2021), as
well as changes in invertebrate diversity patterns (e.2.. M cinowski and Gasinski,
2002; Ruban, 2007; Zaton, 2011; Jain and Abdelha"-, 2020). This spurred the
development of large epicontinental basins a, 1~.d Pangaea (Dercourt et al., 1994). To
a certain extent, the availability of noi. riarine environments has historically been
understood to be the main deterr...>an. for biological diversification, dispersion, and
adaptive radiation (e.g. Tiss v~ al., 2019). It seems logical to assume the globally low
sea level created the no~-ma. ine environment boosts for possibly well-developed
sauropod radiaticn {e.y. iNeosauropoda) would have occurred in the Northern Pangea
in or before Middle Jurassic. Because neosauropods were already highly diverse
during the Middle Jurassic, the timing of their origin and initial diversification could
be as early as the late Early Jurassic.

The MRCA of the neosauropod clade in both harsh and relaxed EWP analyses was
hypothesized to have lived in Asia or North America. This indicates that clade

probably originated in the early Middle Jurassic, and supports a widespread dispersal



event before the disconnection between Laurasia and Gondwana as part of the
near-global expansion of Neosauropoda in the Late Jurassic (Fig. 4). It also implies
that neosauropods became widespread and diverse in Middle Jurassic, partly

reflecting an increasing shift to habitats and niche differentiation (e.g. coexistence
among Dashanpusaurus and other non-neosauropodan sauropods with prominent size
diversification and morphologic difference). Variations of s'wull features and

associated inferences (e.g. cranial robustness and occlusal rela:ionships of skull
anatomy; tooth wear pattern; dietary preferences; sn‘ ut s..ape and dental microwear
for the feeding strategy; neck length for the browsi = neight ) among different
sauropod species have been used to indicat2 , ‘ct.e partitioning and different resource
use strategies (e.g. Whitlock, 2011; "% .nic, 2012, 2013; Wilkinson and Ruxton, 2013;
Button et al., 2014, 2017; Manni~. ot ol., 2013, 2021). Within the Lower Shaximiao
Formation of Dashanpu, theic weire typically six sauropod dinosaur genera living in
sympatry at any time (C'ong ct al., 1983; Dong and Tang, 1984; He et al., 1988; Zhang,
1988; Ouyang, 142" 1<uang, 2004; Peng et al., 2005; Jiang et al., 2011). At least two
different types of body plans in Dashanpu sauropods: the long-neck species (e.qg.
Omeisaurus tianfuensis; O. Jiaoi) and short-neck species (e.g. Shunosaurus lii;
Dashanpusaurus dongi), may indicate different browsing height. Although the teeth

of Dashanpu sauropods share with spoon-shaped crown, three morphological types of
teeth could be distinguished least: spatulate, narrow-crowned (e.g. Shunosaurus lii);

spatulate, broad-crowned teeth (e.g. Omeisaurus tianfuensis); much robust,



broad-crowned teeth (e.g. Datousaurus bashanensis) and its potentially distinct
implications for food intake. Their morphological and body-size variations may
explain the coexistence of these animals and high niche differentiation from the same
fossil quarry (SD1, Supplementary figures 3-6). In contrast to the low sauropod
diversity in the late Early Jurassic of East Asia, this high niche partitioning hypothesis
could be a mechanism driving the diversification of the Dashanpu Middle Jurassic
sauropod fauna.

Based on the global and temporal distribution, it \»ouiu appear that
non-titanosauriform macronarians may have a Lau >~@n and potentially an East Asian
origin (Fig. 5). Despite the occasional phy'ay, ‘n«iic disagreement,
non-titanosauriform macronarians (e.y, *ae phylogenetic position of Bellusaurus in
Mannion et al. (2019) and this pro1), appear to have a nearly global distribution from
Middle Jurassic to Early Cre.>ceous (Fig. 4). Except for the Bajocian
Dashanpusaurus from Chine, other macronarian taxa are from Late Jurassic to Early
Cretaceous Asia, £.vo,2, North America, and Africa. However, Moser et al. (2006)
claimed to have fragmentary camarasaurid-like material from the Bajocian of India,
and Atlasaurus is occasionally positioned as the early-diverging macronarian
(Bathonian-Callovian) from Morocco (e.g. Woodruff and Foster, 2017). The earliest
macronarian and neosauropod thus far identified is Dashanpusaurus from the Middle
Jurassic (early Bajocian) of China. Macronarians were probably diverse and

widespread as early as the early Middle Jurassic.



In both the harsh and relaxed EWP analyses, the MRCA of
Dashanpusaurus/Camarasaurus and other macronarians is present in Asia and North
America. As noted above, the land connection between the two regions was severed in
the late Middle Jurassic (Poropat et al., 2016). Thus, the close relationship between
Bajocian Dashanpusaurus and Late Jurassic Camarasaurus spp. are currently best
explained as the result of a dispersal event (although a big t‘'me gap between the two
taxa, there is not any more closely related to either taxon ' vas i zported except for the
putative macronarian Atlasaurus from late Middle J'.rass..), as part of the near-global
expansion of early-diverging macronarians during > early Middle and early Late
Jurassic (Fig. 5). The results outlined abov?2 s ‘0rest this clade was assembled through
a diverse and complex series of bioge. 7. aphic events: some non-neosauropodan
eusauropods and early-diverging ..>aswuropods became widespread across a
substantial portion of Pangae. or perhaps globally during the late Early to Middle

Jurassic.

