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Diplodocoidea is a diverse clade of sauropod dinosaurs that comprises three major lineages: Diplodocidae,
Dicraeosauridae and Rebbachisauridae, with the former two united as Flagellicaudata. There has been a recent spate of
newly described diplodocoid taxa, as well as additional information on existing species. Of particular significance is
Tharosaurus indicus, from the Middle Jurassic of India, which was argued to represent a dicraeosaurid and to
potentially evidence a Gondwanan origin for Flagellicaudata. Here, we critically reappraise the anatomy of Tharosaurus
and use new morphological data to re-evaluate the phylogenetic relationships and biogeographical history of
Diplodocoidea. We incorporated Tharosaurus and 12 diplodocoid operational taxonomic units (OTUs) into the largest
existing character matrix for eusauropods, added new characters, and revised the characters and scores for previously
included OTUs. The final matrix (563 characters scored for 139 OTUs) includes 38 uncontroversial diplodocoids.
Topological results from phylogenetic analyses under maximum parsimony are sensitive to the application of equal
versus extended implied weighting, but consistently agree that Tharosaurus is an indeterminate eusauropod that lacks
diplodocoid synapomorphies. Favouring results produced under extended implied weighting with a concavity constant of
12, we present a revised view of diplodocoid relationships, provide new diagnoses and illustrate synapomorphies of
major clades. The Upper Jurassic Morrison Formation sauropod Haplocanthosaurus is recovered as a non-
diplodocimorph diplodocoid. In contrast with previous analyses, the Middle Jurassic Chinese diplodocoid Lingwulong is
placed as a stem flagellicaudatan, outside of the diplodocid–dicraeosaurid split. We recover a diverse Dicraeosauridae
that includes three Morrison Formation OTUs (Smitanosaurus, Suuwassea, BYU 17096) forming its earliest-branching
members. Phylogenetically more-nested dicraeosaurids are all Late Jurassic–Early Cretaceous Gondwanan taxa, for
which we formally define the clade Dicraeosaurinae. Diplodocidae includes the Morrison Formation taxon Kaatedocus
as an early-diverging member, whilst Tornieria þ Leinkupal forms a phylogenetically nested diplodocine clade. The
Morrison Formation sauropod Amphicoelias is recovered as an early-branching diplodocoid of uncertain affinities, with
equally parsimonious placement as a flagellicaudatan, rebbachisaurid, or non-diplodocimorph diplodocoid. Early-
diverging rebbachisaurids include Gondwana taxa, as well as the earliest Cretaceous UK taxon Xenoposeidon. Within
Khebbashia, Limaysaurinae is restricted to South America, whereas Rebbachisaurinae is present in Europe, North
Africa, and South America. The stratigraphically youngest known flagellicaudatans are from the Barremian, whereas
rebbachisaurids survived until the Turonian or Coniacian. The extinction of diplodocoids appears to have been
spatiotemporally staggered. Our results reinforce the view that Flagellicaudata (and probably also Rebbachisauridae)
likely originated in Laurasia, but the presence of diplodocoids across Eurasia in the Middle Jurassic suggests a
potentially widespread distribution early in their evolutionary history that is likely obscured by sampling failure.
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Introduction

Diplodocoids include some of the most well-known
sauropod dinosaurs, with taxa such as the diplodocids
Brontosaurus and Diplodocus from the Upper Jurassic
Morrison Formation of the USA shaping our earliest
understanding of these megaherbivores (Mannion &
Whitlock, in press; McIntosh, 1990; Tschopp et al.,

2015; Upchurch, Barrett, et al., 2004). As the sister
taxon to Macronaria, Diplodocoidea represents one of
the two lineages of the diverse clade Neosauropoda
(Wilson & Sereno, 1998). Diplodocoidea consists of
three major lineages: Diplodocidae, Dicraeosauridae and
Rebbachisauridae. Early phylogenetic analyses demon-
strated that Diplodocidae is the sister taxon of
Dicraeosauridae (Calvo & Salgado, 1995; Russell &
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Zheng, 1993; Upchurch, 1995, 1998; Wilson & Sereno,
1998), subsequently grouped together as the clade
Flagellicaudata (Harris & Dodson, 2004), which is in
turn the sister taxon of Rebbachisauridae (Wilson,
2002). A small number of taxa from the Morrison
Formation (Haplocanthosaurus spp. and Amphicoelias
altus) are typically recovered as diplodocoids that lie
outside of these three clades (Mannion et al., 2021),
prompting the use of Diplodocimorpha to unite the less
inclusive clade of FlagellicaudataþRebbachisauridae
(Taylor & Naish, 2005). These relationships continue to
be well supported in more recent phylogenetic analyses
that sample a large number of diplodocoids (e.g.
Bellardini et al., 2025; Canudo et al., 2018; Gallina
et al., 2019; Lerzo, Gallina, et al., 2025; Mannion,
Upchurch, Schwarz, et al., 2019; Tschopp & Mateus,
2017; Whitlock & Wilson Mantilla, 2020).
Diplodocids are best known for having had long necks

and tails, even by sauropod standards. As noted above,
diplodocids include some of the earliest-named sauropods
and several members of this clade have a long history of
study (McIntosh, 1990; Upchurch, Barrett, et al., 2004).
Much of known diplodocid diversity comes from the
Morrison Formation, with at least 12 species currently
considered to be valid (Apatosaurus spp., Ardetosaurus
viator, Barosaurus lentus, Brontosaurus spp., Diplodocus
spp., Galeamopus spp., Supersaurus vivianae), although
some of these have only been recognized in recent deca-
des (Mannion et al., 2021; Tschopp et al., 2015; van der
Linden et al., 2024). The presence of this clade outside of
North America was also recognized relatively early in the
history of sauropod study, with the species now known as
Tornieria africana identified in the Upper Jurassic
Tendaguru Formation of Tanzania early in the twentieth
century (Fraas, 1908; Remes, 2006). This distribution was
extended into Europe with the description of
Dinheirosaurus lourinhanensis from the Upper Jurassic
Lourinh~a Formation of Portugal (Bonaparte & Mateus,
1999; Mannion et al., 2012), and into South America
through the discovery of Leinkupal laticauda in the
lowermost Cretaceous Bajada Colorada Formation of
Argentina (Gallina et al., 2014). By contrast with the long
history of study and known diversity of diplodocids,
members of the other two diplodocoid clades remained
poorly known until recent decades.
Rebbachisaurids are perhaps best known for their highly

specialized, lightly constructed skulls, including an anteri-
orly restricted dental battery, as well as their racquet-
shaped scapulae (Calvo & Salgado, 1995; Sereno et al.,
2007). Originally known from a single species,
Rebbachisaurus garasbae, from the lower Upper
Cretaceous Kem Kem Group of Morocco (Lavocat, 1954;
Wilson & Allain, 2015), the diversity of Rebbachisauridae

was expanded through the description of Limaysaurus tes-
sonei (originally described as a species of Rebbachisaurus)
and Rayososaurus agrioensis from the contemporaneous
Candeleros Formation of Argentina (Bonaparte, 1996;
Calvo & Salgado, 1995; Carballido et al., 2010; Salgado
et al., 2004). An additional rebbachisaurid species,
Nigersaurus taqueti, was described from the upper Lower
Cretaceous Elrhaz Formation of Niger (Sereno et al.,
1999), with north African diversity later augmented by the
discovery of Tataouinea hannibalis, from the contemporan-
eous Aïn el Guettar Formation of Tunisia (Fanti et al.,
2013). Numerous additional rebbachisaurid taxa have since
been recognized from Argentina (Apestegu�ıa, 2007;
Bellardini et al., 2023, 2025; Canudo et al., 2018;
Carballido et al., 2012; Gallina & Apestegu�ıa, 2005; Ibiricu
et al., 2013; Lerzo, Gallina, et al., 2025; Lerzo, Torcida
Fern�andez-Baldor, et al., 2025; Salgado et al., 2006, 2022;
Sim�on & Salgado, 2025), emanating from the upper Lower
Cretaceous La Amarga, Lohan Cura and Rayoso forma-
tions (Agustinia ligabuei, Comahuesaurus windhauseni,
Lavocatisaurus agrioensis, Zapalasaurus bonapartei), as
well as the lower Upper Cretaceous Bajo Barreal,
Candeleros, and Huincul formations (Astigmasaura
genuflexa, Campananeyen fragilissimus, Cathartesaura
anaerobica, Cienciargentina sanchezi, Katepensaurus goi-
coecheai, Nopcsaspondylus alarconensis, Sidersaura
marae). Rebbachisaurids have also been described from
Brazil, with Amazonsaurus maranhensis from the upper
Lower Cretaceous Itapecuru Formation (Carvalho et al.,
2003) and Itapeuasaurus cajapioensis from the lower
Upper Cretaceous Alcântara Formation (Lindoso et al.,
2019).
Although part of Europe today, the Lower Cretaceous

deposits of Croatia that yielded the rebbachisaurid
Histriasaurus boscarollii were formed when this was
part of the Afro-Arabian continent (Dalla Vecchia,
1998, 2005). Genuine European rebbachisaurids have
subsequently been recognized, with Demandasaurus
darwini from the upper Lower Cretaceous Castrillo de
la Reina Formation of Spain (Pereda Suberbiola et al.,
2003; Torcida Fern�andez-Baldor et al., 2011) demon-
strating that Rebbachisauridae was not endemic to
Gondwana (see also Mannion, 2009). More recently,
Xenoposeidon proneneukos, from the lowermost
Cretaceous Ashdown Formation of the UK (Taylor &
Naish, 2007), has been interpreted as a rebbachisaurid
(Taylor, 2018), although this has yet to be tested via
phylogenetic analysis. Finally, Carpenter (2018) inter-
preted a drawing of a long-lost specimen from the
Morrison Formation as a rebbachisaurid, erecting
Maraapunisaurus fragillimus. If correct, this would be
the stratigraphically oldest known rebbachisaurid, and
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the only occurrence of this clade currently known from
North America.
Dicraeosaurids are best known for the hyper-elongate,

bifid neural spines that characterize much of their pre-
sacral vertebral column (Gallina et al., 2022; Upchurch,
Barrett, et al., 2004). The first described member of the
group, Dicraeosaurus, was erected for two species (D.
hansemanni and D. sattleri) from the Tendaguru
Formation in the early twentieth century (Janensch,
1914). A second genus, Amargasaurus cazaui, from the
Lower Cretaceous La Amarga Formation of Argentina,
was only described in the last decade of the twentieth
century (Salgado & Bonaparte, 1991). Dicraeosaurid
diversity was expanded through the description of
Brachytrachelopan mesai from the Upper Jurassic
Ca~nad�on Calc�areo Formation of Argentina (Rauhut
et al., 2005), but remained a seemingly endemic
Gondwanan clade until the recognition that Suuwassea
emilieae, from the Upper Jurassic Morrison Formation
of the USA (Harris & Dodson, 2004), was an additional
member of Dicraeosauridae (Salgado et al., 2006;
Whitlock, 2011a). Not only did this demonstrate that
dicraeosaurids had a geographically broader distribution,
but Suuwassea was recovered as the earliest-diverging
member of the group, casting doubt on the clade’s pre-
viously presumed Gondwanan origin (Whitlock, 2011a).
Additional dicraeosaurid taxa have since been recog-
nized from the Morrison (Smitanosaurus agilis, and pos-
sibly Dyslocosaurus polyonychius and Kaatedocus
siberi) and La Amarga formations (Amargatitanis
macni) (Gallina, 2016; Tschopp et al., 2015; Whitlock
& Wilson Mantilla, 2020), along with Bajadasaurus
pronuspinax and Pilmatueia faundezi from the Lower
Cretaceous Bajada Colorada and Mulichinco formations,
respectively, of Argentina (Coria et al., 2019; Gallina
et al., 2019; Windholz et al., 2022).
The discovery of Lingwulong shenqi from the Middle

Jurassic Yanan or Zhiluo Formation of China, recovered
as a dicraeosaurid, extended the spatiotemporal distribu-
tion of the group further (Xu et al., 2018; see You
et al., 2019 regarding stratigraphical provenance). It also
demonstrated that the three main lineages of
Diplodocoidea must have diverged no later than this
time, implying unsampled ghost lineages for
Diplodocidae and Rebbachisauridae, for which the strati-
graphically earliest unequivocal occurrences are
restricted to the Late Jurassic and Early Cretaceous,
respectively (see above). It also supported the view that
diplodocoids had a widespread distribution early in their
evolutionary history (Xu et al., 2018) and provided add-
itional evidence that major divergences in the clade
might not necessarily have occurred in Gondwana
(Mannion, Upchurch, Schwarz, et al., 2019). Recently,

Bajpai et al. (2023) described fragmentary sauropod
remains from the Middle Jurassic of India, then part of
Gondwana, which they identified as a new dicraeo-
saurid, Tharosaurus indicus. This would make it one of
the stratigraphically oldest known members of
Dicraeosauridae, and, by extension, Diplodocoidea, and
potentially challenge existing biogeographical hypothe-
ses pertaining to the radiation of the major neosauropod
lineages.
The recent spate of newly described dicraeosaurid

and rebbachisaurid taxa, coupled with new information
on existing species, means that the phylogenetic interre-
lationships of the two clades are in a state of flux (e.g.
see topologies in Bellardini et al., 2023, 2025; Gallina
et al., 2019; Lerzo, Gallina, et al., 2025; Lerzo, Torcida
Fern�andez-Baldor, et al., 2025; Mannion, Upchurch,
Schwarz, et al., 2019; Whitlock & Wilson Mantilla,
2020; Windholz et al., 2022). Here, we reassess the pro-
posed dicraeosaurid affinities of Tharosaurus indicus
and present an expanded version of the largest phylo-
genetic data matrix for eusauropods published to date,
in which we focus on elucidating the evolutionary rela-
tionships of diplodocoid sauropod dinosaurs. Finally, we
use this to provide a revised view of our current under-
standing of the evolutionary and biogeographical history
of diplodocoids.

Institutional abbreviations
AMNH, American Museum of Natural History, New
York, NY, USA; ANS, Academy of Natural Sciences,
Philadelphia, PA, USA; BYU, Brigham Young
University, Museum of Paleontology, Provo, UT, USA;
CM, Carnegie Museum of Natural History, Pittsburgh,
PA, USA; CMNH, Cleveland Museum of Natural
History, Cleveland, OH, USA; CPT, Museo Fundaci�on
Conjunto Paleontol�ogico de Teruel, Teruel, Spain;
DFMMh, Dinosaurier-Freilichtmuseum M€unchehagen,
M€unchehagen, Germany; IVPP, Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China;
LGP, Lingwu Geopark, Lingwu, Ningxia Hui
Autonomous Region, China; LM, Lingwu Museum,
Lingwu, Ningxia Hui Autonomous Region, China;
MACN, Museo Argentino de Ciencias Naturales
Bernardino Rivadavia, Buenos Aires, Argentina;
MDPA, Museo del Desierto Patag�onico de A~nelo,
Neuqu�en, Argentina; MDS, Museo de Dinosaurios de
Salas de los Infantes, Burgos, Spain; MDT-PV, Museo
Desiderio Torres–Paleovertebrados, Sarmiento,
Argentina; MfN, Museum f€ur Naturkunde, Berlin,
Germany; MIWG, Museum of Isle of Wight Geology
(now Dinosaur Isle Visitor Centre), Isle of Wight, UK;
ML, Museu da Lourinh~a, Lourinh~a, Portugal; MMCH,
Museo Municipal ‘Ernesto Bachmann’, Villa El
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Choc�on, Neuqu�en, Argentina; MN, Museu Nacional,
Rio de Janeiro, Brazil; MNHN, Mus�eum National
d’Histoire Naturelle, Paris, France; MNN, Mus�ee
National du Niger, Niamey, Republic of Niger; MOZ,
Museo Provincial de Ciencias Naturales ‘Prof. Dr Juan
A. Olsacher’, Zapala, Neuqu�en, Argentina; MPCA,
Museo Provincial Carlos Ameghino, Cipolletti, R�ıo
Negro, Argentina; MPEF, Museo Paleontol�ogico Egidio
Feruglio, Trelew, Argentina; MUCPv, Museo de
Geolog�ıa y Paleontolog�ıa de la Universidad Nacional
del Comahue, Neuqu�en, Argentina; NHMUK, Natural
History Museum, London, UK; SMNS, Staatliches
Museum f€ur Naturkunde Stuttgart, Stuttgart, Germany;
TATE, Tate Geological Museum, Casper College,
Casper, WY, USA; UFRJ-DG, Universidade Federal do
Rio de Janeiro, Departamento de Geologia, Rio de
Janeiro, Brazil; UNPSJB, Universidad Nacional de la
Patagonia San Juan Bosco, Comodoro Rivadavia,
Argentina; USNM, National Museum of Natural
History, Washington, DC, USA; UWGM, University of
Wyoming Geological Museum, Laramie, WY, USA;
WDC, Wyoming Dinosaur Center, Thermopolis, WY,
USA; YPM, Yale Peabody Museum, New Haven, CT,
USA; ZDM, Zigong Dinosaur Museum, Dashanpu,
China.

Anatomical reinterpretation of Tharosaurus

Bajpai et al. (2023) only made anatomical comparisons
with flagellicaudatans. In many instances, they noted that a
feature is similar to a subset of flagellicaudatan taxa; how-
ever, in nearly all cases these features are similar to a much
more inclusive sauropod group. Below we focus on ana-
tomical features interpreted by Bajpai et al. (2023) as syna-
pomorphic within Diplodocoidea, in addition to putative
autapomorphies of Tharosaurus (Figs 1–3). Our reassess-
ment of Tharosaurus is based entirely on the photographs
and information presented in Bajpai et al. (2023) and not
on first-hand observation of the material (RWR-241-A–K).

Cervical vertebral features
Bajpai et al. (2023) described the presence of paired fos-
sae on the ventral surface of the posterior half of the
cervical centrum, RWR-241-B (Fig. 1A), which they
noted as a dicraeosaurid feature. However, ventral para-
median fossae are not exclusive to dicraeosaurids, and
also occur in the cervical centra of some non-
neosauropods, including Tazoudasaurus (Allain &
Aquesbi, 2008), Datousaurus (Peng et al., 2005), and
Omeisaurus (He et al., 1998; Tan et al., 2019), as well
as the early-diverging diplodocoid Haplocanthosaurus
priscus (Tschopp et al., 2015; Whitlock, 2011a), the

rebbachisaurid Katepensaurus (Ibiricu et al., 2013), and
the diplodocines Supersaurus (Lovelace et al., 2008)
and Galeamopus (Tschopp & Mateus, 2017). In these
taxa, as well as in dicraeosaurids, these fossae are dis-
tinct excavations with a clear break of slope from the
remainder of the ventral surface; furthermore, in
dicraeosaurids, they are usually restricted to the anterior
region of the non-condylar centrum of anterior cervical
centra (Fig. 1F) (Whitlock, 2011a). By contrast, the fea-
ture described by Bajpai et al. (2023) in RWR-241-B is
not a distinct excavation, but is instead the flat to gently
concave morphology (Fig. 1A) that characterizes the
ventral surface of most sauropod cervical centra (e.g.
Mannion et al., 2013; Upchurch, Barrett, et al., 2004).
Bajpai et al. (2023) also described the presence of
ventrolateral ridges along the cervical centrum of
Tharosaurus (Fig. 1A), which contribute to the appear-
ance of a shallowly concave ventral surface; however,
these features are widespread amongst eusauropods (Fig.
1H) (e.g. Upchurch et al., 2021; Wilson & Upchurch,
2009) and the ridges in RWR-241-B are not the promin-
ent structures delimiting a ventral longitudinal sulcus
that characterizes some flagellicaudatans (Fig. 1G), such
as Apatosaurus, Dicraeosaurus and Diplodocus
(Upchurch, 1998).
There is a midline keel along the entirety of the pre-

served ventral surface of the cervical centrum (RWR-241-
B) of Tharosaurus (Fig. 1A). Bajpai et al. (2023) noted that
a ventral keel also characterizes many flagellicaudatans,
including most dicraeosaurids (Fig. 1F) (see Upchurch,
1998; Whitlock, 2011a). However, the presence of a mid-
line ventral keel is the plesiomorphic sauropod condition
that is retained in the cervical centra of many non-
neosauropod taxa, including Bagualia, Barapasaurus,
Lapparentosaurus, Omeisaurus, Patagosaurus and
Tazoudasaurus (Fig. 1H) (Allain & Aquesbi, 2008;
Bandyopadhyay et al., 2010; Gomez et al., 2021; Holwerda
et al., 2021; Upchurch, 1998). It also characterizes rebba-
chisaurids and is variably present in Haplocanthosaurus
priscus (Mannion, Upchurch, Schwarz, et al., 2019;
Upchurch, 1998; Whitlock, 2011a). In most of these taxa,
the keel does not extend continuously as far posteriorly as
the condition in Tharosaurus (Gomez et al., 2021),
although Tazoudasaurus (Allain & Aquesbi, 2008) is also
characterized by a posteriorly extensive ventral keel. As
such, by itself, a midline ventral keel cannot be unequivo-
cally used to support dicraeosaurid affinities for
Tharosaurus. Bajpai et al. (2023) suggested that this keel
autapomorphically bifurcates at its posterior end in
Tharosaurus; however, the relevant area of RWR-241-B is
poorly preserved (Fig. 1A) and such an interpretation can-
not be substantiated without additional remains.
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The presence of a divided lateral fossa on the cervical
centrum (RWR-241-B) of Tharosaurus (Fig. 1B) was con-
sidered a flagellicaudatan synapomorphy by Bajpai et al.
(2023); however, this morphology is more widespread
amongst eusauropods, including taxa such as Jobaria,
Klamelisaurus (Fig. 1E), and Omeisaurus, as well as other
diplodocoids (Mannion, Upchurch, Schwarz, et al., 2019;
McIntosh, 1990; Moore et al., 2020; Upchurch, 1998).
Furthermore, there is no evidence of a dividing ridge in
Tharosaurus, only a partially sheared and displaced portion
of the centrum (Fig. 1B).
Bajpai et al. (2023) described a posteroventral fossa on

the lateral surface of the centrum in RWR-241-B (Fig. 1C),
which they noted also characterizes some flagellicaudatans
(Fig. 1D). However, this feature is not restricted to flagelli-
caudatans, with a posteroventral fossa also present in
Omeisaurus (Tan et al., 2019). Furthermore, it is distinct
fossa in flagellicaudatans (Fig. 1D) and Omeisaurus, with a
clear break of slope from the remainder of the lateral sur-
face (Tschopp & Mateus, 2013; Whitlock, 2011a, 2011b).
By contrast, in Tharosaurus, the relevant region of RWR-
241-B lacks a distinct fossa (Fig. 1B, C). Some cervical
centra of Bagualia are also characterized by a shallow post-
eroventral depression in this region (Gomez et al., 2021).
Furthermore, the cervical vertebra (RWR-241-B) of
Tharosaurus has clearly been broken and reassembled in
this region (Fig. 1C), casting doubt as to whether any con-
cavity is a genuine feature.
Bajpai et al. (2023) regarded the presence of triangu-

lar facets on the ventrolateral margins of the posterior
cotyle (Fig. 2A) of RWR-241-B as an autapomorphy of
Tharosaurus. However, we interpret these merely as the
aforementioned ventrolateral ridges that appear accentu-
ated in posterior view as a result of the incomplete mar-
gins of the cotyle (Fig. 2A).
The centroprezygapophyseal lamina (CPRL) was

described as bifid in the cervical vertebra (RWR-241-C)
of Tharosaurus (Bajpai et al., 2023), with the medial
branch meeting the interprezygapophyseal lamina
(TPRL) (Fig. 2B). This was regarded as a dicraeosaurid
synapomorphy by Whitlock and Wilson Mantilla (2020).
However, the latter authors used a restricted dataset,

including only five non-diplodocoid taxa, and thus it
can only be optimized therein as a feature distinguishing
dicraeosaurids from other diplodocoids. As demonstrated
in its original formulation as a character state by
Carballido et al. (2012), this morphology is more wide-
spread amongst eusauropods, including taxa such as
Bellusaurus (Fig 2C), Cetiosaurus, Omeisaurus, and
several macronarians (Tschopp et al., 2015). We also
note that the ‘medial CPRLs’ in the case of dicraeosaur-
ids and taxa such as Bellusaurus (Fig. 2C) are better
considered as the lateral margins of the anterior neural
canal opening that become pronounced as a result of the
accentuated depth of the centroprezygapophyseal fossa
(CPRF), rather than representing distinct laminae. This
interpretation is supported by the presence of these
struts of bone on either side of the anterior neural canal
opening even in some diplodocids that are also charac-
terized by a ‘true’ bifurcation of the CPRL (e.g.
Apatosaurus louisae; Gilmore, 1936, pl. 21), i.e. one in
which both the medial and lateral branches meet the
prezygapophysis (Whitlock, 2011b).
The prezygapophyseal articular surfaces in RWR-241-C

were described as transversely convex, although this is diffi-
cult to confirm from the figures in Bajpai et al. (2023) (Fig.
2B). A similar morphology, as described, is present in the
cervical vertebrae of some diplodocines and Kaatedocus
(Tschopp & Mateus, 2013; Upchurch, 1995), as noted by
Bajpai et al. (2023); nevertheless, it also characterizes some
mamenchisaurids (Fig. 2E) (Moore et al., 2020; Upchurch
et al., 2021; Zhang et al., 2020), indicating a more wide-
spread distribution for transversely convex prezygapophyseal
articular surfaces (see also Whitlock, 2011b). The presence
of pre-epipophyses in RWR-241-C was also regarded as a
feature that Tharosaurus shares with flagellicaudatans
(Bajpai et al., 2023), but these processes have a much more
widespread distribution among eusauropods, including taxa
such as Bagualia, Jobaria, Haplocanthosaurus priscus,
Klamelisaurus and Turiasaurus (Fig. 1E) (Gomez et al.,
2021; Mannion et al., 2013; Mannion, Upchurch, Schwarz,
et al., 2019; Moore et al., 2020; Whitlock, 2011b; Wilson
& Upchurch, 2009). Furthermore, they are absent in nearly
all dicraeosaurids for which this feature can be assessed

3

Figure 1. Photographs showing comparisons of cervical vertebral anatomical features described in Tharosaurus with other
eusauropods. Cervical vertebra of Tharosaurus: A, ventral (anterior towards the left); B, right lateral; and C, left lateral views. D,
Cervical vertebra 4 of Amargasaurus (MACN PV N15) in left lateral view (neural spine partly cropped). E, Cervical vertebrae 11
and 12 of Klamelisaurus (IVPP V9492) in right lateral view. F, Cervical vertebra 3 of Amargasaurus (MACN PV N15) in ventral
view. G, Cervical vertebra 10 of Diplodocus carnegii (CM 84) in ventral view. H, Middle–posterior cervical vertebra of
Patagosaurus (MACN-CH 936) in ventral view. Selected diplodocoid synapomorphies are highlighted, consisting of the presence of
a posteroventral lateral fossa on the centrum (457:1), a posteriorly concave ventral surface (119:1) and short cervical ribs (139:0).
Abbreviations: lpf, lateral pneumatic foramen; lpfr, lateral pneumatic foramen ridge; pcvs, posteriorly concave ventral surface;
prep, pre-epipophysis; pvlf, posteroventral lateral fossa; vlr, ventrolateral ridge; vmk, ventral midline keel; vpf, ventral paramedian
fossa. Putative diplodocoid features of Tharosaurus, reinterpreted in the main text, are placed in quotation marks. Scale bar equals 50
mm in A–D and F, and 100 mm in E, G and H. Image credits: A–C, Debajit Datta and Bajpai Sunil; G, Matt Lamanna/Carnegie
Museum of Natural History.

6 P. D. Mannion and A. J. Moore



Diplodocoid evolutionary relationships and biogeography 7



(Fig. 1D) (Mannion, Upchurch, Schwarz, et al., 2019), with
the exception of Suuwassea (ANS 21122: AJM pers. obs.)
and the putative member Kaatedocus (Tschopp & Mateus,
2013; though see below regarding its affinities).
Despite only preserving the lowermost portion of the

neural arch (Fig. 2A), Bajpai et al. (2023) interpreted the
cervical neural spine of RWR-241-B as bifid, with this
bifurcation extending down to the roof of the neural canal,
which they regarded as the interpostzygapophyseal lamina
(TPOL). They also stated that this same extreme
bifid morphology characterizes the dicraeosaurids
Amargasaurus and Pilmatueia, although in those two taxa
there is clearly a dorsoventral separation between the roof
of the neural canal and the TPOL (e.g. Coria et al., 2019,
fig. 5; Fig. 2D). Part of their reasoning for interpreting the
cervical neural spine of Tharosaurus as bifid is that the
surface dorsal to the neural canal/TPOL is finished bone,
which Bajpai et al. (2023) therefore regarded as the region
in between paired metapophyses. However, an alternative
explanation is that this region is the spinopostzygapophy-
seal (¼postspinal) fossa (Fig. 2A), which is often an
extensive, anteroposteriorly deep opening in cervical ver-
tebrae, forming a shelf-like platform (Fig. 2F). Under this
scenario, the otherwise highly unusual ‘metapophyses’ in
RWR-241-B are herein reinterpreted as the bases of the
postzygapophyses or the bone immediately ventral to
these processes (Fig. 2A, D, F). Finally, we note that bifid
cervical neural spines are present in several eusauropod
lineages, with members of Mamenchisauridae (Fig. 1E),
Turiasauria and Macronaria, in addition to Flagellicaudata
(Fig. 1D), characterized by this morphology (e.g.
McIntosh, 1990; Royo-Torres et al., 2006; Upchurch,
1995; Wilson & Sereno, 1998).

Dorsal vertebral features
Bajpai et al. (2023) stated that the orientation of the lat-
eral margins of the incomplete dorsal neural spine
(RWR-241-G) of Tharosaurus (Fig. 3A) indicate that it
would have expanded dorsally, comparable to the
morphology exhibited by dicraeosaurids (Fig. 3E)
(Calvo & Salgado, 1995; Upchurch, 1998). However,

the lateral margins are subparallel, with a subtle degree
of convergence, and thus there is no evidence to suggest
that they might have flared dorsally.
The presence of a smooth and narrow prespinal lam-

ina (Fig. 3A) on the element interpreted as an anterior
dorsal neural spine (RWR-241-G) was described as an
autapomorphy of Tharosaurus by Bajpai et al. (2023).
This lamina is primarily known only in the presacral
vertebrae of neosauropods (Fig. 3E) (D’Emic, 2012;
Mannion et al., 2013; Salgado et al., 1997), although it
is also present in the anterior dorsal vertebrae of
Tendaguria (Mannion, Upchurch, Schwarz, et al., 2019).
Unlike the dorsally restricted lamina in Tharosaurus
(Fig. 3A), this lamina extends along the ventral portion
of the neural spine in all diplodocoids in which it is pre-
sent (Fig. 3E) (Mannion, Upchurch, Schwarz, et al.,
2019). Furthermore, we are uncertain that the identifica-
tion of RWR-241-G (Fig. 3A) as a dorsal neural spine
is correct, and it could conceivably represent a partial
diapophysis instead.

Caudal vertebral features
The anterior caudal centrum of Tharosaurus (RWR-241-
J; Fig. 3B) was described as heart-shaped by Bajpai
et al. (2023), similar to the morphology in some flagelli-
caudatans, such as Apatosaurus and Suuwassea (Fig.
3F) (e.g. Harris, 2006a). However, the centrum of
RWR-241-J has clearly undergone some compression
and breakage, with much of the lateral surface not pre-
served; furthermore, even as preserved, it lacks any dis-
cernible heart-shape (Fig. 3B). Bajpai et al. (2023, fig.
5c) also stated that a ventral keel is present, but no such
feature is apparent in their figure.
A lateral foramen is present on one side of the anter-

ior caudal centrum (RWR-241-J) of Tharosaurus (Fig.
3C). Bajpai et al. (2023) listed this as an autapomorphy
and compared it with the lateral pneumatic foramen that
primarily characterizes the anterior caudal centra of dip-
lodocids (Fig. 3G) (McIntosh, 1990; Upchurch, 1995),
as well as some rebbachisaurids (Carballido et al., 2012;
Mannion et al., 2011; Mannion & Barrett, 2013).

3

Figure 2. Photographs showing comparisons of cervical vertebral anatomical features described in Tharosaurus with other
eusauropods. A, Cervical centrum and base of neural arch of Tharosaurus in posterior view (dotted line represents an estimated
outline). B, Cervical prezygapophysis of Tharosaurus in anteromedial view. C, Posterior cervical neural arch of Bellusaurus (IVPP
V17768) in anterior view. D, Cervical vertebra 12 of Amargasaurus (MACN PV N15) in posterior view. E, Posterior cervical
vertebra of Hudiesaurus (IVPP V11120) in anterior/anterodorsal view. F, Cervical vertebra of Europasaurus (DFMMh/FV 652) in
posterior/posterodorsal view. The flagellicaudatanþ stem taxa synapomorphy of bifurcated neural spines in postaxial cervical and
anterior dorsal vertebrae (132:1) is highlighted. Abbreviations: cprf, centroprezygapophyseal fossa; cprl, centroprezygapophyseal
lamina; cprz, convex prezygapophysis; mcprl, medial centroprezygapophyseal lamina; nsm, neural spine metapophysis; prep, pre-
epipophysis; poz, postzygapophysis; spof, spinopostzygapophyseal fossa; tpol, interpostzygapophyseal lamina; tprl,
interprezygapophyseal lamina. Putative diplodocoid features of Tharosaurus, reinterpreted in the main text, are placed in quotation
marks. Scale bar equals 100 mm in A and E, and 50 mm in B–D and F. Image credits: A and B, Debajit Datta and Bajpai Suni.
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However, the foramina in diplodocids are connected to
camerae within the centrum (Schwarz et al., 2007;
Wedel, 2003; Wedel & Taylor, 2013), whereas there is
no clear evidence that this is the case in RWR-241-J.
There are also similar foramina on the ventral surface of
the centrum. Given these observations, and that it is
only present on one side, we suggest that it might not
be comparable to the lateral pneumatic foramen that pri-
marily characterizes diplodocids. Based on its size and
the absence of internal ramification, we propose that it
might instead represent an asymmetrically developed
nutrient foramen.
A middle caudal centrum (RWR-241-K) was

described as quadrangular, which was regarded as a dip-
lodocoid synapomorphy by Bajpai et al. (2023); how-
ever, the margins of this centrum are incomplete and it
has clearly undergone severe transverse crushing, mak-
ing it impossible to discern its true shape. RWR-241-K
was also described as being characterized by a ventral
fossa (Fig. 3D), such as that present in diplodocines
(Fig. 3H) (McIntosh, 1990; Upchurch, 1995), but the
concavity is most likely a product of the aforementioned
crushing, as exemplified by its inconsistent width and
depth, as well as several areas of broken and sheared
bone (Fig. 3D).

Phylogenetic dataset and analyses

Reassessment of the placement of Tharosaurus
Bajpai et al. (2023) incorporated Tharosaurus into an
expanded version of the phylogenetic data matrix pub-
lished by Gallina et al. (2019), comprising 76 oper-
ational taxonomic units (OTUs), including 21
unequivocal diplodocoids, scored for 393 characters.
Following our reinterpretation of numerous anatomical
features, we rescored Tharosaurus for this matrix. We
focused on instances in which a character was clearly
incorrectly scored and those for which the presence of
the feature was equivocal or could not be assessed (e.g.
because of incompleteness). In total, we made 23 score
changes (documented in Supplemental material), with
21 of these representing scores revised to a ‘?’. Using

the same protocol applied by Bajpai et al. (2023),
including ordering 25 characters (see Gallina et al.,
2019), we then re-ran the phylogenetic analysis in TNT
v.1.6 (Goloboff & Morales, 2023). The revised nexus
and TNT files are presented in Supplemental material.

Main phylogenetic data matrix
To produce a revised view of diplodocoid evolutionary
relationships, we utilized the phylogenetic data matrix
of Poropat et al. (2023), which is the most recent iter-
ation of the matrix presented by Mannion, Upchurch,
Schwarz, et al. (2019). It is currently the largest data
matrix in terms of character and taxon sampling for
eusauropods (556 characters scored for 126 OTUs),
including 27 unequivocal diplodocoid OTUs. Based on
personal observations of specimens, we substantially
revised scores for seven OTUs already included in this
data matrix (see Supplemental material). This included
three OTUs that have been previously recovered as a
diplodocoid in at least some analyses: Cetiosauriscus
stewarti (NHMUK R3078; PDM & AJM), Suuwassea
emiliae (ANS 21122; AJM), and the ‘El Chocon rebba-
chisaurid’ (MMCH-Pv-49; PDM). The other four
revised OTUs had been previously scored in parallel,
independently, by Mannion, Upchurch, Schwarz, et al.
(2019) and Moore et al. (2020): we reconciled scoring
differences herein for Bellusaurus sui, Jobaria tiguiden-
sis, Losillasaurus giganteus, and Turiasaurus riodeven-
sis, all of which have been typically recovered as non-
neosauropod eusauropods. We also made a number of
score revisions to additional existing OTUs (see
Supplemental material).
We incorporated Tharosaurus based on our re-

interpretation of its anatomy, alongside 12 newly added
diplodocoid OTUs, comprising: (1) Amargatitanis
macni, scored based on Gallina (2016) and personal
observations of MACN PV N53 (PDM); (2)
Astigmasaura genuflexa, scored based on information
presented in Bellardini et al. (2024), primarily on the
hind limb (note that additional anatomical data on this
species, presented in Bellardini et al. [2025], was pub-
lished after the current work was finalized); (3)

3

Figure 3. Photographs showing comparisons of dorsal and caudal vertebral anatomical features described in Tharosaurus with
diplodocoids. A, Putative dorsal neural spine of Tharosaurus in anterior view. Anterior caudal vertebra of Tharosaurus in B, anterior
and C, right lateral views. D, Middle caudal centrum of Tharosaurus in ventral view. E, Dorsal vertebra 9 of Amargasaurus (MACN
PV N15) in anterior/anterodorsal view. F, Anterior caudal vertebra of Brontosaurus yahnahpin (TATE-001) in posterior view. G,
Anterior caudal centrum of Tornieria (MfN MB.R. 2957) in left lateral view. H, Middle caudal centrum of Tornieria (MfN MB.R.
2913) in ventral view. Two synapomorphies of Diplodocimorpha are highlighted, consisting of petal-shaped middle–posterior dorsal
neural spines (480:1) and the presence of a sharp-lipped lateral pneumatic foramen in anterior caudal centra (179:1). Unique and
exclusive synapomorphies are denoted with an asterisk. Abbreviations: hsc, heart-shaped centrum; lens, laterally expanded neural
spine; lpf, lateral pneumatic foramen; prsl, prespinal lamina; vf, ventral fossa. Putative diplodocoid features of Tharosaurus,
reinterpreted in the main text, are placed in quotation marks. Scale bar equals 50 mm in A–D, G and H, and 100 mm in E and F.
Image credits: A–D, Debajit Datta and Bajpai Sunil.
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Table 1. Diplodocoid taxa and specimens included as operational taxonomic units (OTUs) in the phylogenetic analysis, including
information on geological age, stratigraphical and geographical provenance, and the basis for scoring of characters. Taxa
highlighted with an asterisk are newly incorporated to this data matrix in this study, whereas all other OTUs were already included
in Mannion, Upchurch, Schwarz, et al. (2019).

Taxon/OTU
Geological age,

stratigraphicalþ geographical provenance Basis for scoring in phylogenetic analysis

Haplocanthosaurus delfsi Kimmeridgian (Late Jurassic), Morrison
Formation, USA

McIntosh and Williams (1988); CMNH 10380
(PDM pers. obs.)

Haplocanthosaurus priscus Kimmeridgian–Tithonian (Late Jurassic),
Morrison Formation, USA

Hatcher (1903); CM 572 and CM 879 (PDM
pers. obs.)

Amphicoelias altus Early Tithonian (Late Jurassic), Morrison
Formation, USA

Osborn and Mook (1921); Mannion et al. (2021);
AMNH FARB 5764 (PDM pers. obs.)

Cetiosauriscus stewarti Callovian (Middle Jurassic), Oxford Clay
Formation, UK

NHMUK R3078 (PDM & AJM pers. obs.)

Lingwulong shenqi Aalenian or Bathonian–Callovian (Middle
Jurassic), Yanan or Zhiluo Formation,
China

Xu et al. (2018); LM V001a, LGP V001–006 and
IVPP V23704 (PDM pers. obs.)

Smitanosaurus agilis� Kimmeridgian (Late Jurassic), Morrison
Formation, USA

Whitlock and Wilson Mantilla (2020); USNM 5384
(AJM pers. obs.)

Suuwassea emilieae Late Kimmeridgian (Late Jurassic),
Morrison Formation, USA

Harris and Dodson (2004); Harris (2006a, 2006b,
2006c, 2007), Whitlock and Harris (2010); ANS
21122 (AJM pers. obs.)