5. Conclusions

Our resolution of Dashanpusaurus dongi within Macronaria pushes its divergence
from Diplodocoidea (within Neosauropoda) back to the early Middle Jurassic. It
further suggests the diversity of neosauropods in the Middle Jurassic was substantially
higher than previously estimated. The dispersal of the major non-neosauropodan

eusauropod and some members of neosauropod lineages occur before the Middle/Late



Jurassic boundary before the fragmentation of Pangaea. The dispersal potentially
occurred regionally and globally during the late Early to Middle Jurassic. Although
the precise origination time for neosauropods is inconclusive, existing pieces of
evidence reinforce that the late Early Jurassic to early Middle Jurassic was a critical
phase in sauropod evolution is potentially high rates of morphology, diversification,

and distribution.
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models applied in the BioGeoBEARS analyses for the equal weights agreement subtree. The



‘Ratio’ in the AIC analyses is the ratio of the AIC weight for the +J version of the same model

(e.g. DEC+J/DEC). An asterisk (*) marks those models that are regarded as best fitting the

data in each analysis.

Ln likelihood ratio AIC Analysis
Analysis Model LnL
D statistic P value AIC AICwt Ratio
DEC -294.8 593.7 1.50e®
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BAYAREALIKE -313.1 630.1 5.00e
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Fig. 1. Geological map si.~wing the Dashanpu dinosaur fauna location, and
generalized stratigraphic scction of Jurassic in Sichuan Basin. Silhouette showing

preserved elements i'1 sk« letal reconstruction.

Fig. 2. Autapomorphies from the dorsal and left humerus materials of
Dashanpusaurus dongi. A and C, D1-2 and D6 in anterior view; B and D, D1-2 and
D6 in lateral view; E and F, left humerus in anterior and distal view. Abbreviations:
AL, accessory lamina contacting the perzygodiapophyseal lamina and
paraodiapophyseal lamina; ap, accessory process; CPRL, centroprezygapophyseal
lamina; di, diapophysis; dpc, deltopectoral crest; EPRL,
epipophyseal-prezygapophyseal lamina; IE, internal excavation; Ic, lateral condyle;

mc, medial condyle; nsp, neural spine; pa, parapophysis; PCDL, posterior



centrodiapophyseal lamina; pf, lateral pneumatic fossa; PODL, postzygodiapophyseal
lamina; poz, postzygapophysis; PRDL, prezygodiapophyseal lamina; prz,
prezygapophysis; SPRL, spinoprezygapophyseal lamina. Scale bars represent 5cm for

a-d and 10cm for e-f.

Fig. 3. Time-calibrated phylogenetic agreement subtree, based on equal weights
analysis of the main dataset. Agreement subtree produced in TNT. Strict consensus of
3 MPTs (TL= 1387 steps) from phylogenetic analysis (87 . xa, 400 characters). The
data matrix follows Ren et al. (2020), with the addition o/ 14 character codings. All
somphospondylans have been combined into a si:qle ‘ineage (See Supplement for the
full version of equal-weights and extende 1 (v plied-weights, and separated OTUs
parsimony analysis results). Abbrev.atirns: AF, Asia - Africa; AN, Asia - North
America; AS, Asia - South America, AFN, Asia - Africa - North America; ANS, Asia,
North America - South Amrenca;, AS, Asia - South America; MRCA, the most
common ancestor. Black-cnloved pie charts represent the possible regions of MRCA
in harsh analysis; W\ ite-,0lored pie charts represent the possible regions of MRCA in

relaxed analysis.

Fig. 4. Paleogeographic reconstruction showing the main Middle Jurassic sauropod
faunas discussed in the text. Palaeogeographic reconstruction of 170Ma from
PALEOMAP (Scotese, 2014). Sauropods in blue represent the non-neosauropodan

eusauropods; sauropods in red represent the macronarian; sauropods in yellow



represent the diplodocoids. Abbreviations: Aal, Aalenian; Baj, Bajocian; Bat,

Bathonian; Cal, Callovian; Fm., Formation.

Fig. 5. Paleogeographic reconstructions at ~170Ma (a) and ~150 Ma (b). A-l (Red,
Macro), locations of Dashanpusaurus (A), Bellusaurus (B), Europasaurus (C),
Aragosaurus (D) and Galveosaurus (E), Lourinhasaurus (F), Camarasaurus (G),
Tehuelchesaurus (H), and Janenschia (I) faunas; J-R Yeho>w, Dipl), locations of
Lingwulong (J), Atlasaurus (K), Haplocanthosaurus (L), Diplodocid (M), Barosaurus
(N), Apatosaurus (O), Suwasswa (P), Brachytrach.'span (Q), and Dicraeosaurus (R)
faunas palaeogeographic reconstruction ¢f Z7°Ma and 150Ma from Ancient Earth

Globe (https://dinosaurpictures.org/ani.nt-earth#170).
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Highlights

e First phylogenetic analysis with the latest datasets confirms that Dashanpusaurus
dongi lies within Neosauropoda (as an early-diverging macronarian) as one of the
earliest neosauropods.

e A new geochronological study on the bottom of the Lower Shaximiao Formation
suggests that the age of Dashanpusaurus dongi belongs to Bajocian.

e Neosauropods may achieved a global distribution at least in the early Middle



Jurassic while Pangaea was still a coherent landmass.
e High niche partitioning might partly explain the mechanisms driving the
diversification of the Dashanpu Middle Jurassic sauropod fauna.
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