BYU 17096� Kimmeridgian–Tithonian (Late Jurassic),
Morrison Formation, USA

Balanoff et al. (2010); BYU 17096 (AJM pers. obs.)

Amargasaurus cazaui Barremian (Early Cretaceous), La
Amarga Formation, Argentina

Salgado and Bonaparte (1991); Salgado and Calvo
(1992); Paulina Carabajal et al. (2014); MACN
PV N15 (PDM pers. obs.)

Bajadasaurus pronuspinax� Late Berriasian–Valanginian (Early
Cretaceous), Bajada Colorada
Formation, Argentina

Gallina et al. (2019); Garderes et al. (2024)

Brachytrachelopan mesai Kimmeridgian – early Tithonian (Late
Jurassic), Ca~nad�on Calc�areo Formation,
Argentina

Rauhut et al. (2005); MPEF PV 1716 (PDM
pers. obs.)

Dicraeosaurus spp. Late Kimmeridgian–Tithonian (Late
Jurassic), Tendaguru Formation,
Tanzania

Janensch (1929b, 1935–1936, 1961); Schwarz-Wings
and B€ohm (2014); MfN MB.R. specimens (PDM
& AJM pers. obs.)

Pilmatueia faundezi� Valanginian (Early Cretaceous),
Mulichinco Formation, Argentina

Coria et al. (2019); Windholz et al. (2020, 2022)

Kaatedocus siberi� Kimmeridgian (Late Jurassic), Morrison
Formation, USA

Tschopp and Mateus (2013); AMNH FARB 7530
(AJM pers. obs.)

Apatosaurus spp. Kimmeridgian–Tithonian (Late Jurassic),
Morrison Formation, USA

Gilmore (1936); Ostrom and McIntosh (1966);
Berman and McIntosh (1978); Upchurch, Tomida,
et al. (2004); Whitlock (2011a); Tschopp et al.
(2015); CM & YPM specimens and
UWGM 15556 (PDM & AJM pers. obs.)

Dinheirosaurus lourinhanensis Late Kimmeridgian–early Tithonian (Late
Jurassic), Lourinh~a Formation, Portugal

Bonaparte and Mateus (1999);
Mannion et al. (2012); ML 414 (PDM pers. obs.)

Supersaurus vivianae Kimmeridgian–Tithonian (Late Jurassic),
Morrison Formation, USA

Jensen (1985); Curtice and Stadtman (2001);
Lovelace et al. (2008); WDC DMJ-021 (PDM
pers. obs.)

Diplodocus spp. Kimmeridgian–Tithonian (Late Jurassic),
Morrison Formation, USA

Hatcher (1901); Holland (1906, 1910, 1924); Mook
(1917); McIntosh and Berman (1975); Whitlock
(2011a); Tschopp et al. (2015); CM specimens
(PDM & AJM pers. obs.)

Leinkupal laticauda Late Berriasian–Valanginian (Early
Cretaceous), Bajada Colorada
Formation, Argentina

Gallina et al. (2014)

Tornieria africana Tithonian (Late Jurassic), Tendaguru
Formation, Tanzania

Janensch (1935–1936); Remes (2006, 2007, 2009);
MfN MB.R. and SMNS specimens (PDM & AJM
pers. obs.)

Amargatitanis macni� Barremian (Early Cretaceous), La
Amarga Formation, Argentina

Gallina (2016); MACN PV N53 (PDM pers. obs.)

Amazonsaurus maranhensis Aptian–Albian (Early Cretaceous),
Itapecuru Formation, Brazil

Carvalho et al. (2003); MN 4555–4564 and UFRJ-
DG 58 (PDM pers. obs.)

(Continued)
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Bajadasaurus pronuspinax, scored based on Gallina
et al. (2019) and Garderes et al. (2024); (4)
Campananeyen fragilissimus, scored based on Paulina
Carabajal et al. (2016) and Lerzo, Torcida Fern�andez-
Baldor, et al., (2025); (5) Itapeuasaurus cajapioensis,
scored based on Lindoso et al. (2019); (6) Kaatedocus

siberi, scored based on Tschopp and Mateus (2013) and
personal observations of AMNH FARB 7530 (AJM);
(7) Lavocatisaurus agrioensis, scored based on Salgado
et al. (2012) and Canudo et al. (2018); (8) Pilmatueia
faundezi, scored based on Coria et al. (2019) and
Windholz et al. (2020, 2022); (9) Sidersaura marae,

Table 1. (Continued).

Taxon/OTU
Geological age,

stratigraphicalþ geographical provenance Basis for scoring in phylogenetic analysis

Astigmasaura genuflexa� Late Cenomanian–Turonian (Late
Cretaceous), Huincul Formation,
Argentina

Bellardini et al. (2024)

Comahuesaurus windhauseni Late Aptian–early Albian (Early
Cretaceous), Lohan Cura Formation,
Argentina

Salgado et al. (2004); Carballido et al. (2012);
MOZ-PV specimens (PDM pers. obs.)

Campananeyen fragilissimus� Cenomanian (Late Cretaceous),
Candeleros Formation, Argentina

Paulina Carabajal et al. (2016); Lerzo, Gallina, et al.
(2025)

Lavocatisaurus agrioensis� Aptian–early Albian (Early Cretaceous),
Rayoso Formation, Argentina

Salgado et al. (2012); Canudo et al. (2018)

Sidersaura marae� Late Cenomanian–Turonian (Late
Cretaceous), Huincul Formation,
Argentina

Lerzo, Torcida Fern�andez-Baldor, et al., (2025)

Histriasaurus boscarollii Late Hauterivian–early Barremian (Early
Cretaceous), Unnamed unit, Croatia

Dalla Vecchia (1998, 1999, 2005)

Xenoposeidon proneneukos� Late Berriasian–early Valanginian (Early
Cretaceous), Ashdown Formation, UK

Taylor (2018); NHMUK R2095 (PDM pers. obs.)

Rayososaurus agrioensis Cenomanian (Late Cretaceous),
Candeleros Formation, Argentina

Carballido et al. (2010); MACN
PV N41 (PDM pers. obs.)

Katepensaurus goicoecheai Late Cenomanian–Turonian (Late
Cretaceous), Bajo Barreal Formation,
Argentina

Ibiricu et al. (2013, 2015); UNPSJB-PV 1007 (PDM
pers. obs.)

Zapalasaurus bonapartei Late Barremian–early Aptian (Early
Cretaceous), La Amarga Formation,
Argentina

Salgado et al. (2006); MOZ-PV specimens (PDM
pers. obs.)

Cathartesaura anaerobica Late Cenomanian–Turonian (Late
Cretaceous), Huincul Formation,
Argentina

Gallina and Apestegu�ıa (2005); MPCA 232 (PDM
pers. obs.)

Limaysaurus tessonei Cenomanian (Late Cretaceous),
Candeleros Formation, Argentina

Calvo and Salgado (1995); Paulina Carabajal and
Calvo (2021); MUCPv specimens (PDM
pers. obs.)

Nopcsaspondylus alarconensis Cenomanian (Late Cretaceous),
Candeleros Formation, Argentina

Nopcsa (1902)

MMCH-Pv-49
(‘El Chocon rebbachisaurid’)

Late Cenomanian–Turonian (Late
Cretaceous), Huincul Formation,
Argentina

Apestegu�ıa et al. (2010);
Haluza et al. (2012); MMCH-Pv-49 (PDM
pers. obs.)

Itapeuasaurus cajapioensis� Cenomanian (Late Cretaceous), Alcântara
Formation, Brazil

Lindoso et al. (2019)

Nigersaurus taqueti Aptian–Albian (Early Cretaceous), Elrhaz
Formation, Niger

Sereno et al. (1999, 2007); Sereno and Wilson
(2005); MNN specimens (PDM & AJM
pers. obs.)

Rebbachisaurus garasbae Cenomanian (Late Cretaceous), Gara
Sbaa Formation, Morocco

Wilson and Allain (2015); MNHN MRS 1958 (PDM
pers. obs.)

Tataouinea hannibalis Early Albian (Early Cretaceous), Aïn el
Guettar Formation, Tunisia

Fanti et al. (2013, 2015)

Demandasaurus darwini Late Barremian–early Aptian (Early
Cretaceous), Castrillo la Reina
Formation, Spain

Pereda Suberbiola et al. (2003); Torcida Fern�andez-
Baldor et al. (2011); Torcida Fern�andez-Baldor
(2012); MDS-RVII (PDM pers. obs.)

MIWG 5384 (‘IOW rebbachisaurid’)Barremian (Early Cretaceous), Wessex
Formation, UK

Mannion et al. (2011); MIWG 5384 (PDM
pers. obs.)
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scored based on Lerzo, Gallina, et al. (2025); (10)
Smitanosaurus agilis, scored based on Whitlock and
Wilson Mantilla (2020) and personal observations of
USNM 5384 (AJM); (11) Xenoposeidon proneneukos,
scored based on Taylor (2018) and personal observa-
tions of NHMUK R2095 (PDM); and (12) BYU 17096,
a braincase previously referred to Apatosaurus, scored
based on Balanoff et al. (2010) and personal observa-
tions (AJM). Seven characters were also newly included,
based on the recent literature (Canudo et al., 2018;
Whitlock & Wilson Mantilla, 2020) and our observa-
tions, and six existing characters (C150, 207, 271, 327,
336 and 440) were modified (see Supplemental mater-
ial). Other recently proposed characters (e.g. Lerzo,
2024; Whitlock & Wilson Mantilla, 2020; Windholz
et al., 2022) were either already represented in earlier
iterations of this data matrix or did not withstand scru-
tiny. Our revised and expanded data matrix comprises
139 OTUs, including 38 uncontroversial diplodocoids
(see Table 1), scored for 563 characters, and is provided
as nexus and TNT files, along with the full character
list (Supplemental material).
Following the protocol applied in analyses of previous

iterations of this data matrix (e.g. Poropat et al., 2023),
phylogenetic analyses using maximum parsimony were
run in TNT v.1.6 (Goloboff & Morales, 2023). Twenty
characters were treated as ordered (11, 14, 15, 27, 40,
51, 104, 122, 147, 148, 195, 205, 259, 286, 297, 426,
435, 472, 510, and 557) and eight non-diplodocoid taxa
identified as unstable in previous analyses were
excluded a priori (i.e. Astrophocaudia slaughteri,
Australodocus bohetii, Brontomerus mcintoshi,
Fukuititan nipponensis, Fusuisaurus zhaoi,
Liubangosaurus hei, Malarguesaurus florenciae and
Mongolosaurus haplodon). Following preliminary analy-
ses, we also excluded Bellusaurus sui. This taxon was
recently argued to represent an immature mamenchi-
saurid (Moore et al., 2023), but the present version of
the matrix lacks the character and taxon sampling neces-
sary to adequately test this hypothesis. Bellusaurus was
therefore omitted from the analyses, pending incorpor-
ation of a broader sample of Middle–Late Jurassic East
Asian sauropods. Two further unstable non-diplodocoid
taxa were excluded a priori from analyses applying
equal character weighting (the ‘Cloverly titanosauri-
form’ and Ruyangosaurus giganteus). We initially ran a
‘New Technology Search’, using the ‘Stabilize
Consensus’ option, applying sectorial searches, drift,
and tree fusing. The resultant trees were then used as
the starting topologies for a ‘Traditional Search’, using
tree bisection–reconnection, collecting up to 500,000
most parsimonious trees (MPTs). Three versions of the
analysis were run: one with equal character weighting

(EQW), and the other two with extended implied
weighting (EIW) (Goloboff, 2014). In one of these EIW
analyses, we applied a concavity constant (¼k-value) of
9, in keeping with recent iterations of this matrix (e.g.
Poropat et al., 2021, 2023), whereas we applied a k-
value of 12 for the other EIW analysis, which is the
value used in simulations by Goloboff et al. (2018) to
demonstrate the superiority of EIW over EQW. Both k-
values are appropriate for the number of OTUs in our
data matrix (Ezcurra, 2024). Unstable OTUs were iden-
tified using the pcrprune command, and equally parsi-
monious positions for these labile taxa were visualized
using the nelsen consensus command.

Phylogenetic results

Reassessed placement of Tharosaurus indicus
Our re-analysis of the data matrix published by Bajpai
et al. (2023) yields 8 MPTs of length 1186 steps. This
is 12 steps fewer than when the analysis is run without
any character score changes (1198 steps), although
this partly reflects the number of scores changed to
missing data. Tharosaurus is recovered outside of
Neosauropoda, as the sister taxon of the clade compris-
ing Mamenchisauridae þ (Turiasauria þ (Jobaria þ
Neosauropoda)). Most eusauropod clades have Bremer
supports of at least 2, including the neosauropod and
diplodocoid nodes. Enforcing our revised Tharosaurus
OTU to be a diplodocoid results in only two extra steps,
wherein it is recovered within Dicraeosauridae.

Diplodocoid relationships
The results of our main phylogenetic analyses, expanding
on the data matrix of Poropat et al. (2023), are highly sen-
sitive to the application of EQW versus EIW, and, to a
lesser extent, to the value of the concavity constant used
in implied weighting (Figs 4–7; Table 2). However, all
analyses agree in recovering Tharosaurus as a eusauropod
of uncertain affinities. In both EIW analyses,
Tharosaurus is consistently found outside the
TuriasauriaþNeosauropoda clade, whereas the EQW
analysis also permits positions as an early-branching
rebbachisaurid, stem flagellicaudatan, or earliest-
branching macronarian. In addition, all three analyses
agree in recovering a traditional arrangement of diplodo-
coid taxa, with a speciose Rebbachisauridae that is sister
taxon to a lineage of flagellicaudatans (and close rela-
tives) that includes a diverse Diplodocidae and
Dicraeosauridae. Other commonalities across analyses
include the consistent recovery of Haplocanthosaurus
spp. outside of Diplodocimorpha and the presence of a
nested clade of Gondwanan dicraeosaurid taxa comprising
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Figure 4. Reduced strict consensus of the equal weights parsimony analysis (EQW) following a posteriori pruning of numerous labile
OTUs, including: Tharosaurus, Aragosaurus, Atlasaurus, Cetiosauriscus, Amazonsaurus, Histriasaurus, Rayososaurus, Amphicoelias,
Xenoposeidon, Amargatitanis, Lavocatisaurus, Sidersaura, Astigmasaura and Campananeyen. Alternative placements for labile
diplodocoids are outlined in Table 2. Note that poor resolution prevents labelling several clades (e.g. Diplodocoidea, Limaysaurinae).
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Figure 5. Time-calibrated reduced strict consensus of the extended implied weights analysis with k¼ 12 (EIW12), following a
posteriori pruning of four labile OTUs: Tharosaurus (placements for which are indicated with yellow arrows), Campananeyen,
Astigmasaura and Rayososaurus (the latter three are recovered as non-khebbashian rebbachisaurids – see Figure 7 for specific
placements).
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Figure 6. Reduced strict consensus of the extended implied weights analysis with k¼ 9 (EIW9), following a posteriori pruning of
four labile OTUs: Tharosaurus (placements for which are indicated with yellow arrows), Campananeyen, Astigmasaura and
Rayososaurus (the latter three are recovered as non-khebbashian rebbachisaurids – see Figure 7 for specific placements).
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Amargasaurus, Bajadasaurus, Brachytrachelopan and
Dicraeosaurus. Given the substantial topological vari-
ation characterizing other regions of Diplodocoidea, we
summarize additional phylogenetic results based on
homoplasy weighting scheme.

Equal weights parsimony. Maximum parsimony ana-
lysis under EQW yields �500,000 trees of 2746 steps.

The strict consensus of this analysis is poorly resolved
(Supplemental material), and 14 unstable OTUs, mostly
belonging to Rebbachisauridae, were pruned to reveal
underlying tree structure (Fig. 4; Table 2). Lingwulong
and Cetiosauriscus are found to be stem flagellicauda-
tans and Kaatedocus is recovered as an early-branching
diplodocid, but the specific flagellicaudatan affinities of
Pilmatueia, Smitanosaurus, Suuwassea and BYU 17096

Figure 7. Equally parsimonious placements in both extended implied weights analyses (EIW12, EIW9) of the non-khebbashian
rebbachisaurid OTUs, Campananeyen, Astigmasaura and Rayososaurus.
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are ambiguous. Other noteworthy results include the
placement of Turiasauria within Macronaria and the
recovery of Jobaria in a clade with Haplocanthosaurus
spp., which in a subset of MPTs is recovered as a lin-
eage of non-diplodocimorph diplodocoids.

Extended implied weights parsimony. Maximum par-
simony analyses using EIW yield �500,000 trees of
99.81437 (EIW12) and 118.18830 (EIW9) steps
(Figs 5–7). Results of these analyses are much better
resolved than those of the EQW analysis and are
broadly concordant with one another (Table 2; see
Supplemental material for full strict consensus trees).
The ingroup relationships of Rebbachisauridae
are nearly identical across EIW analyses, with
Amargatitanis, Amazonsaurus and Comahuesaurus
found to be the earliest representatives of the lineage,
followed by a stepwise series of non-khebbashian rebba-
chisaurid lineages. Rayososaurus, Campananeyen and
Astigmasaura belong to this grade of non-khebbashian
rebbachisaurids, but their specific placements are uncer-
tain (Fig. 7). We recover Xenoposeidon as a nested,
non-khebbashian rebbachisaurid that is sister taxon to
Histriasaurus. Both EIW analyses agree on the khebba-
shian identity of Nopcsaspondylus and the El Chocon
rebbachisaurid, but disagree as to whether they are
limaysaurines (EIW9) or rebbachisaurines (EIW12).
Unlike the EQW analysis, Suuwassea, Smitanosaurus
and BYU 17096 are resolved as early-diverging dicraeo-
saurids, and Pilmatueia is placed as an early-branching
diplodocid.
There are also areas of disagreement between the

EIW12 and EIW9 analyses regarding the placement of
some non-rebbachisaurid diplodocoids (Table 2). As in
the EQW results, Lingwulong and Cetiosauriscus are
recovered outside of Dicraeosauridae, but they are found
to be either stem flagellicaudatans (EIW12) or early-
branching diplodocids (EIW9). Less severe downweight-
ing of homoplasy (EIW12, as well as EQW) favours an
early-branching diplodocid position for Kaatedocus,
whereas this taxon is recovered as a stem flagellicauda-
tan under EIW9. Both EIW analyses agree that
Amphicoelias is positioned as a relatively early-
branching diplodocoid, but whereas the taxon is solely
recovered as a non-diplodocimorph diplodocoid under
EIW9, it is also found to be either a stem flagellicauda-
tan or the earliest-branching rebbachisaurid under
EIW12. Finally, Janenschia and Haestasaurus are
recovered as non-diplodocimorph diplodocoids under
EIW9, but are found to be early-branching macronarians
under EIW12.

Systematic palaeontology

Here, we provide revised diagnoses for major diplodo-
coid clades based on optimization of characters used in
our main phylogenetic data matrix. Given the topo-
logical variation across the EQW and EIW analyses, we
focus on the results from EIW analyses within which
k¼12. This is because: (1) this approach has been
shown to strongly outperform EQW parsimony in simu-
lation (Goloboff et al., 2018); and (2) select compari-
sons across k-values suggest that values between 10 and
20 are similar in accuracy, whereas performance deterio-
rates for values below 10 (Goloboff et al., 2018;
O’Reilly et al., 2016).
All synapomorphies are unambiguously optimized,

unless otherwise noted. For ambiguously optimized syn-
apomorphies, we generally favoured accelerated trans-
formation (‘ACCTRAN’), except in instances in which
a feature observed only in members of one named clade
would become a synapomorphy for a more inclusive
named clade. In these cases, and in select instances in
which ACCTRAN optimization would result in a syn-
apomorphy applying to an unnamed clade, we instead
applied delayed transformation (‘DELTRAN’).
Following a modified version of the nomenclature pro-
posed by Tschopp et al. (2015), we define synapomor-
phies as: (1) unique, i.e. shared by all ingroup members,
and only by them (equivalent to the ‘unambiguous syna-
pomorphies’ of Tschopp et al., 2015); (2) exclusive, i.e.
occur only in ingroup members, but not in all of them;
(3) shared, i.e. present in all ingroup members, but also
occur in taxa outside the clade; and (4) highly homo-
plastic, i.e. neither exclusive nor shared by all ingroup
members (equivalent to the ‘ambiguous synapomor-
phies’ of Tschopp et al., 2015). Where possible, all syn-
apomorphies should be preferably evaluated in
skeletally mature individuals. We provide photographs
or reconstructions of scan data to illustrate examples of
most unique and exclusive synapomorphies, as well as
many shared ones (Figs 8–16). Numbers in parentheses
below represent the character number and the state, e.g.
221:1 represents character number 221 and state 1 of
that character.

Diplodocoidea Marsh, 1884

Definition. All taxa more closely related to Diplodocus
than to Saltasaurus (stem-based; Wilson & Sereno,
1998).

Unique synapomorphies. None.

Exclusive synapomorphies. Sternal plate triangular in
dorsal/ventral view (221:1; ACCTRAN).
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Shared synapomorphies. Posterior ventral margin of
atlantal intercentrum with ventrolateral projections
(321:1; ACCTRAN); short cervical ribs that do not pro-
ject far beyond their respective centrum (139:0).

Highly homoplastic synapomorphies. Postzygapophyses
of posterior cervical neural arches terminate at or
beyond posterior edge of centrum (328:0); weakly
developed aliform processes in middle–posterior dorsal
neural spines (163:0); neural spine height to centrum
length ratio of posterior dorsal or sacral vertebrae �2.0
(486:0); anterior caudal centra with ventral longitudinal
hollow (181:1); anterior caudal centra with distinct
ventrolateral ridges (182:1); scapular acromion dorso-
ventral height to minimum dorsoventral height of scapu-
lar blade ratio less than 3.0 (36:0).

Diplodocimorpha Calvo & Salgado, 1995

Definition. Diplodocus and Rebbachisaurus, their most
recent common ancestor, and all of its descendants
(node-based; Taylor & Naish, 2005).

Unique synapomorphies. Premaxilla ascending process
sub-rectilinear and directed posterodorsally (287:2;
DELTRAN); infratemporal fenestra with anterior exten-
sion that reaches or surpasses the anterior margin of the
orbit (88:1; DELTRAN); parasphenoid rostrum trans-
versely thin and sheet-like in cross-section (310:1); tooth
rows restricted anterior to subnarial foramen (104:3;
DELTRAN); four or more replacement teeth per alveo-
lus (453:1; DELTRAN).

Exclusive synapomorphies. Premaxillary-maxillary
index greater than 75% (286:2; DELTRAN); teeth with
low-angled planar wear facets (105:2; ACCTRAN);
middle–posterior dorsal neural spines petal-shaped in
anterior/posterior view (480:1); anterior caudal vertebrae
with SPRL extending onto the lateral aspect of the
neural spine (496:1); anterior-most caudal ribs with
anterior surface excavated, forming a sharp-lipped fossa
or foramen (503:1); anterior caudal ribs with

dorsolaterally orientated dorsal margin (204:1;
ACCTRAN); distal end of pubis expanded anteriorly
and posteriorly (525:1).

Shared synapomorphies. Posterolateral process of pre-
maxilla and lateral process of maxilla lack midline con-
tact (75:0; ACCTRAN); anterior margin of premaxilla
lacks a step (76:1; ACCTRAN); preantorbital fenestra
lies anterior to antorbital fenestra (290:1; DELTRAN);
ascending process of maxilla extends posterior to poster-
ior end of main body (292:1; DELTRAN); external
nares retracted to a position between the orbits (300:1;
DELTRAN); jugal with a large contribution to the
antorbital fenestra (426:2; DELTRAN); ventral process
of squamosal extends past posterior margin of the orbit
(435:1; DELTRAN); angle between anterior and dorsal
processes of the quadratojugal >90� (434:1;
DELTRAN); infratemporal fenestra linear and slit-like
(301:1); basipterygoid processes angled less than 80�

relative to skull roof (312:1; DELTRAN); tooth crowns
aligned along jaw axis and do not overlap (106:1;
DELTRAN); lower tooth crowns smaller than upper
tooth crowns (107:1; DELTRAN); tooth crowns with
circular cross-section at mid-crown height (109:1;
DELTRAN); tooth crowns with convex lingual surface
(110:1; DELTRAN); no apicobasally oriented lingual
ridge on tooth crowns (111:1; DELTRAN); lateral pneu-
matic excavations of anterior caudal centra with sharply
defined margins (179:1; DELTRAN); posterior caudal
centra with average elongation index �1.7 (31:1);
biconvex distal caudal centra (186:1; DELTRAN);
humerus to femur proximodistal length ratio �0.7 (40:0;
DELTRAN); pubic obturator foramen sub-circular in lat-
eral view (250:0).

Highly homoplastic synapomorphies. Subnarial for-
amen and anterior maxillary foramen separated by a nar-
row isthmus (425:1; ACCTRAN); parietal lacks a
contribution to the post-temporal fenestra (85:1;
ACCTRAN); quadrate with shallow quadrate fossa
(91:0; ACCTRAN); tooth crown slenderness index �4.0
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Figure 8. Photographs and reconstructions of scan data illustrating select cranial synapomorphies supporting Diplodocimorpha, as
well as the plesiomorphic condition: A, Skull of Camarasaurus lentus (CM 11338) in right lateral view (reversed). B, Skull of an
indeterminate diplodocine (USNM 2672) in left lateral view. Coronal slices through the rostra of C, Camarasaurus lentus (CM
11338) and D, an indeterminate diplodocine (CM 11161) illustrating the presence (75:1) or absence (75:0) of a marked narial fossa
and midline articulations between the premaxillae and maxillae. E, Apicolingual view of the upper dentition of an indeterminate
diplodocine (CM 11161) showing low-angled planar wear facets (105:2). Coronal slices through the posterior facial skeleton of F,
Camarasaurus lentus (CM 11338) and G, an indeterminate diplodocine (CM 11161) depicting the triangular (310:0) and sheet-like
(310:1) cross-sections of the parasphenoid rostrum. H, CT slice through the alveoli of the premaxillae and maxillae of an
indeterminate diplodocine (CM 11161) showing at least four generations of replacement teeth (453:1). Insets in parts C, D, F–H
indicate the approximate location of the CT slice. Unique and exclusive synapomorphies are denoted with an asterisk.
Abbreviations: AOF: anterior orbital fenestra; btp, basipterygoid process; L, left; max, maxilla; om, orbital margin; pmax,
premaxilla; ps, parasphenoid rostrum; q, quadrate; R, right; SNF, subnarial foramen. Scale bar equals 50 mm in A–H. Image credit:
E, Matt Lamanna/Carnegie Museum of Natural History.

Diplodocoid evolutionary relationships and biogeography 21



(11:2; ACCTRAN); average elongation index of the
axis �2.0 (322:0); presence of a ventral midline keel in
postaxial cervical centra (120:1); middle–posterior dor-
sal centra with flat or concave anterior articular faces

(147:0); middle–posterior dorsal neural spines that do
not flare distally (162:0); anterior-most caudal centra
with well-defined ACDL (409:1; ACCTRAN); anterior
caudal neural spines with lateral lamina (497:1;

Figure 9. Photographs and reconstructions of scan data illustrating select cranial synapomorphies supporting various clades within
Diplodocoidea. A, Braincase of Suuwassea (ANS 21122) in posterior view. B, Braincase of BYU 17096 in ventral view. C, Skull of
an indeterminate diplodocine (CM 3452) in dorsal view. D, Premaxilla of Dicraeosaurus hansemanni (MfN MB.R. 2379) in anterior
view. E, Dentary of Suuwassea (ANS 21122) in dorsal view. Braincases of F, Giraffatitan (MfN MB.R. 2180) and G, Suuwassea
(ANS 21122) in left anterolateral views, illustrating the presence (561:0) or absence (561:1) of a crista antotica that extends ventrally
to reach the anterior border of the foramen for cranial nerve V. H, Braincase of BYU 17096 in left lateral view, showing the absence
of an acuminate posterior process of the postorbital (302:1) that supports BYU 17096 þ Dicraeosaurinae, as well as Khebbashia. I,
Braincase of BYU 17096 in posterior view illustrating deep, well-demarcated fossae at the ventromedial base of the paroccipital
processes (440:1), as well as basal tubera with little or no divergence between them (97:0). J, Braincase of Amargasaurus (MACN
PV N15) in anterior view. Braincase of Limaysaurus (MUCPv-205) in K, left lateral and L, dorsal views. Unique and exclusive
synapomorphies are denoted with an asterisk. Abbreviations: ca, crista antotica; CNV, cranial nerve V; fr, frontal; jua, jugal
articulation; la, lacrimal; pf, prefrontal; po, postorbital; sq, squamosal. Scale bar equals 50 mm in A–L. Image credits: D, Amy
Campbell and Daniela Schwarz/Museum f€ur Naturkunde, Berlin.
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ACCTRAN); anterior caudal ribs project mainly laterally
(205:1); anterior-most caudal ribs with ventral surface
directed dorsolaterally in anterior/posterior view (502:1);
dorsal margin of ilium strongly convex throughout its
length (520:1; ACCTRAN); projected line passing across
ischial and pubic articular surfaces of the ilium passes
through or dorsal to the ventral edge of the postacetabular
part of the ilium (381:1); lateral edge of proximal tibia
lacking ‘second cnemial crest’ (261:0; DELTRAN).

Remarks. Optimizing teeth with a high slenderness index
(SI � 4.0) as a synapomorphy of Diplodocimorpha (11:2)
requires a secondary reversal to relatively broad crowns
(11:1; SI ¼ 2.0 to <4.0) in Lingwulong and potentially
also Kaatedocus (see Saleiro & Tschopp, 2025).
Under ACCTRAN, two unique synapomorphies (88:1
and 104:3) are optimized as synapomorphies of
Diplodocoidea, rather than Diplodocimorpha.

Flagellicaudata Harris & Dodson, 2004

Definition. Dicraeosaurus and Diplodocus, their most
recent common ancestor, and all of its descendants
(node-based; Harris & Dodson, 2004).

Unique synapomorphies. Atlantal intercentrum with
foramen on ventral surface, near posterior margin
(455:1; DELTRAN).

Exclusive synapomorphies. Long axes of distal tips of
basal tubera directed posteromedially (445:1;
ACCTRAN); fibular articular surface of the astragalus
faces posterolaterally (538:1; ACCTRAN).

Shared synapomorphies. Two foramina for CN XII
(317:0; DELTRAN); occipital condyle positioned at an
angle greater than 60� relative to horizontal plane
(313:1; DELTRAN); middle–posterior dorsal neural
spines with distinct pre- and postspinal laminae (167:1);
middle–posterior dorsal neural spines with absent or
short SPRLs that merge into the PRSL at its ventral end
(342:1); ratio of mediolateral width across sacral verte-
brae and ribs to average length of sacral centrum �4.0

(346:1; DELTRAN); anterior-most caudal ribs with ven-
trally deflected distal tip (501:1; DELTRAN); metatarsal
III to metatarsal I proximodistal length ratio <1.3
(421:1).

Highly homoplastic synapomorphies. Lacrimal bears
an anterior process (80:1; DELTRAN); posterior face of
basal tubera flat or slightly concave (444:1); atlantal
intercentrum with occipital facet expanded anteroven-
trally (116:1; DELTRAN); cervical centra with highest
average elongation index �3.0 (15:1); middle cervical
neural spines with lateral fossa at base of prezygapophy-
seal process (405:1); middle–posterior dorsal neural
arches with single PCPL (148:1); anterior caudal centra
with mildly convex posterior articular surface (27:1;
ACCTRAN); ratio of mediolateral width to dorsoventral
height of anterior articular surface of middle caudal cen-
tra �1.0 (28:1); scapular acromion dorsoventral height
to minimum dorsoventral height of scapular blade ratio
�3.0 (36:1); scapular acromion with excavated area pos-
terior to the acromial ridge (212:1); coracoid ventral
margin lacks a notch and infraglenoid lip (220:0); con-
joined distal ends of the ischia are ‘V’-shaped, forming
an angle of 90� or less (533:0).

Remarks. Because the definition of Flagellicaudata is
node-based, the above list of synapomorphies excludes
those features that support Cetiosauriscus and
Lingwulong as stem flagellicaudatans. Numerous unam-
biguous synapomorphies support the (Cetiosauriscusþ
Lingwulong) þ Flagellicaudata clade, including: the
dorsolateral margin of the exoccipital bearing a curving
spur of bone that forms the dorsomedial margin of the
post-temporal fenestra (439:1 [unique]); postaxial cer-
vical centra with a small, clearly demarcated fossa on
the posteroventral corner of the lateral surface (457:1
[exclusive]); postaxial cervical centra with posteriorly
concave ventral surfaces (119:1 [highly homoplastic]);
bifurcated neural spines in postaxial cervical and anter-
ior dorsal vertebrae (132:1 [shared]); middle cervical
neural spines anteriorly inclined (460:1 [exclusive]);
bifurcated middle dorsal neural spines (161:1 [highly
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Figure 10. Photographs illustrating select cervical vertebral synapomorphies supporting various clades within Diplodocoidea. A,
Haplocanthosaurus delfsi atlas (CMNH 10380) in right posterolateral view. B, Suuwassea atlas (ANS 21122) in right posterolateral
view. C, Smitanosaurus atlas (USNM 5384) in ventral view. D, Cervical vertebra 5 of Nigersaurus (MNN GAD 512) in left lateral
view. E, Posterior cervical vertebra of Brontosaurus yahnahpin (TATE-001) in anterior view. F, Cervical vertebra 8 of
Dicraeosaurus hansemanni (MfN MB.R. 4886) in posterior view. G, Middle cervical vertebra of Dicraeosaurus sattleri (MfN MB.R.
3676) in left lateral view. Several diplodocoid synapomorphies are highlighted, comprising: an atlas with ventrolateral projections
(321:1) and a ventral foramen (455:1); short cervical ribs (139:0); cervical neural arches with an accessory lamina connecting the
PODL to the SPRL (129:1); middle–posterior cervical neural arches with a sTPOL (404:1); anteriorly inclined (460:1) and elongate
(327:1) middle cervical neural spines; and bifurcated cervical and anterior dorsal neural spines (132:1) with a median process at the
base of the metapophyseal notch (133:1). Unique and exclusive synapomorphies are denoted with an asterisk. Abbreviations: nah,
neural arch height; nsh, neural spine height. Scale bar equals 50 mm in A–D, and 100 mm in E–G. Image credit: F, Amy Campbell
and Daniela Schwarz/Museum f€ur Naturkunde, Berlin.
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homoplastic]); anterior chevrons bridged dorsally by
bone (208:1 [shared]); a scapular blade maximum to
minimum dorsoventral height ratio less than 2.0 (37:1
[highly homoplastic]); a well-developed, anteriorly pro-
jecting ambiens process on pubis (522:1 [shared]); and
the proximoventral corner of pedal phalanx I-1 drawn
out into a thin plate underlying metatarsal I (542:1
[unique]).

Dicraeosauridae Huene, 1927

Definition. All taxa more closely related to Dicraeosaurus
than to Diplodocus (stem-based; Sereno, 1998).

Unique synapomorphies. Crista antotica tapers out dor-
sally and does not reach the anterior border of the CNV
foramen (561:1); dentary bears a tuberosity on its labial
surface near the mandibular symphysis (451:1).

Exclusive synapomorphies. None.

Shared synapomorphies. External surface of premaxilla
bears well-developed, anteroventrally orientated vascular
grooves (424:1); presence of a frontoparietal fenestra
(558:1); postparietal foramen present (432:1;
DELTRAN); basioccipital with a foramen/foramina
between the basal tubera and basipterygoid processes
(99:0); little or no divergence between the basal tubera,
such that they are cojoined along most or all of their
length (97:0; DELTRAN), with their long axes forming
an angle of <50� (314:0); middle–posterior cervical
neural arches with a vertical midline lamina (sTPOL) or
the ventral midline tip of a ‘V’-shaped TPOL that
divides the CPOF into two fossae (404:1).

Highly homoplastic synapomorphies. Cervical axis
with ventral midline keel (117:1; ACCTRAN).

Remarks. Under DELTRAN, the postparietal foramen
(431:1) is a dicraeosaurid synapomorphy, independently
acquired in Kaatedocus. Alternatively, ACCTRAN opti-
mization favours a scenario in which the postparietal
foramen is a flagellicaudatan synapomorphy, lost in
later-branching diplodocids.

Dicraeosaurinae Huene, 1927

Definition. Dicraeosaurus and Bajadasaurus, their most
recent common ancestor, and all of its descendants
(node-based; this study).

Unique synapomorphies. Area between basipterygoid
processes forms a deep, slot-like cavity (442:1).

Exclusive synapomorphies. None.

Shared synapomorphies. Frontoparietal suture posi-
tioned at or posterior to the centre of the supratemporal
fenestra (84:1); paroccipital process with a ventral non-
articular process (96:1; ACCTRAN); posterior face of
basal tubera convex (444:1); basipterygoid processes
narrowly divergent, at an angle <30� (311:1); cervical
and anterior-most dorsal vertebrae with solid internal tis-
sue (115:0; DELTRAN); middle cervical vertebral
neural spine to neural arch height ratio >2.0 (327:1;
DELTRAN).

Highly homoplastic synapomorphies. None.

Remarks. The presence of a ventral non-articular pro-
cess of the paroccipital process in Bajadasaurus is
ambiguous. Solid internal vertebral architecture of cer-
vical and anterior dorsal vertebrae (115:0) and tall mid-
dle cervical neural spines (327:1) would be
synapomorphies of a slightly more inclusive clade if the
taxon represented by BYU 17096 is eventually shown
to share these features. Anterior dorsal vertebrae with
diapophyses directed strongly dorsolaterally (153:1)
might constitute an additional shared dicraeosaurine syn-
apomorphy, but the status of this character in
Bajadasaurus and BYU 17096 is not known.

Diplodocidae Marsh, 1884

Definition. All taxa more closely related to Diplodocus
than to Dicraeosaurus (stem-based; Sereno, 1998).
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Figure 11. Photographs and reconstructions of scan data illustrating select dorsal vertebral synapomorphies supporting various clades
within Diplodocoidea. A, Dorsal vertebra 8 of Diplodocus hallorum (USNM V10865) in posterior view. B, Posterior dorsal vertebra
of Supersaurus vivianae (WDC DMJ-021) in right lateral view. C, Dorsal vertebra 7 of Brachytrachelopan (MPEF-PV 1716) in
posterior view. D, Anterior–middle dorsal vertebra of Comahuesaurus (MOZ-PV 6650) in posterior view. E, Middle–posterior dorsal
vertebra of Xenoposeidon (NHMUK R2095) in left lateral view. F, Dorsal vertebra 8 of Nigersaurus (MNN GAD 100) in left lateral
view. Several diplodocoid synapomorphies are highlighted, comprising: mediolaterally wide middle–posterior dorsal centra (22:1),
with lateral pneumatic foramina divided by internal ridges (334:1) and set within a fossa (145:1); anterior–middle dorsal neural
arches with zygapophyseal articular facets facing strongly dorsomedially (337:1); posterior dorsal neural arches with parapophyses
dorsal to the prezygapophyses (477:1); bifurcated middle dorsal neural spines (161:1); middle–posterior dorsal neural spines with
distinct pre- and postspinal laminae (167:1), undivided SPOLs (C165:0), an accessory lamina that connects the SPRL and SPOL
(481:1), and subparallel lateral margins (480:0); and dorsoventrally short posterior dorsal neural spines (486:1). Abbreviations: cdvh,
centrum dorsoventral height; cmlw, centrum mediolateral width; nsdvh, neural spine dorsoventral height. Scale bar equals 200 mm in
A–C, 100 mm in D and E, and 50 mm in F. Image credit: A, Courtesy of the Smithsonian Institution.
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Unique synapomorphies. Anterior portion of medial
margin of prefrontal and posterior process of prefrontal
clasp anterolateral corner of the frontal (427:1;
ACCTRAN); anterior-most caudal centra with divided
ACDL (490:1; ACCTRAN).

Exclusive synapomorphies. None.

Shared synapomorphies. Prefrontal posterior process
acute, with a sub-triangular outline (82:0; ACCTRAN);
basioccipital without foramen or pit on posterior surface
of the basal tubera (98:0; ACCTRAN); tooth crowns
without labial grooves (320:1; ACCTRAN); bifurcated
cervical neural spines with median process at base of
metapophyseal notch (133:1); ratio of mediolateral
width to dorsoventral height of the posterior articular
face of middle–posterior dorsal centra �1.0 (22:1); mid-
dle–posterior dorsal neural spines rectangular throughout
most of their length in anterior/posterior view (480:0,
ACCTRAN); lateral pneumatic foramina of middle–pos-
terior dorsal centra divided by internal ridge(s) (334:1;
ACCTRAN); anterior-most caudal neural arches
with CPRFs (492:1; ACCTRAN); ventral surface of
anterior-most caudal ribs orientated laterally (502:0;
ACCTRAN); lengths of anterior caudal centra increase
by a factor of 1.5 or greater over the first 20 vertebrae
(489:1; ACCTRAN); anterior caudal neural spines with
SPRL and SPOL contacting to form prominent lateral
lamina (198:1; ACCTRAN); concave lateral margin of
the humeral diaphysis (224:0; ACCTRAN); distal end
of pubis unexpanded posteriorly (525:0, ACCTRAN).

Highly homoplastic synapomorphies. Cervical verte-
bral count of at least 14 (14:1; ACCTRAN); cervical
neural arches with pre-epipophyses (126:1; ACCTRAN);
ratio of mediolateral width to dorsoventral height of the
posterior articular face of anterior dorsal centra �1.3
(21:1); middle–posterior dorsal diapophyses directed lat-
erally or slightly upwards (155:1).

Remarks. The number of cervical vertebrae in
Pilmatueia is unknown. The presence of at least 14

cervical vertebrae in Kaatedocus supports kinship with
diplodocids rather than with Dicraeosauridae, late-
branching members of which have only 12. Note that
optimization of tooth crowns without labial grooves
(320:1) as a diplodocid synapomorphy occurs because
weakly developed labial grooves are present in
Lingwulong and Dicraeosaurus (Upchurch, 1998; Xu
et al., 2018).

Rebbachisauridae Bonaparte, 1997

Definition. All taxa more closely related to
Rebbachisaurus than to Diplodocus (stem-based; Salgado
et al., 2004).

Unique synapomorphies. Ventral process of squamosal
extends beyond anterior margin of the orbit (435:2;
ACCTRAN); postorbital excluded from infratemporal
fenestra by squamosal-jugal contact (559:1;
ACCTRAN); dorsal neural spines with spinodiapophy-
seal lamina ‘festooned’ from neural spine (471:1;
ACCTRAN); middle–posterior dorsal neural arches with
confluent prezygapophyses (475:1; ACCTRAN); elong-
ate, channel-like excavations on anterior surface of mid-
dle–posterior dorsal transverse processes (479:1;
ACCTRAN); scapula with posteriorly directed hook-like
acromion process (511:1; ACCTRAN); proximal surface
of pubis and proximal third of its anterior margin meet
at a right angle (521:1; ACCTRAN); pubic obturator
foramen open posteriorly in adult individuals (524:1;
ACCTRAN).

Exclusive synapomorphies. Articular surfaces of mid-
dle caudal centra sub-triangular (508:1; ACCTRAN).

Shared synapomorphies. Angle between long-axis of
mandibular symphysis and main body of dentary
approximately 90� (319:1; ACCTRAN); tooth crowns
without labial grooves (320:1; ACCTRAN); cervical
neural arches with accessory lamina connecting PODL
to SPRL (129:1; ACCTRAN); anterior–middle dorsal
neural arches with zygapophyseal articular facets facing
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Figure 12. Photographs illustrating select dorsal vertebral synapomorphies supporting various clades within Diplodocoidea. A, Dorsal
vertebra 8 of Nigersaurus (MNN GAD 100) in anterior view. B, Middle dorsal vertebra of Katepensaurus (UNPSJB-PV 1007-5) in
anterior view. C, Middle–posterior dorsal vertebra of the ‘El Chocon’ rebbachisaurid (MMCH-Pv 49) in anterior view. Middle–
posterior dorsal vertebra of Rebbachisaurus (MNHN-MRS 1958) in D, anterior and E, posterior views. Middle–posterior dorsal
vertebra of Demandasaurus (MDS−RVII) in F, anterior and G, posterior views. Several diplodocoid synapomorphies are
highlighted, comprising: middle–posterior dorsal neural arches with sharp-lipped fossae/foramina dorsolateral to the neural canal
(472:1/2) and confluent prezygapophyses (475:1); elongate, channel-like excavations on anterior surface of middle–posterior dorsal
transverse processes (479:1); dorsal neural spines with spinodiapophyseal lamina ‘festooned’ from neural spine (471:1); and petal-
shaped (480:1) middle–posterior dorsal neural spines with distinct pre- and postspinal laminae (167:1), absent or short SPRLs that
merge into the PRSL at its ventral end (342:1), and SPOLs that are divided into lateral and medial branches throughout their length
(482:1). Unique and exclusive synapomorphies are denoted with an asterisk. Scale bar equals 100 mm in A–G. Image credits: D, and
E, Ronan Allain and Lilian Cazes, Mus�eum National d'Histoire Naturelle, Paris; F, and G, Fidel Torcida Fern�andez-Baldor/Museo de
Dinosaurios, Salas de los Infantes.
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strongly dorsomedially (337:1; ACCTRAN); posterior
dorsal neural arches with zygapophyseal articular facets
facing strongly dorsomedially (341:1; ACCTRAN); mid-
dle–posterior dorsal neural spines with distinct pre- and
postspinal laminae (167:1; ACCTRAN); middle–poster-
ior dorsal neural spines with absent or short SPRLs that
merge into the PRSL at its ventral end (342:1;
ACCTRAN); concave posterior margin of scapular acro-
mion (214:1; ACCTRAN); orientation of scapular blade
long axis to coracoid articulation �70� (360:1;
ACCTRAN); iliac articular surface of the pubis with
anteroposterior to mediolateral width ratio �2.0 (58:1;
ACCTRAN); distal end of pubis unexpanded trans-
versely along lateral surface relative to shaft (385:1;
ACCTRAN); ventral margin of proximal plate of the
ischium is flat along its length (531:0; ACCTRAN);
tibia to femur length ratio <0.6 (391:0; ACCTRAN).

Highly homoplastic synapomorphies. Ridge dividing
lateral pneumatic foramen of postaxial cervical confluent
with lateral surface of centrum (456:1; ACCTRAN);
anterior-most caudal centra with lowest average elong-
ation index �0.6 (26:1); humerus shaft eccentricity
greater than 1.5 (43:0; ACCTRAN); squared humeral
proximolateral corner (223:1; ACCTRAN); proximolat-
eral margin of femur medial to the lateral margin of the
distal half of the shaft (255:1).

Remarks. In analyses in which Amargatitanis is recov-
ered outside of Rebbachisauridae, anterior caudal ribs
restricted to the neural arch and dorsal margin of cen-
trum (505:1) is recovered as an additional unique syn-
apomorphy of the clade. Under EIW12, it is a
synapomorphy of rebbachisaurids more derived than
Amargatitanis.

Khebbashia Fanti, Cau, Cantelli, Hassine, &
Auditore, 2015

Definition. Rebbachisaurus, Nigersaurus, Limaysaurus,
their most recent common ancestor, and all of its
descendants (node-based; Fanti et al., 2015).

Unique synapomorphies. Almost closed or absent
supratemporal fenestra (433:1; DELTRAN); narrow iliac
peduncle of the ischium, with a distinct ‘neck’ (526:1).

Exclusive synapomorphies. None.

Shared synapomorphies. ‘V’-shaped frontal-nasal
suture (429:1; DELTRAN); dorsal surface of frontal with
grooves extending onto nasal (430:1; DELTRAN); post-
orbital without a pronounced, acuminate posterior process
(C302:1; DELTRAN); ratio of maximum transverse
width of body of the quadrate to the width of the ventral
articular surface �1.7 (560:1; DELTRAN); sheet-like
basal tubera (443:1; DELTRAN); basipterygoid processes
narrowly divergent, at an angle <30� (311:1;
DELTRAN); ratio of scapula anteroposterior length to
minimum blade dorsoventral height <5.5 (514:1;
DELTRAN); pneumatized ilium (249:1; DELTRAN);
proximolateral margin of femur narrowed to form a
flange-like trochanteric shelf (256:1; DELTRAN).

Highly homoplastic synapomorphies. None.

Rebbachisaurinae Bonaparte, 1997

Definition. All taxa more closely related to
Rebbachisaurus garasbae than to Limaysaurus tessonei
(stem-based; Wilson & Allain, 2015).

Phylogenetic nomenclatural comments. The subfamily
Rebbachisaurinae was simultaneously created when
Rebbachisauridae was erected by Bonaparte (1997), but
it had not been in usage until it was phylogenetically
defined by Wilson and Allain (2015). Those authors
defined it such that it is essentially synonymous with

3

Figure 13. Photographs and reconstructions of scan data illustrating select sacral and caudal vertebral synapomorphies supporting
various clades within Diplodocoidea. A, Sacrum of Diplodocus carnegii (CM 94) in dorsal view. B, Caudal vertebra 2 of Diplodocus
hallorum (USNM V10865) in right lateral view. C, Anterior caudal vertebra of Leinkupal (MMCH-Pv 63-6) in left lateral view. D,
Anterior caudal vertebra of Tornieria (MfN MB.R. 6053) in anterior view. E, Anterior caudal vertebra of Leinkupal (MMCH-Pv 63-
1) in anterior view. F, Caudal vertebra 2 of Limaysaurus (MUCPv-205) in anterior view. G, Caudal vertebra 2 of Diplodocus
hallorum (USNM V10865) in anterior view. H, Anterior caudal vertebra of the ‘Isle of Wight’ rebbachisaurid (MIWG 5384) in
anterior view; I, Anterior caudal vertebra of an indeterminate rebbachisaurine from Morocco (NHMUK R36636) in anterior view.
Several diplodocoid synapomorphies are highlighted, comprising: a ratio �4.0 for the mediolateral width across sacral vertebrae and
ribs to the average length of a sacral centrum (346:1); anterior-most caudal centra with divided ACDL (490:1); the presence of a
sharp-lipped lateral pneumatic foramen in anterior caudal centra (179:1); ventral surface of anterior-most caudal ribs orientated
laterally (502:0), with ventrally deflected distal tip (501:1); anterior-most caudal ribs with anterior surface excavated, forming a
sharp-lipped fossa or foramen (503:1), internally subdivided by subvertical ridges (504:1); anterior caudal ribs curve anterolaterally
(205:0), restricted to the neural arch and dorsal margin of centrum (505:1), with a dorsolaterally orientated dorsal margin (204:1);
anterior-most caudal neural arches with CPRFs (492:1); and SPRL extends onto the lateral aspect of anterior caudal neural spines
(496:1), contacting the SPOL to form a prominent lateral lamina (198:1). Unique and exclusive synapomorphies are denoted with an
asterisk. Abbreviations: ave, average; scapl, sacral centra anteroposterior length; smlw, sacrum mediolateral width. Scale bar equals
200 mm in A and G, and 100 mm in B–F, H and I. Image credit: B, Courtesy of the Smithsonian Institution; C and E, Pablo
Gallina.
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Nigersaurinae, erected by Whitlock (2011a), even
though the latter clade name had begun to be widely
used. Given the previously labile position of
Rebbachisaurus, Mannion, Upchurch, Schwarz, et al.
(2019) recommended the continued use of Nigersaurinae
over Rebbachisaurinae. However, the developing con-
sensus of the phylogenetic affinities of Rebbachisaurus
(though see Lerzo, Torcida Fern�andez-Baldor, et al.,
2025), coupled with the taxonomic priority of
Rebbachisaurinae, led Mannion and Whitlock (in press)
to support the usage of the latter name over
Nigersaurinae, which we follow here.

Unique synapomorphies. Middle and posterior dorsal
neural spines with SPOL divided into lateral and medial
branches throughout its length (482:1; DELTRAN);
excavated anterior surface of anterior-most caudal ribs
internally subdivided by subvertical ridges (504:1;
ACCTRAN); ischium with thin and sharp ridge for
attachment of m. flexor tibilias internus III (530:1;
ACCTRAN).

Exclusive synapomorphies. None.

Shared synapomorphies. Sharp-lipped neural arch fos-
sae dorsolateral to the neural canal in middle–posterior
dorsal vertebrae (472:1/2); posterior dorsal neural arches
with parapophyses dorsal to the prezygapophyses
(477:1).

Highly homoplastic synapomorphies. Parapophyses of
postaxial cervical centra dorsally excavated (121:1); pre-
epipophyses on cervical prezygapophyses (126:1); ratio
of minimum mediolateral width to proximodistal length
of the humerus <0.15 (42:1).

Remarks. Middle and posterior dorsal neural spines
with SPOLs divided throughout their length (482:1) con-
stitutes a synapomorphy of Khebbashia in the EIW9
analysis, in which the El Chocon rebbachisaurid and
Nopcsaspondylus are instead recovered as limaysaurines.
This character is optimized ambiguously in the EIW12
analysis because it cannot be scored in Limaysaurus or
Cathartesaura. Thus, while fully divided SPOLs are

Figure 14. Photographs illustrating select caudal vertebral synapomorphies supporting various clades within Diplodocoidea. Anterior
caudal vertebra of Katepensaurus (UNPSJB-PV 1007-7) in A, left lateral and B, anterior views. C, Middle caudal vertebra of
Tornieria (MfN MB.R. 2958) in right lateral view. D, Middle–posterior caudal vertebra of Limaysaurus (MUCPv-205) in anterior
view. E, Distal caudal vertebra of Limaysaurus (MUCPv-205) in left lateral view. F, Anterior chevron of Amargasaurus (MACN PV
N15) in anterior view. Several diplodocoid synapomorphies are highlighted, comprising: anterior-most caudal ribs with anterior
surface excavated, forming a sharp-lipped fossa (503:1); anterior caudal ribs restricted to the neural arch and dorsal margin of
centrum (505:1), with a dorsolaterally orientated dorsal margin (204:1); SPRL extends onto the lateral aspect of anterior caudal
neural spines (496:1), contacting the SPOL to form a prominent lateral lamina (198:1); middle caudal centra sub-triangular (508:1),
with a lateral fossa (C509:1); biconvex distal caudal centra (186:1); and anterior chevrons bridged dorsally by bone (208:1). Unique
and exclusive synapomorphies are denoted with an asterisk. Scale bar equals 50 mm in A–E, and 100 mm in F.
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recovered as a unique rebbachisaurine synapomorphy
under DELTRAN optimization, this feature becomes a
synapomorphy of Khebbashia under ACCTRAN opti-
mization.

Limaysaurinae Whitlock, 2011a

Definition. All taxa more closely related to
Limaysaurus than to Nigersaurus (stem-based;
Whitlock, 2011a).

Unique synapomorphies. Scapular acromion anteropos-
terior length to total scapula length ratio �0.5 (510:2).

Exclusive synapomorphies. None.

Shared synapomorphies. None.

Highly homoplastic synapomorphies. None.

Remarks. Whitlock (2011a) recovered two additional
unambiguous synapomorphies in support of
Limaysaurinae. The first of these is the presence of an
accessory lateral lamina connecting the PODL and
SPRL in posterior cervical vertebrae (96:1 of that
study). This feature was termed the
‘suprapostzygapophyseal accessory lamina (SPZAL)’ by
Calvo and Salgado (1995) and Gallina and Apestegu�ıa
(2005), who identified it in Limaysaurus and
Cathartesaura, respectively; however, rather than being
a novel structure, the SPZAL appears to be homologous
to the SPDL, which in most eusauropods is serially pre-
sent only in the dorsal vertebrae. The phylogenetic char-
acter matrix used herein does not include a character for
the presence of a SPDL in the posterior cervical verte-
brae, and we were therefore unable to independently
validate this proposed synapomorphy. Whitlock (2011a)
also recovered contact between the SPRL and SPOL in
anterior caudal neural spines, forming a prominent lat-
eral lamina, as an unambiguous limaysaurine synapo-
morphy. Although this feature is indeed shared by
Limaysaurus and Cathartesaura, it is only a synapo-
morphy of Limaysaurinae under DELTRAN

optimization, as it is also present in the rebbachisaurids
Katepensaurus, Nigersaurus and Rebbachisaurus
(198:1) (Fig. 14A).

Discussion

Systematics of Tharosaurus and Middle Jurassic
Indian sauropod faunas
Our reassessment of the anatomy of Tharosaurus indi-
cus demonstrates that it lacks clear diplodocoid synapo-
morphies (Figs 1–3). This is supported by our re-
analysis of the phylogenetic data matrix presented by
Bajpai et al. (2023), as well as our analyses of our main
data matrix, all of which instead place Tharosaurus as a
eusauropod of unclear identity. In addition, we are
unable to identify clear autapomorphies in the material
assigned to Tharosaurus, with its fragmentary and dis-
torted nature making it unsuitable as a type specimen
and precluding its assignment to a lower taxonomic
level within Eusauropoda (Figs 1–6). As such, we
regard Tharosaurus indicus as a nomen dubium repre-
senting an indeterminate eusauropod of uncertain
affinity.
The remains assigned to Tharosaurus are not the first

sauropod specimens to be reported from the Middle
Jurassic of India. Moser et al. (2006) described fragmen-
tary sauropod remains from the Bajocian Khadir
Formation on Khadir Island, western India. They
assigned some of these remains to the macronarian clade
Camarasauromorpha, which Bajpai et al. (2023) high-
lighted as additional evidence to support the presence of
neosauropods in the Middle Jurassic of India. However,
Moser et al. (2006) provided almost no reasoning for
the assignment of these remains to Camarasauromorpha.
In the few instances in which they discussed the distri-
bution of anatomical features, Moser et al. (2006) also
noted the presence of these characteristics in taxa out-
side of Neosauropoda. Given that none of the specimens
display neosauropod synapomorphies, we regard the
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Figure 15. Photographs illustrating select appendicular synapomorphies supporting various clades within Diplodocoidea. A, Right
scapulocoracoid of Amargasaurus (MACN PV N15) in lateral view. B, Left scapula of Limaysaurus (MUCPv-205) in lateral view.
C, Right sternal plate of Brontosaurus yahnahpin (TATE-001) in ventral view. D, Left humerus of Brontosaurus parvus (UWGM
15556) in anterior view. E, Right pubis of Diplodocus carnegii (CM 94) in lateral view. F, Left pubis of Comahuesaurus (MOZ-PV
6743) in medial view. Several diplodocoid synapomorphies are highlighted, comprising: orientation of scapular blade long axis to
coracoid articulation �70� (360:1); a scapular acromion anteroposterior length to total scapula length ratio �0.5 (510:2); scapula
anteroposterior length to minimum blade dorsoventral height ratio of <5.5 (514:1); a scapular blade maximum to minimum
dorsoventral height ratio less than 2.0 (37:1); scapula with posteriorly directed hook-like acromion process (511:1); triangular sternal
plate in dorsal/ventral view (221:1); concave lateral margin of the humeral diaphysis (224:0); proximal surface of pubis and proximal
third of its anterior margin meet at a right angle (521:1); prominent ambiens process on pubis (522:1); pubic obturator foramen sub-
circular in lateral view (250:0) and open posteriorly (524:1); and an anteroposteriorly expanded (525:1) and unexpanded (525:0)
distal pubis. Unique and exclusive synapomorphies are denoted with an asterisk. Abbreviations: aapl, acromion anteroposterior
length; bmnh, blade minimum height; bmxh, blade maximum height; sapl, scapula anteroposterior length. Scale bar equals 200 mm
in A–F.
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remains described by Moser et al. (2006) as belonging
to an indeterminate eusauropod.
Sharma et al. (2022) described a sauropod tooth from

the Bathonian Badabag Member of the Jaisalmer
Formation, which overlies the Fort Member that yielded
Tharosaurus. As demonstrated by Sharma et al. (2022),
this heart-shaped tooth bears synapomorphies that sup-
port its referral to Turiasauria (see Mateus et al., 2014;
Mocho et al., 2016; Royo-Torres et al., 2006; Saleiro &
Tschopp, 2025), which is typically recovered as a non-
neosauropod eusauropod clade (though see our EQW
topology for an unusual macronarian placement for
Turiasauria). Although Tharosaurus cannot be referred
to Turiasauria, this is potentially because of its incom-
pleteness and poor preservation, rather than features that
contradict such a placement.

Other possible Early–Middle Jurassic
Gondwanan neosauropods
Purported neosauropods have also been described from
pre-Late Jurassic deposits from elsewhere in Gondwana.
Jobaria tiguidensis is known from multiple individuals
from the Bathonian–Callovian Tiourar�en Formation of
Niger (Rauhut and L�opez-Arbarello, 2009; Sereno et al.,
1999). Most analyses have recovered it as a eusauropod
just outside of the neosauropod radiation (e.g. D’Emic,
2012; Mannion, Upchurch, Schwarz, et al., 2019;
Wilson, 2002), although occasionally it has been placed
as an early-diverging macronarian (e.g. Upchurch,
Barrett, et al., 2004; Xing et al., 2015) or diplodocoid
(Carballido et al., 2011; Moore et al., 2020). The latter
position is supported by a subset of MPTs in our EQW
analysis, in which a clade comprising Jobaria and
Haplocanthosaurus spp. is the sister taxon to all other
diplodocoids. Features supporting close kinship of
Jobaria and Haplocanthosaurus include a relatively
short cervical axis (322:1), dorsal neural spines in which
the SPRL contacts the diapophysis following ‘lamina
capture’ (470:1), a dorsomedially directed femoral head
(388:1), and a femoral fourth trochanter that is visible in

anterior view (258:1). In addition, Jobaria shares with
diplodocoids a premaxilla that lacks a stepped anterior
margin (76:1), as well as anterior caudal centra with a
ventral longitudinal hollow (181:1). Although Jobaria
lacks a detailed published description, it is scored based
on firsthand observation in most eusauropod data matri-
ces, including the one presented herein.
Atlasaurus imelakai, from the Bathonian Guettioua

Formation of Morocco, was described as a brachiosaurid
by Monbaron et al. (1999). Its position is labile across
phylogenetic analyses, switching between non-
neosauropod eusauropod and early-diverging macronar-
ian placements (e.g. D’Emic, 2012; Mannion et al.,
2013; Mannion, Upchurch, Schwarz, et al., 2019; Royo-
Torres et al., 2006), as well as being placed as a ‘basal’
diplodocoid in at least one previous analysis (Ren et al.,
2023). In the analyses presented herein, it is a non-
titanosauriform eusauropod under EQW (either outside
of Neosauropoda or an early-diverging macronarian),
but a brachiosaurid under EIW (Figs 4–6). Given that it
is known from much of the skeleton, Atlasaurus is an
important taxon for understanding the early evolutionary
history of Gondwanan eusauropods. However, it has
received only a brief description (Monbaron et al.,
1999) and is in need of revision, and no published
phylogenetic analysis has yet to include it based on
firsthand study.
Bindellini and Dal Sasso (2021) interpreted several

isolated teeth from the Bathonian Sakahara (¼Isalo III)
Formation of Madagascar as belonging to a titanosauri-
form. Although we do not exclude this possibility, we
remain cautious about taxonomic identifications based
solely on teeth (see also Frauenfelder et al., 2024).
Furthermore, the teeth appear similar to those of
Atlasaurus, for which a non-neosauropod identification
remains possible. Bindellini and Dal Sasso (2021) sug-
gested that another tooth from the Sakahara Formation
represents either a diplodocoid or titanosaur. However,
this specimen does not appear morphologically similar
to any known tooth of either clade. As such, we contend
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Figure 16. Photographs illustrating select appendicular synapomorphies supporting various clades within Diplodocoidea. A, Left
ischium of Demandasaurus (MDS−RVII) in lateral view. B, Right ischium of Rebbachisaurus (MNHN-MRS 2009) in lateral view.
C, Right ischium of Tornieria (SMNS 12143) in lateral view. D, Right femur of Tornieria (SMNS 12140) in posterior view. E,
Right femur of Comahuesaurus (MOZ-PV 6761) in posterior view. F, Left femur of Demandasaurus (MDS−RVII) in posterior
view. G, Left astragalus of Amargasaurus (MACN PV N15) in posterior view. H, Right pedal phalanx I-1 of Diplodocus carnegii
(CM 89) in dorsal view. Several diplodocoid synapomorphies are highlighted, comprising: narrow iliac peduncle of the ischium, with
a distinct ‘neck’ (526:1); ischium with thin and sharp ridge for attachment of m. flexor tibilias internus III (530:1); ventral margin of
proximal plate of the ischium is flat along its length (531:0); proximolateral margin of femur medial to the lateral margin of the
distal half of the shaft (255:1) and narrowed to form a flange-like trochanteric shelf (256:1); fibular articular surface of the astragalus
faces posterolaterally (538:1); and proximoventral corner of pedal phalanx I-1 drawn out into a thin plate underlying metatarsal I
(542:1). Unique and exclusive synapomorphies are denoted with an asterisk. Scale bar equals 200 mm in A–F, and 50 mm in G and
H. Image credits: A, Fidel Torcida Fern�andez-Baldor/Museo de Dinosaurios, Salas de los Infantes; B, Ronan Allain and Lilian Cazes,
Mus�eum National d'Histoire Naturelle, Paris.
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that this tooth cannot currently be attributed to a neo-
sauropod. Other sauropod remains from the Middle
Jurassic of Madagascar, including the named taxa
Archaeodontosaurus descouensi, Lapparentosaurus
madagascariensis and Narindasaurus thevenini, appear
to belong to lineages outside of Neosauropoda, includ-
ing Turiasauria (Buffetaut, 2005; Mannion, 2010;
Mannion et al., 2013; Royo-Torres et al., 2021). Finally,
Carballido et al. (2017) described a partial tooth from
the Toarcian (upper Lower Jurassic) Ca~nad�on Asfalto
Formation of Argentina that shares some features with
Titanosauriformes, but its affinities remain uncertain and
more complete material is required to support such an
identification.
In summary, support for pre-Late Jurassic Gondwanan

neosauropods remains tenuous, and no sauropods from
this spatiotemporal window can currently be referred
unequivocally to Neosauropoda. Nevertheless, it remains
highly possible that their near-absence is a sampling arte-
fact, rather than a genuine signal, especially if neosauro-
pods remained low in diversity and abundance prior to the
Late Jurassic. This latter hypothesis is supported by the
scarcity of neosauropods in the Middle Jurassic of
Laurasia, from which body fossil remains and trackways
currently assigned to Diplodocoidea (see below) or
Macronaria (Dai et al., 2022; Day et al., 2002; Moreau
et al., 2019; Ren et al., 2022, 2023) are extremely rare.

Implications for the evolutionary relationships
and systematics of Diplodocoidea
A number of phylogenetic placements of taxa in our
analyses are novel or contrast with at least some recent
topologies. Below we discuss several of our phylogen-
etic results pertaining to Diplodocoidea. Unless other-
wise stated, we focus on the results of the EIW analysis
with a k-value of 12 (Fig. 5).

Non-diplodocimorph diplodocoids. The Upper Jurassic
Morrison Formation species Haplocanthosaurus priscus
and Haplocanthosaurus delfsi are consistently recovered
as non-diplodocimorph diplodocoids in both EIW analy-
ses, as in previous iterations of this data matrix
(Mannion, Upchurch, Schwarz, et al., 2019; Mannion
et al., 2021). However, they are recovered outside of
Neosauropoda in a subset of MPTs from the EQW ana-
lysis. It remains uncertain whether H. delfsi is attribut-
able to Haplocanthosaurus (see also analyses in Gallina
& Apestegu�ıa, 2005; Mannion, Upchurch, Schwarz,
et al., 2019). The incorporation of additional remains
attributed to this genus (e.g. Boisvert et al., 2025) into
phylogenetic analysis might help resolve the systematics
of these two species. The two Haplocanthosaurus spe-
cies form a clade with the late Middle Jurassic North

African taxon Jobaria in our EQW analysis (Fig. 4),
which is entirely novel to our study. Support for this
relationship is based on several features of the axial
skeleton and femur (see above), all of which are homo-
plastic within Eusauropoda.

Stem flagellicaudatans. Consistent with previous stud-
ies (Gallina et al., 2019; Mannion, Upchurch, Schwarz,
et al., 2019; Whitlock & Wilson Mantilla, 2020;
Windholz et al., 2022; Xu et al., 2018), our analyses
recover Lingwulong shenqi as a Middle Jurassic diplod-
ocimorph. However, it is no longer recovered as a
dicraeosaurid and instead is placed outside of the dip-
lodocid–dicraeosaurid split as a stem flagellicaudatan
(EQW and EIW12) or as an early-branching diplodocid
(EIW9) (Figs 4–6), positions supported by numerous
synapomorphies (see above). This revised position is
primarily driven by a small number of character score
changes to our Lingwulong OTU, including the inter-
pretation that it lacks a deep, slot-like cavity between
the basipterygoid processes (442:0), contra Xu et al.
(2018), with the presence of this feature recovered as a
unique synapomorphy of Dicraeosaurinae (Fig. 9J).
Cetiosauriscus stewarti is recovered as the sister taxon
of Lingwulong in both EIW analyses, but under EQW it
lies either outside of Neosauropoda (immediately ‘basal’
to Lapparentosaurus), or just ‘apical’ to Lingwulong as
an additional stem flagellicaudatan (Figs 4–6). This is
broadly consistent with a previous iteration of this data
matrix (Mannion, Upchurch, Schwarz, et al., 2019),
except that Cetiosauriscus was placed as a dicraeosaurid
therein under EIW. Flagellicaudatan affinities were also
recovered for the latter species by Holwerda et al.
(2019) and in some of the analyses of Tschopp et al.
(2015), whereas other studies have consistently placed it
as a non-neosauropod eusauropod (e.g. Moore et al.,
2020, 2023; Rauhut et al., 2005).

Laurasian diplodocids. Our sampling of unequivocal
diplodocids is unchanged from previous iterations of this
phylogenetic data matrix (Mannion, Upchurch, Schwarz,
et al., 2019; Mannion et al., 2021), with only the apatosaur-
ine Apatosaurus spp. and the diplodocines Diplodocus spp.
(possibly including material pertaining to Galeamopus spp.
within this OTU) and Supersaurus vivianae included as
representatives of the high species richness known from the
Upper Jurassic Morrison Formation. As is the case in most
previous analyses (e.g. Mannion et al., 2012;
Mannion, Upchurch, Schwarz, et al., 2019; Tschopp et al.,
2015; Whitlock & Wilson Mantilla, 2020), we recover a
sister-taxon relationship between Supersaurus and
Dinheirosaurus lourinhanensis from the upper
Kimmeridgian–lower Tithonian Lourinh~a Formation of
Portugal (Bonaparte & Mateus, 1999; Mannion et al.,
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2012) (Figs 4–6), supported by an accessory lamina on the
lateral surface of middle–posterior dorsal neural spines that
connects the SPRL and SPOL (481:1), as well as relatively
short posterior dorsal neural spines (486:1) (Fig. 11B).
Tschopp et al. (2015) proposed that Dinheirosaurus lourin-
hanensis should be regarded as a second species of
Supersaurus, but, given the geographical separation of
these two species, coupled with anatomical differences that
approach the generic level cut-off value (sensu Tschopp
et al., 2015), we follow Mannion and Whitlock (in press) in
tentatively retaining Dinheirosaurus as a distinct genus.
Tschopp and Mateus (2013) described Kaatedocus siberi
as an additional Morrison Formation diplodocid. Initially
recovered as a phylogenetically nested diplodocine
(Tschopp & Mateus, 2013; Tschopp et al., 2015), it was
subsequently placed as the earliest-diverging diplodocine
by Tschopp and Mateus (2017) and as a ‘basal’ dicraeo-
saurid by Whitlock and Wilson Mantilla (2020). Our analy-
ses place Kaatedocus in novel positions, either as a
diplodocid outside of the apatosaurine–diplodocine split
(EIW12, EQW) or as a stem flagellicaudatan (EIW9) (Figs
4–6). Although we remain cautious about its position
within Diplodocidae given that we do not sample all
Morrison Formation species of that clade, and its ‘basal’
placement might be impacted by the possibly subadult
nature of the published material (Mannion et al., 2021;
Tschopp & Mateus, 2013), our results argue against the
likelihood of Kaatedocus representing a dicraeosaurid.

Gondwanan diplodocids. By contrast with analyses
based on different underlying data matrices (e.g.
Tschopp & Mateus, 2017; Whitlock & Wilson Mantilla,
2020; Windholz et al., 2022), we continue to recover a
phylogenetically nested Gondwanan diplodocine clade
in which Tornieria africana, from the Tithonian
Tendaguru Formation of Tanzania (Remes, 2006), is the
sister taxon of Leinkupal laticauda, from the upper
Berriasian–Valanginian Bajada Colorada Formation of
Argentina (Gallina et al., 2014) (Figs 4–6). The sister-
taxon relationship between these two species is sup-
ported by a high ratio (>2) of middle cervical neural
spine to arch height (327:1), the anterolateral curvature
of anterior caudal ribs (205:0) (Fig. 13C), and the
absence of an anteroposteriorly elongate ridge two-
thirds of the way up the lateral surface of middle caudal
centra (183:0). We suspect that the discrepancy between
our results and those of other studies arises from the
exclusion of some of these characters, as well as those
that unite these species with Diplodocus to the exclusion
of more ‘basal’ diplodocids, including the presence of a
lateral fossa on middle caudal centra (C509:1; Fig. 14C;
Mannion, Upchurch, Schwarz, et al., 2019).
Furthermore, by contrast with the present study (and
previous iterations of this data matrix), the analyses of

Tschopp et al. (2015) and Tschopp and Mateus (2017)
restricted their Leinkupal OTU to the type caudal verte-
bra and did not include additional cervical vertebrae
referrable to Tornieira (MfN MB.R.6022, 6023; see
Remes, 2007, p. 663 and fig. 7c). Although our
Leinkupal OTU does not include the partial braincase
described by Garderes et al. (2022) from the type local-
ity, the morphology of the latter specimen is broadly
consistent with the corresponding region in Tornieria.
Nevertheless, the topological effect of including the
braincase in the Leinkupal OTU should be tested.
Recovery of Pilmatueia faundezi as a diplodocid in

both EIW analyses (Figs 5, 6) runs counter to all previ-
ous studies, in which it has been consistently placed as
a dicraeosaurid (Coria et al., 2019; Gallina et al., 2019;
Whitlock and Wilson Mantilla, 2020; Windholz et al.,
2022). Pilmatueia shares several features with diplodo-
cids that are absent in most or all unambiguous dicraeo-
saurids, including: a median process between the
metapophyses of bifurcated cervical vertebrae (C133:1;
independently acquired in Dicraeosaurus and, under
EIW9, in Kaatedocus), relatively wide centra in anterior
(C21:1) and middle–posterior dorsal vertebrae (C22:1),
and laterally directed middle–posterior dorsal diapophy-
ses (C155:1) (Figs 10E, 11A). A diplodocid affinity for
Pilmatueia is also made possible by the basally branch-
ing position of Lingwulong in our analyses, which has
the effect of repolarizing characters formerly considered
unique to dicraeosaurids and optimizing them as synapo-
morphic for Flagellicaudata, with secondary transforma-
tions occurring at deeper nodes within Diplodocidae.
Such ‘new’ flagellicaudatan synapomorphies that inform
the ‘basal’ position of Pilmatueia include: anteriorly
inclined middle cervical neural spines (C460:1); paral-
lel-to-converging metapophyses in bifid posterior cer-
vical and anterior dorsal vertebrae (463:1; also present
in Kaatedocus); solid internal tissue in middle–posterior
dorsal vertebrae (C141:0); and middle–posterior dorsal
vertebrae with undivided SPOLs (C165:0) (Figs 10E–
G, 11C).
It is possible that continued study of Pilmatueia will

reinstate dicraeosaurid affinities. A natural endocast
from the type locality was described as belonging to a
dicraeosaurid (Paulina Carabajal et al., 2018) and was
not included in our Pilmatueia OTU because of a lack
of association. It would be interesting to test the effect
of its incorporation on the placement of Pilmatueia in
future. Nevertheless, we note that Paulina Carabajal
et al. (2018) did not make anatomical comparisons with
diplodocids in their description of this endocast and so
it remains possible that this specimen would not support
a dicraeosaurid placement. Furthermore, fragmentary
remains from the Pilmatueia type locality have been
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identified as belonging to a diplodocid (Gnaedinger
et al., 2017) and thus referral of Pilmatueia to this clade
would not be surprising, at least from a biogeographical
perspective. Finally, it remains possible that Pilmatueia
is a chimera, with the disarticulated remains of both a
dicraeosaurid and diplodocid included within this
species.

Laurasian dicraeosaurids. We consistently recover a
sister-taxon relationship between the Morrison
Formation species Smitanosaurus agilis and Suuwassea
emilieae, with this clade positioned as the earliest-
diverging dicraeosaurid lineage. This contrasts with the
analysis of Whitlock and Wilson Mantilla (2020), in
which these species were distantly related to one
another. The sister-taxon relationship between these two
species is supported by a single feature: well-distanced
openings in the basisphenoid for cranial nerves III and
VI (C315:1).
The BYU 17096 OTU is also positioned as a ‘basal’

dicraeosaurid and appears to be distinct from the two
named Morrison Formation species of this clade. This
specimen, consisting of an isolated braincase, was ori-
ginally referred to Apatosaurus by Balanoff et al.
(2010). This referral was based partly on the ubiquity of
Apatosaurus at the Cactus Park Quarry in western
Colorado from which BYU 17096 was recovered, which
contains hundreds of disarticulated or partially articu-
lated specimens that have been assigned to Apatosaurus,
as well as a partial skeleton of Diplodocus and a distal
ischium possibly belonging to Camarasaurus (Curry,
1999; Foster, 2003; R. Wilhite, pers. comm., 2024).
Balanoff et al. (2010) also drew on the phylogenetic
results of Wilson (2002) to identify diplodocoid synapo-
morphies in BYU 17096, including two basicranial fea-
tures specifically supporting referral of the specimen to
Apatosaurus: a distinct recess between the basipterygoid
processes, and an angle of approximately 60–70� sepa-
rating these processes. However, we find that none of
the features highlighted by Balanoff et al. (2010) are
sufficient to justify referring BYU 17096 to
Apatosaurus, as discussed below.
Referencing Wilson (2002), Balanoff et al. (2010)

stated that Apatosaurus and Nemegtosaurus secondarily
reacquired a recess between the basipterygoid processes,
which is otherwise synapomorphically absent in neo-
sauropods owing to the development of a rounded shelf
(note that appendix 3 of Wilson [2002] erroneously
reverses the distribution of this feature in summarizing
taxon synapomorphies). Although not described in detail
by either author, the shelf in question does not so much
replace the recess on the ventral surface of the parabasi-
sphenoid as divide it into two portions: a posterior
depression of variable depth that extends towards the

basal tubera, and an anterior fossa that reaches the base
of the parasphenoid rostrum. Following the nomencla-
ture applied to early dinosaurs (e.g. Bronzati et al.,
2018), the posterior fossa corresponds to the basisphe-
noid recess and the anterior depression is equivalent to
the subsellar recess. Among sauropods, the ridge sepa-
rating these recesses and spanning the region between
the basipterygoid processes is particularly apparent in
specimens of taxa such as Europasaurus (Schade et al.,
2022, fig. 2d), Camarasaurus (CM 11338), Turiasaurus
(CPT-1211), Sarmientosaurus (MDT-PV 2), and perhaps
also Apatosaurus ajax (YPM VP.001860; Berman &
McIntosh, 1978, fig. 11b), although this region of the
braincase is incompletely preserved in the latter. By
contrast, an uninterrupted ventral depression of the para-
basisphenoid is present in Bagualia (MPEF-PV 3301/1),
Abrosaurus (ZDM 5038), and perhaps Kaatedocus
(AMNH FARB 7530). Contrary to Balanoff et al.
(2010), we recognize in BYU 17096 a broad ridge
between the basipterygoid processes anteriorly, which
separates a large basisphenoid recess from a small, flat
subsellar recess. This morphology is consistent with that
of Camarasaurus (CM 11338) and diplodocine speci-
mens such as CM 11161 and USNM 2672, and thus
cannot be used as a basis for referral of BYU 17096 to
a particular diplodocoid genus. As an aside, we note
that the current character pertaining to this recess (C99)
requires revision.
The degree of angulation between the basipterygoid

processes is also unconvincing as evidence supporting
an Apatosaurus identity for BYU 17096. Upchurch,
Tomida, et al. (2004) diagnosed Apatosaurus as having
an angle of 60� between the basipterygoid processes.
Although this is an atypically large value for sauropods,
it is not unique. For example, Bellusaurus (IVPP 8299)
and Europasaurus (Marpmann et al., 2015, fig. 13a, c)
have angles of c. 56� and �67�, respectively. For BYU
17096, Balanoff et al. (2010) approximated this meas-
urement as 60–70�, whereas we observed a larger angle
of �79� when measuring directly from the CT scans.
Notably, the difference in angle between BYU 17096
(79�) and the Apatosaurus specimen CM 11162 (60�;
Berman & McIntosh, 1978) is nearly as great as that
between the latter taxon and the unambiguous diplodo-
cine specimen CM 11161 (39�). Thus, rather than sup-
porting referral of BYU 17096 to Apatosaurus, the
strong divergence of the basipterygoid processes in
BYU 17096 may instead be autapomorphic.
Unfortunately, the basipterygoid processes are not pre-
served in either Smitanosaurus or Suuwassea, limiting
comparison of this feature to other Laurasian
dicraeosaurids.
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BYU 17096 bears several features that support its
position as a dicraeosaurid. Like Suuwassea,
Smitanosaurus and dicraeosaurines, BYU 17096 has a
midline foramen between the basal tubera and basiptery-
goid processes (C99:0), narrowly diverging basal tubera
(C314:0), and a frontoparietal (pineal) foramen
(C558:1). In addition, it shares several features with the
wholly Gondwanan dicraeosaurines that distinguish it
from the other Laurasian dicraeosaurids: a postorbital
without a pronounced, acuminate posterior process
(C302:1), a supratemporal fenestra with a contribution
from the frontal (299:0; contra Balanoff et al. [2010],
who described the frontal as being excluded from the
supratemporal fenestra), a crista prootica with a tab-like,
dorsolaterally directed process near the base of the
basipterygoid process (441:1; ACCTRAN), and a deep,
well-demarcated muscular fossa at the base of the paroc-
cipital processes (C440:1; secondarily absent in
Dicraeosaurus and convergently present in Lingwulong).

Dicraeosaurinae. The Gondwanan dicraeosaurids form
a phylogenetically nested clade to the exclusion of
Morrison Formation species. Janensch (1929a) was the
first to explicitly use Dicraeosaurinae for the genus
Dicraeosaurus, although this subfamily name was tech-
nically created when Huene (1927) erected
Dicraeosauridae. Regardless, Dicraeosaurinae has rarely
been mentioned in the subsequent literature (Taylor &
Naish, 2005). Previous authors have found some evi-
dence for this Gondwanan clade, but have used terms
such as ‘advanced dicraeosaurids’ to refer to it (e.g. Xu
et al., 2018). The intrarelationships of this clade have
also varied substantially between analyses (Gallina
et al., 2019; Mannion, Upchurch, Schwarz, et al., 2019;
Whitlock & Wilson Mantilla, 2020; Windholz et al.,
2022). Here, we phylogenetically define Dicraeosaurinae
as a clade for the first time, using a node-based defin-
ition of the least inclusive clade containing
Dicraeosaurus hansemanni and Bajadasaurus pronuspi-
nax. This definition has the benefit that the composition
of Dicraeosaurinae herein is essentially the same as that
recovered in Gallina et al. (2019) and in the preferred
topology of Windholz et al. (2022), despite differing
intrarelationships. As noted above, Dicraeosaurinae is
supported by several unique and shared synapomorphies
of the braincase (Fig. 9), and potentially by features of
the axial skeleton (Fig. 10G).

Non-khebbashian rebbachisaurids. Both the EIW12
and EQW analyses recover Amphicoelias altus as the
earliest-diverging rebbachisaurid in a subset of MPTs,
which is an entirely novel placement. Previous analyses
have recovered it as either a non-diplodocimorph dip-
lodocoid (a position favoured by our EIW9 analysis) or

an apatosaurine diplodocid (see Mannion et al., 2021).
Although a rebbachisaurid position might seem like a
substantial topological change, this essentially represents
a movement from the ‘base’ of one clade to another.
Nevertheless, Amphicoelias is known from only a few
skeletal elements, and support for a rebbachisaurid
placement is based on the absence of conflicting charac-
ter information, rather than the presence of unambiguous
rebbachisaurid synapomorphies. As such, this result
should be treated with caution. It is interesting to note,
however, that Amphicoelias is not the only putative
rebbachisaurid from the Morrison Formation (see dis-
cussion of Maraapunisaurus below).
Whereas recent studies have supported dicraeosaurid

affinities for Amargatitanis macni (Bajpai et al., 2023;
Gallina, 2016; Whitlock & Wilson, 2020; Windholz
et al., 2022), both of our EIW analyses place it as the
earliest-branching rebbachisaurid (Figs 5, 6). Two unam-
biguous synapomorphies support this position: relatively
elongate anterior-most caudal centra (26:1; also present
in Dicraeosaurus and Amargasaurus), and a femur with
the proximolateral margin medial to the lateral margin
of its shaft (255:1; also present in Amargasaurus) (Fig.
16E). However, the possession of these features by
some dicraeosaurines, and the placement of
Amargatitanis in various flagellicaudatan positions in
our EQW analysis, indicate that character conflict and
specimen incompleteness complicate robust placement
of Amargatitanis (see also D’Emic, 2012; Mannion
et al., 2013; Gallina, 2016), and we view its specific
diplodocoid affinities as unsettled.
A rebbachisaurid placement for Xenoposeidon prone-

neukos is supported for the first time herein by a phylo-
genetic analysis, in which it is recovered in both EIW
analyses as the sister taxon of Histriasaurus boscarollii
(based on the presence of lateral pneumatic foramina of
the dorsal centra set within a lateral fossa; 145:1; Fig.
11E), with this clade outside of Khebbashia (Figs 5, 6).
A rebbachisaurid affinity for Xenoposeidon is further
supported by a dorsally bifurcated CPRL in middle–pos-
terior dorsal vertebrae (473:1; also present in
Comahuesaurus among non-khebbashian rebbachisaur-
ids), and, though not included here as a character, by an
‘M’-shaped arrangement of intersecting laminae on the
lateral face of the neural arch (Taylor, 2018). However,
under EQW, Xenoposeidon is recovered in numerous
other non-rebbachisaurid positions, including within
Flagellicaudata and as the sister taxon to the Early
Cretaceous Spanish somphospondylan Europatitan,
likely owing to the paucity of characters that can be
scored for the highly incomplete specimen (see also
Mannion et al., 2013; Taylor & Naish, 2007).
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Under EIW, other non-khebbashian rebbachisaurids
include Amazonsaurus maranhensis, Astigmasaura
genuflexa, Campananeyen fragilissimus, Comahuesaurus
windhauseni, Lavocatisaurus agrioensis and
Rayososaurus agrioensis. We also recover Katepensaurus
goicoecheai in a clade with Zapalasaurus bonapartei,
forming the sister taxon to Khebbashia. A position out-
side of Khebbashia for most of these taxa is largely
consistent with recent analyses, although the latter two
species have sometimes been recovered as limaysaur-
ines or rebbachisaurines (Canudo et al., 2018; Fanti
et al., 2015; Ibiricu et al., 2015; Lerzo, Torcida
Fern�andez-Baldor, et al., 2025; Mannion et al., 2012;
Mannion, Upchurch, Schwarz, et al., 2019; Whitlock,
2011a; Whitlock and Wilson Mantilla, 2020).

Rebbachisaurinae. The internal relationships of
Rebbachisaurinae are largely unchanged from those pre-
sented in Mannion, Upchurch, Schwarz, et al. (2019).
This is broadly consistent with most other recent analy-
ses (e.g. Whitlock & Wilson Mantilla, 2020; Wilson &
Allain, 2015), although it contrasts with that of Lerzo,
Torcida Fern�andez-Baldor, et al., (2025), in which
Rebbachisaurus garasbae, one of the clade specifiers,
clustered with limaysaurines instead, essentially making
Limaysaurinae synonymous with Rebbachisaurinae. Our
analyses consistently recover Itapeuasaurus cajapioensis
as an additional member of Rebbachisaurinae, as the sis-
ter taxon to a clade formed by all other rebbachisaur-
ines, a position supported by pneumatic excavations
dorsolateral to the neural canal of middle–posterior dor-
sal vertebrae (472:1), and posterior dorsal vertebrae with
parapophyses positioned dorsal to the prezygapophysis
(477:1) (Fig. 12). In their original description of
Itapeuasaurus, Lindoso et al. (2019) also recovered it as
a rebbachisaurine, whereas the only other study to
incorporate it into a phylogenetic analysis placed it out-
side of Khebbashia (Lerzo, Torcida Fern�andez-Baldor,
et al., 2025). Our EIW12 analysis also includes a clade
comprising the El Chocon rebbachisaurid and
Nopcsaspondylus as the earliest-branching rebbachisaur-
ines, whereas these taxa are found to be limaysaurines
under EIW9, consistent with Mannion, Upchurch,
Schwarz, et al. (2019).

Limaysaurinae. The composition of Limaysaurinae is
particularly sensitive to the method of weighting homo-
plastic characters, forming a relatively depauperate lin-
eage comprising only Limaysaurus and Cathartesaura
under EIW12 and a more diverse clade that also
includes the El Chocon rebbachisaurid and
Nopcsaspondylus under EIW9 (Figs 5–7), similar to the
results of Mannion, Upchurch, Schwarz, et al. (2019).
Aside from taxa such as Katepensaurus sometimes

appearing within this clade (e.g. Lerzo, Torcida
Fern�andez-Baldor, et al., 2025), the composition of
Limaysaurinae is generally consistent between recent
phylogenetic analyses, with the main difference being
the greater sampling of putative limaysaurine OTUs
(e.g. Nopcsaspondylus alarconensis and MMCH-Pv-49)
in both previous and current versions of this data
matrix.

The evolutionary and biogeographical history of
Diplodocoidea
Based on the results of our phylogenetic analyses, below
we present an updated view on the evolutionary and
biogeographical history of Diplodocoidea, emphasizing
the results of our EIW12 analyses unless otherwise
noted. As part of this, we incorporate information from
occurrences that are not included in our phylogenetic
data matrix. Although interpretation of their taxonomic
affinities requires caution, owing to their typically frag-
mentary nature, we stress that it is important to consider
such remains, especially when they represent strati-
graphically early possible members of diplodocoid line-
ages (Figs 17, 18).

Middle Jurassic. Although our re-evaluation of
Tharosaurus as an indeterminate eusauropod removes
the evidence for diplodocoids from the pre-Late Jurassic
southern Gondwanan record, the possibility that Jobaria
represents a non-diplodocimorph diplodocoid (EQW
analysis) would place the clade in at least northern
Gondwana by the late Middle Jurassic (Fig. 17A). The
stratigraphical provenance and thus age of the Chinese
stem flagellicaudatan Lingwulong shenqi remain uncer-
tain, given that it either comes from the Aalenian (lower
Middle Jurassic) Yan’an Formation (Xu et al., 2018;
Zhang et al., 2021) or Bathonian–Callovian (upper
Middle Jurassic) Zhiluo Formation (You et al., 2019).
Nevertheless, its Middle Jurassic age and phylogenetic
placement (i.e. outside of Dicraeosauridae) are now
more compatible with one another, reducing the other-
wise lengthy ghost lineages within Flagellicaudata
(Mannion, Upchurch, Schwarz, et al., 2019; Xu et al.,
2018). Cetiosauriscus stewarti, from the Callovian
Oxford Clay Formation of the UK, might be an add-
itional stem flagellicaudatan. Fragmentary vertebral
remains from the Oxford Clay Formation, along with
the contemporaneous Podosinkovskaya Formation in
western Russia, are potentially also attributable to
Flagellicaudata (Averianov & Zverkov, 2020; Holwerda
et al., 2019) and could belong to a Lingwulong-like
sauropod. If correctly interpreted, these Callovian occur-
rences would provide evidence for a widespread distri-
bution of Flagellicaudata-line diplodocimorphs across
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Eurasia at this time. Coupled with possible diplodocoid
affinities for Jobaria, this therefore points to a distribu-
tion of Diplodocoidea across at least Eurasia and poten-
tially North Africa by the late Middle Jurassic (Fig.
17A). Their apparent absence from North America at
this time, which potentially formed the only viable con-
nection between Eurasia and Gondwana by the late
Middle Jurassic (e.g. Seton et al., 2012), can be
explained by the lack of exposure of suitable dinosaur-
bearing sedimentary rock outcrop. A similar explanation
would account for the absence of northern South
American diplodocoids.
A stratigraphically older European occurrence, con-

sisting of nine middle–posterior caudal vertebrae from
the Bathonian Forest Marble Formation of the UK,
assigned to Cetiosaurus glymptonensis (Phillips, 1871),
might represent an additional early diplodocoid
(Upchurch & Martin, 2003). The presence of lateral
ridges on the middle caudal centra (183:1), elongation
of the posterior caudal centra (31:1), and the central
placement of caudal neural arches (192:0) is a combin-
ation of features primarily observed in Diplodocoidea
(Mannion et al., 2012; Upchurch & Martin, 2003).
However, given that these features also characterize
Cetiosauriscus, for which diplodocoid affinities remain
uncertain, we conservatively regard Cetiosaurus glymp-
tonensis as an indeterminate eusauropod (see also
Whitlock, 2011a).
Rivera-Sylva and Espinosa-Arrubarrena (2020)

assigned fragmentary metatarsals from the Bathonian–
Callovian Otlaltepec Formation of Mexico to
Flagellicaudata, which would provide evidence to sup-
port the hypothesis that diplodocoids were even more
widespread across Laurasia by the late Middle Jurassic
(Fig. 17A). However, the anatomical features used to
assign these remains to Flagellicaudata are more broadly
distributed among eusauropods and there is no basis for
attributing this occurrence to Neosauropoda (Mannion &
Whitlock, in press). Nevertheless, given that diplodo-
coids must have originated by at least the Middle
Jurassic and were present in both Americas by the
Kimmeridgian (middle Late Jurassic), it would not
ultimately be surprising to discover diplodocoids in the
late Middle Jurassic of Mexico.

Late Jurassic. The non-diplodocimorph diplodocoid
clade formed by Jobaria and the Upper Jurassic
Morrison Formation species Haplocanthosaurus priscus

and Haplocanthosaurus delfsi in the EQW analysis is
potentially indicative of dispersal between North Africa
and North America. However, as with biogeographical
explanations for close relationships between sauropods
from the Morrison and Tendaguru formations, any such
dispersal likely took place in the Middle Jurassic or ear-
liest Late Jurassic (see Mannion, Upchurch, Schwarz,
et al., 2019), i.e. prior to the separation of Gondwana
and Laurasia (Seton et al., 2012; Scotese, 2021).
Furthermore, given their spatiotemporal separation, we
suggest that Jobaria and Haplocanthosaurus are likely
to be members of a larger, mostly unsampled clade of
early diplodocoids, rather than close relatives of one
another, which is reinforced by their distant relationship
in our EIW analyses.
Apatosaurinae is known only from the Morrison

Formation, consisting of several species of Apatosaurus
and Brontosaurus (Foster & Peterson, 2016; Tschopp
et al., 2015). Late Jurassic diplodocines also predomin-
antly come from this stratigraphical unit, comprising
Ardetosaurus viator, Barosaurus lentus, Diplodocus
spp., Galeamopus spp., Kaatedocus siberi and
Supersaurus vivianae (Jensen, 1985; Lovelace et al.,
2008; McIntosh, 2005; Tschopp & Mateus, 2013, 2017;
Tschopp et al., 2015; van der Linden et al., 2024). The
latter species is the sister taxon of Dinheirosaurus lour-
inhanensis, from the upper Kimmeridgian–lower
Tithonian Lourinh~a Formation of Portugal (Bonaparte &
Mateus, 1999; Mannion et al., 2012). Dispersal between
North America and Iberia appears to have been possible
at this time (Brikiatis, 2016) (Fig. 17B).
Although some Morrison Formation diplodocids

might conceivably date from the upper Oxfordian, most,
if not all, of the remains appear to be restricted to the
upper Kimmeridgian–Tithonian (e.g. Maidment, 2023;
Tschopp et al., 2015). Therefore, an anterior caudal ver-
tebral centrum from the Oxfordian of Georgia (Fig.
17B), which appears to be referrable to Diplodocinae
(Gabunia et al., 1998), might represent the stratigraphic-
ally earliest known diplodocid (Mannion et al., 2012;
Tschopp et al., 2015). At least one specimen (an anterior
caudal centrum) from the Villar del Arzobispo
Formation of Spain is also attributable to a diplodocine
(Royo-Torres et al., 2009). At the time of the descrip-
tion of this specimen, the age of this formation was con-
strained to the Tithonian–Berriasian, which might have
indicated that this was an example of a Jurassic/

3

Figure 17. Palaeogeographical distribution of Diplodocoidea, showing occurrences in the A, Middle Jurassic; B, Late Jurassic; and
C, earliest Cretaceous (Berriasian–Hauterivian). Grey circles¼ putative diplodocoids; black stars¼ non-diplodocimorph diplodocoids;
red stars¼ stem flagellicaudatans; blue circles¼ diplodocids; green triangles¼ dicraeosaurids; orange squares¼ rebbachisaurids.
Palaeogeographical reconstructions utilize GPlates and were modified from The Paleobiology Database’s Navigator (https://
paleobiodb.org/navigator/). The palaeogeographical maps represent the A, Bathonian; B, Kimmeridgian; and C, Valanginian stages.
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Cretaceous (J/K) boundary-crossing flagellicaudatan lin-
eage (see below). However, the Villar del Arzobispo
Formation is now dated to the Kimmeridgian–Tithonian
(Campos-Soto et al., 2019). Fragmentary remains of dip-
lodocines have also been documented from the upper
Kimmeridgian–Tithonian Praia da Amoreira-Porto
Novo, Bombarral, and Freixial formations in Portugal
(Mannion et al., 2012; Mocho et al., 2017; Tschopp
et al., 2015). It is not possible to currently determine if

these Georgian and Iberian remains belong to species
more closely related to Dinheirosaurus þ Supersaurus
than to other diplodocines.
Although too fragmentary to robustly test via phylo-

genetic analysis, we hypothesize that remains from the
Kimmeridgian Ca~nad�on Calc�areo of Argentina (Rauhut
et al., 2015), the Tithonian Toqui Formation of Chile
(Salgado et al., 2015), and the Tithonian Kadzi
Formation of Zimbabwe (Raath & McIntosh, 1987)

Figure 18. Palaeogeographical distribution of Diplodocoidea, showing occurrences in the A, late Early Cretaceous (Barremian–
Albian); and B, early Late Cretaceous (Cenomanian–Coniacian). Grey circles¼ putative diplodocoids; green
triangles¼ dicraeosaurids; orange squares¼ rebbachisaurids; orange square with a diagonal line¼ rebbachisaurines.
Palaeogeographical reconstructions utilize GPlates and were modified from The Paleobiology Database’s Navigator (https://
paleobiodb.org/navigator/). The palaeogeographical maps represent the A, Aptian and B, Cenomanian stages.
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(Fig. 17B) belong to the Gondwanan diplodocine clade
formed by the Tendaguru species Tornieria africana
(Remes, 2006) and its sister taxon, Leinkupal laticauda,
from the upper Berriasian–Valanginian Bajada Colorada
Formation of Argentina (Gallina et al., 2014) (see also
McPhee et al., 2016). The Chilean material shares the
presence of a lateral fossa on middle caudal centra
(C509:1) with diplodocines more derived than
Dinheirosaurusþ Supersaurus (Fig. 14C).
Late Jurassic dicraeosaurids are present in the

Morrison Formation (Fig. 17B), represented by
Smitanosaurus agilis, Suuwassea emilieae, probably
Dyslocosaurus polyonychius, and perhaps Dystrophaeus
viaemalae (Mannion et al., 2021; Tschopp et al., 2015;
Whitlock, 2011a; Whitlock & Wilson Mantilla, 2020).
Additional dicraeosaurid taxa are likely present based
on currently unnamed material, including BYU 17096.
The remaining Late Jurassic dicraeosaurids are
Gondwanan, consisting of Dicraeosaurus spp. from the
Tendaguru Formation (Janensch, 1914) and
Brachytrachelopan mesai from the Kimmeridgian–lower
Tithonian Ca~nad�on Calc�areo Formation of Argentina
(Rauhut et al., 2005) (Fig. 17B). Our analyses suggest
that the Gondwanan taxa (including Cretaceous species)
form a phylogenetically nested clade (Dicraeosaurinae)
and might be indicative of a Laurasian origination of
Dicraeosauridae prior to dispersal into Gondwana (see
also Whitlock, 2011a).
Given that our analyses recover Kaatedocus siberi as

a ‘basal’ diplodocid outside of the apatosaurine–diplodo-
cine split (or potentially as a stem flagellicaudatan), that
Apatosaurinae is restricted to the Morrison Formation,
and that the earliest diverging dicraeosaurids also come
from this stratigraphical unit, this might provide evi-
dence that the flagellicaudatan divergence occurred in
North America (e.g. Whitlock & Wilson Mantilla,
2020). However, we urge caution in this interpretation
given the widespread distribution of diplodocids and
dicraeosaurids in the Late Jurassic (Fig. 17B), which
suggests that major intraclade divergences occurred prior
to our sampling of the stratigraphically earliest known
occurrences. The Morrison Formation might capture an
unusually rich ecosystem and diplodocids and dicraeo-
saurids might have radiated here; however, it is also
conceivable that the Morrison Formation is only unusual
in terms of the quality and quantity of our sampling of
it and that other ecosystems would be similarly diverse
if sampled to the same extent (Mannion, 2024).
Cope (1878) erected Amphicoelias fragillimus based

on a middle–posterior dorsal neural arch from the
Morrison Formation. Despite the subsequent loss or
destruction of this specimen, Carpenter (2018) inter-
preted it to represent a rebbachisaurid based on the

solitary drawing in posterior view presented in Cope
(1878), erecting the new genus Maraapunisaurus.
Although subsequent authors have been wary of this
interpretation (e.g. Bellardini et al., 2022; Lerzo,
Torcida Fern�andez-Baldor, et al., 2025; Mannion et al.,
2021; Salgado et al., 2022; Whitlock & Wilson
Mantilla, 2020), the available information on the anat-
omy of the dorsal neural arch is at least consistent with
a rebbachisaurid identification (Carpenter, 2018).
Coupled with the recovery of Amphicoelias altus as a
rebbachisaurid in a subset of MPTs in our EIW12 and
EQW analyses (Table 2), it is therefore plausible that
rebbachisaurids were present in the Morrison Formation
(Fig. 17B). If true, such a scenario would cast doubt on
repeated assertions that rebbachisaurids originated in
South America (see below). Regardless of the affinities
of Amphicoelias and Maraapunisaurus, we should
expect to find rebbachisaurids in the Late Jurassic (and
earlier), given that the group must have been present in
the Middle Jurassic based on its sister-taxon relationship
with Flagellicaudata. Furthermore, rebbachisaurids
should be present in Laurasia at this time given the dis-
tribution of the earliest stem flagellicaudatans and non-
diplodocimorph diplodocoids on this landmass (Figs
17A, B). Finally, the pre-Cretaceous absence of
unequivocal rebbachisaurids is potentially indicative of
a genuine rarity of this clade in the Jurassic, perhaps
reflecting low diversity and abundance. As such, it
remains possible that the fragmentary remains from
which Amphicoelias and Maraapunisaurus are known is
all we have currently found of this clade in the well-
sampled Morrison Formation because members of
Rebbachisauridae were genuinely rare. This potentially
parallels the record of Brachiosauridae in the Morrison
Formation, with remains belonging to this clade exceed-
ingly scarce in comparison to those of diplodocids (e.g.
Foster, 2003).

Early Cretaceous. Prior to the relatively recent discov-
ery of Cretaceous representatives in Gondwana (Gallina
et al., 2014), diplodocids were thought to have gone
extinct at the J/K boundary (Upchurch & Barrett, 2005).
A number of remains from the Cretaceous of Eurasia
have been assigned to Flagellicaudata, but these assign-
ments have all been convincingly refuted (Mannion
et al., 2012; Upchurch & Mannion, 2009; Whitlock
et al., 2011). A partial hind limb from the Barremian
Wessex Formation of the UK could potentially represent
a flagellicaudatan, but most likely belongs to a sompho-
spondylan titanosauriform (Higgins et al., 2024).
The continued absence of unequivocal diplodocids

and dicraeosaurids from the Cretaceous Laurasian record
(Fig. 17C) suggests that they might have become extir-
pated at the J/K boundary in the Northern Hemisphere.
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However, the relative scarcity of lowermost Cretaceous
deposits, especially outside of Europe (Tennant et al.,
2017), combined with the skeletal incompleteness of
most sauropod specimens from this time interval
(Cashmore et al., 2020), means that support for this
must remain tentative. For example, until recently, the
dearth of pre-Barremian terrestrial deposits in North
America meant that it was impossible to determine
whether the Morrison Formation diplodocoids died out
at the J/K boundary or afterwards (D’Emic & Foster,
2016). However, the revised chronostratigraphical
framework for the Yellow Cat Member of the Cedar
Mountain Formation in Utah dates this stratigraphical
unit to the upper Berriasian–Valanginian (Joeckel et al.,
2023). Given the preservation of titanosauriforms and
turiasaurians in this unit (Kirkland et al., 2024; Royo-
Torres et al., 2017; Tidwell et al., 1999), this suggests
that the absence of diplodocoids is genuine, and pro-
vides some support that the demise of Laurasian repre-
sentatives of the clade occurred at or close to the J/K
boundary (Mannion, 2024). One possible exception is a
partial skeleton from the upper Valanginian–lower
Hauterivian Sao Khua Formation of Thailand, which
might represent a flagellidautan (Eiamlaor et al., 2025);
however, this material is yet to be described.
Flagellicaudata is currently therefore known with cer-

tainty only from Gondwana in the Cretaceous (Figs
17C, 18). Unequivocal diplodocid remains are restricted
to the Berriasian–Valanginian, emanating from the
Bajada Colorada and Mulichinco formations of
Argentina (Gallina et al., 2014; Garderes et al., 2022;
Gnaedinger et al., 2017) and the Kirkwood Formation
of South Africa (McPhee et al., 2016) (Fig. 17C).
Currently, generically diagnostic remains are limited to
Leinkupal laticauda, from the Bajada Colorada
Formation (Gallina et al., 2014), and, according to the
analyses presented herein, Pilmatueia faundezi from the
Mulichinco Formation (Coria et al., 2019). As noted
above, our phylogenetic analyses support previous itera-
tions of this matrix (Mannion, Upchurch, Schwarz,
et al., 2019) in recovering Leinkupal as the sister taxon
of Tornieria, which is consistent with a lineage of
Gondwanan diplodocine diplodocids crossing the J/K
boundary. The diplodocid specimen from the Kirkwood
Formation is a partial caudal vertebra that is too incom-
plete to robustly test its phylogenetic affinities, but it
appears to belong to the same diplodocine clade as
Leinkupal þ Tornieria (e.g. McPhee et al., 2016). If
correctly assigned to Diplodocidae, Pilmatueia would
represent a second J/K boundary-crossing diplodocid
lineage.
Bandeira et al. (2025) interpreted two isolated verte-

brae from the Early Cretaceous of north-eastern Brazil

as diplodocines. One of these, from the Valanginian–
Hauterivian Marfim Formation, preserves the posterior
portion of a centrum, as well as part of the base of the
corresponding neural arch, and was described as a mid-
dle–posterior caudal vertebra. Bandeira et al. (2025)
only made comparisons with diplodocoids and so it is
not clear on what anatomical basis the referral to
Diplodocoidea was made; however, it is likely that the
presence of an extensive lateral fossa and a ventral lon-
gitudinal hollow were the primary contributing features
in this identification. In diplodocines that are character-
ized by a lateral fossa, this opening tends to be deep
and positioned dorsally on the lateral surface of the cen-
trum (e.g. Fig. 3G), whereas the opening on the
Brazilian specimen is shallower and more centrally posi-
tioned. The ventral longitudinal hollow is potentially
more compelling evidence of diplodocine affinities, but
this feature also characterizes many somphospondylans
(e.g. Mannion, Upchurch, Schwarz, et al., 2019). Given
the poor preservation and limited nature of the speci-
men, we consider it more conservative to interpret it as
an indeterminate neosauropod, although it is not clear
that it unequivocally represents a sauropod dinosaur at
all. The second specimen described by Bandeira et al.
(2025) is from the Berriasian–Barremian Salvador
Formation and preserves a complete centrum and its
corresponding neural arch, which those authors inter-
preted as a posterior caudal vertebra. Comparisons were
only made with diplodocines, but this identification was
probably based primarily on the occurrence of a small
fossa positioned at midheight and midlength on each lat-
eral surface of the centrum, as well as the presence of
ventrolateral ridges. The latter feature characterizes
numerous somphospondylans (see above), as well as
some diplodocids, and so does not support attribution to
the latter clade by itself. An equivalent lateral fossa has
not been described in a caudal vertebra this distal in the
tail in any sauropod, to our knowledge, but characterizes
both diplodocoids and somphospondylans in the more
proximal region of the tail (e.g. Wilson, 2002; Mannion,
Upchurch, Schwarz, et al., 2019). As such, this feature
also cannot be used to support referral to Diplodocidae.
Finally, we remain uncertain that this specimen
unequivocally represents a sauropod, given that it also
has similarities to the posterior caudal vertebrae of some
coelurosaurian theropods (e.g. Weishampel et al., 2004).
Consequently, we conservatively assign it to an indeter-
minate saurischian.
Dicraeosaurids are known from the same three

Berriasian–Valanginian stratigraphical units as
Cretaceous unequivocal diplodocids (Gallina et al.,
2019; Garderes et al., 2024; McPhee et al., 2016;
Paulina Carabajal et al., 2018) (Fig. 17C), but their
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distribution also extends into the Barremian La Amarga
Formation of Argentina (Gallina, 2016; Gallina et al.,
2022; Paulina Carabajal et al., 2014; Salgado &
Bonaparte, 1991; Salgado & Calvo, 1992; Windholz
et al., 2021) (Fig. 18A). The material from the
Kirkwood Formation is too incomplete to diagnose to
genus level, but it appears to be from a close relative of
Dicraeosaurus (McPhee et al., 2016). Within
Dicraeosauridae, it appears that only members of
Dicraeosaurinae survived into the Cretaceous.
Generically diagnostic remains comprise Bajadasaurus
pronuspinax from the Bajada Colorada Formation
(Gallina et al., 2019) and Amargasaurus cazaui from
the La Amarga Formation (Salgado & Bonaparte, 1991).
Amargatitanis macni is an additional species from the
latter stratigraphical unit that might represent another
dicraeosaurine, but it is known from fragmentary,
incomplete remains (Apestegu�ıa, 2007; Gallina, 2016)
and its phylogenetic affinities are uncertain, with some
of our analyses supporting a rebbachisaurid placement
instead (Table 2).
The stratigraphically oldest known unequivocal rebba-

chisaurid is Xenoposeidon proneneukos from the upper
Berriasian–lower Valanginian Ashdown Formation of
the UK (Taylor, 2018) (Fig. 17C). The confirmation of
Xenoposeidon as a rebbachisaurid, which is supported
herein via phylogenetic analysis for the first time, means
that the J/K extinction of Laurasian diplodocoids was
restricted to flagellicaudatans and taxa outside of
Diplodocimorpha. Previous authors have not only not
included Xenoposeidon in their phylogenetic analyses,
but have typically ignored it in discussions of biogeog-
raphy too (e.g. Lerzo, Torcida Fern�andez-Baldor, et al.,
2025). Instead, a Gondwanan origin for rebbachisaurids
has been argued for based on the sampled taxa recov-
ered at the base of topologies (e.g. the Aptian–Albian
Brazilian taxon Amazonsaurus; see discussion in
Salgado et al., 2022). Yet these ‘basal’ rebbachisaurids
are from stratigraphically younger deposits (late
Hauterivian/early Barremian onwards) than
Xenoposeidon. Although we should not denote a centre
of origin based solely on the stratigraphically oldest
occurrence of a clade, and Xenoposeidon is not recov-
ered as the earliest diverging rebbachisaurid in our anal-
yses, the most substantial problem with a proposed
Gondwanan origin for the clade is that this ignores the
long ghost lineage for Rebbachisauridae that extends
back to the Middle Jurassic (potentially punctuated by
the Late Jurassic Laurasian taxa Amphicoelias and
Maraapunisaurus; see above): we contend that there is
little reason to reconstruct a Gondwanan origin for the
clade based on a large number of species on this land-
mass c. 40 million years later. Furthermore, given that

the earliest known occurrences of stem flagellicaudatans
are from the Middle Jurassic of Laurasia (Fig. 17A), we
would expect that the sister taxon of this clade,
Rebbachisauridae, would also first appear there in the
fossil record. The presence of Xenoposeidon in the ear-
liest Cretaceous of Europe also cannot be explained as a
geologically recent dispersal from Gondwana given that
the latter landmass had separated from Laurasia by the
early Late Jurassic (see above) (Fig. 17B). It remains
possible that rebbachisaurids were restricted to Laurasia
prior to landbridges reconnecting it with Gondwana in
the Barremian, which is the stratigraphical age of the
earliest occurrences of this clade on that landmass.
However, we suggest a more likely explanation is that
rebbachisaurids were already more widespread and that
their Late Jurassic–earliest Cretaceous Gondwanan
absence reflects a combination of genuine rarity and
sampling failure.
As noted by Dalla Vecchia (1998, 2005), the Croatian

rebbachisaurid Histriasaurus boscarollii, from an
unnamed stratigraphical unit dated to the upper
Hauterivian–lower Barremian, should be regarded as a
Gondwanan, rather than a Laurasian occurrence, given
that this region was part of the Afro-Arabian plate at
this time (Fig. 17C). Its sister-taxon relationship with
the stratigraphically older species Xenoposeidon is
potentially indicative of dispersal between Europe and
Africa for this non-khebbashian lineage, which would
have been viable via the Apulian route, at least in the
Barremian (Canudo et al., 2009; Dalla Vecchia, 2005;
Torcida Fern�andez-Baldor et al., 2011). With the excep-
tion of Xenoposeidon, Cretaceous Laurasian rebbachi-
saurids consist of the rebbachisaurine Demandasaurus
darwini from the upper Barremian–lower Aptian
Castrillo de la Reina Formation of Spain (Pereda
Suberbiola et al., 2003; Fern�andez-Baldor et al., 2011),
as well as indeterminate remains of a closely related
species from the Barremian Wessex Formation of the
UK (Sereno & Wilson, 2005; Mannion, 2009; Mannion
et al., 2011) (Fig. 18A).
Rebbachisaurines were also present on the African

continent during the Early Cretaceous (Fig. 18A).
Nigersaurus taqueti was erected by Sereno et al. (1999)
for material from the Aptian–Albian Elrhaz Formation
of Niger (see also Sereno & Wilson, 2005; Sereno
et al., 2007). Remains documented from here earlier by
Taquet (1976) likely also belong to this species.
Tataouinea hannibalis, from the lower Albian Aïn el
Guettar Formation of Tunisia, demonstrates the presence
of a second Early Cretaceous North African rebbachi-
saurine species (Fanti et al., 2013, 2015). Indeterminate
rebbachisaurid remains from this formation are too frag-
mentary to determine if they also belong to
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Rebbachisaurinae (Fanti et al., 2014; Holwerda, 2020).
This Afro-European clade of rebbachisaurine khebba-
shians is not closely related to Xenoposeidon þ
Histriasaurus, but it is probable that its distribution can
be attributed to the same Apulian dispersal route
between Africa and Europe that was likely available in
the Barremian–Albian.
Lerzo (2024) reinterpreted a rebbachisaurid dorsal

neural arch (MACN PV 35) from the Barremian La
Amarga Formation of Argentina, previously described
by Apestegu�ıa (2007), as a rebbachisaurine. This was
primarily based on the presence of a mediolaterally
elongate, channel-like laterodiapophyseal fossa that the
specimen shares with the lower Upper Cretaceous
Argentinean species Katepensaurus goicoecheai (Ibiricu
et al., 2013), which has sometimes been recovered
within Rebbachisaurinae. However, Mannion, Upchurch,
Schwarz, et al. (2019) demonstrated that a laterodiapo-
physeal fossa (or fenestra; C479-1) is more widespread
amongst rebbachisaurids (Fig. 12), given that it is also
present in some possible limaysaurines (i.e. the lower
Upper Cretaceous Argentinean species Nopcsaspondylus
alarconensis and MMCH-Pv-49), in addition to the
unequivocal rebbachisaurine Nigersaurus. It has also
been recognized in the lower Upper Cretaceous
Argentinean species Campananeyen fragilissimus
(Lerzo, Torcida Fern�andez-Baldor, et al., 2025), which
we recover as a non-khebbashian rebbachisaurid. As
such, we do not consider a rebbachisaurine position for
MACN PV 35 as robustly supported and we regard it is
an indeterminate rebbachisaurid.
The remaining diversity of Early Cretaceous rebbachi-

saurids is from South America and appears to lie outside
of Khebbashia (Fig. 18A). This includes Amazonsaurus
maranhensis, from the Aptian–Albian Itapecuru
Formation of Brazil (Carvalho et al., 2003), which is
recovered as one of the earliest-branching rebbachisaur-
ids. Other remains from this formation are too fragmen-
tary to determine if they are referrable to
Amazonsaurus, but can be assigned to Rebbachisauridae
(Castro et al., 2007). Fragmentary specimens from the
Barremian–Aptian Quiric�o Formation (Carvalho &
Santucci, 2018) and Albian–Cenomanian Açu Formation
(Costa Pereira et al., 2020) of Brazil (Fig. 18A) are also
too incomplete to identify beyond Rebbachisauridae.
Early Cretaceous Argentinean non-khebbashian rebba-
chisaurids are represented by: Zapalasaurus bonapartei,
from the Barremian La Amarga Formation;
Lavocatisaurus agrioensis from the Aptian–lower
Albian Rayoso Formation (Canudo et al., 2018; Salgado
et al., 2012); and Comahuesaurus windhauseni from the
upper Aptian–Albian section of the Lohan Cura
Formation (Carballido et al., 2012; Salgado et al., 2004)

(Fig. 18A). Although not included in our phylogenetic
analysis, it seems likely that Agustinia ligabuei, from a
stratigraphically higher (Albian) section of the Lohan
Cura Formation (Bonaparte, 1999), is another non-
khebbashian rebbachisaurid (Bellardini et al., 2023).

Late Cretaceous. Rauhut (1999) referred remains from
the Wadi Milk Formation of Sudan to Dicraeosauridae.
At the time, this formation was regarded as
Cenomanian, but it has since been dated to the
Campanian–Maastrichtian (Owusu Agyemang et al.,
2019). Although some authors have continued to list
this Sudanese occurrence as evidence for the survival of
Dicraeosauridae into the Late Cretaceous (e.g. Windholz
et al., 2021, 2022), Mannion and Barrett (2013) re-
evaluated these remains and demonstrated that they rep-
resent indeterminate somphospondylans. As such, the
stratigraphically youngest remains that can be attributed
to Dicraeosauridae are from the Barremian (Fig. 18A).
Averianov and Sues (2021) erected Dzharatitanis

kingi for a caudal vertebra from the Turonian Bissekty
Formation of Uzbekistan (Fig. 18B). Those authors
referred Dzharatitanis to Rebbachisauridae, which
would make it the stratigraphically youngest Laurasian
member of the clade, and the first Eurasian occurrence
recovered from east of western Europe. However,
Averianov and Sues (2021) utilized a phylogenetic data
matrix containing very few non-diplodocoid taxa and, as
demonstrated by Lerzo et al. (2021), Dzharatitanis lacks
rebbachisaurid synapomorphies (Figs 13, 14). Lerzo
et al. (2021) proposed that Dzharatitanis instead belongs
to Somphospondyli, as part of the lognkosaurian titano-
saurian radiation. Although we agree that Dzharatitanis
is a somphospondylan, rather than a rebbachisaurid,
Lerzo et al. (2021) made no comparisons with contem-
poraneous Eurasian taxa, such as Dongyangosaurus,
which it greatly resembles (Sues et al., 2015). As such,
we follow D�ıez D�ıaz et al. (2025) in suggesting that
Dzharatitanis is more likely to belong to a clade of
Eurasian somphospondylans close to the titanosaurian
radiation (e.g. Mannion, Upchurch, Jin, et al., 2019;
Han et al., 2024), rather than a member of the primarily
Gondwanan Lognkosauria. Regardless, Cretaceous
Laurasian rebbachisaurids are therefore currently known
only from western Europe and from deposits no younger
than the lower Aptian (Figs 17, 18).
Late Cretaceous occurrences of Rebbachisauridae are

known only from Gondwana (Fig. 18B). Numerous
remains have been documented from the lower
Cenomanian Kem Kem Group of Morocco, comprising
the rebbachisaurine Rebbachisaurus garasbae (Lavocat,
1954; Wilson & Allain, 2015) and indeterminate mater-
ial that might belong to this species (Holwerda et al.,
2018; Ibrahim et al., 2020; Mannion and Barrett, 2013;
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Russell, 1996). Lapparent (1960) erected a second spe-
cies of Rebbachisaurus (R. tamesnensis) for material
from numerous Cretaceous localities within the
‘Continental Intercalaire’ of northern Africa. Although
the stratigraphical ages of these deposits vary and are
typically poorly constrained, only a single specimen
amongst this generically undiagnostic material preserves
rebbachisaurid synapomorphies (MNHN unnumbered,
PDM pers. obs., 2016). This specimen comes from the
Djoua Valley of Algeria and is likely from the lower
Cenomanian Gara Samani Formation or a lateral correl-
ate (e.g. Benyoucef et al., 2022). Lapparent (1960, p. 33
and pl. 7, fig. 3) identified this specimen as a dorsal
vertebra, but it is clearly an anterior caudal vertebra. It
can be assigned to Rebbachsauridae based on a number
of features, including the restriction of ribs to the neural
arch and dorsal margin of the centrum (Figs 13, 14)
(see Mannion et al., 2011; Mannion, Upchurch,
Schwarz, et al., 2019). Unfortunately, it does not over-
lap anatomically with remains assignable to
Rebbachisaurus garasbae. However, it shares the pres-
ence of a large and deep lateral pneumatic foramen on
the upper third of the centrum with an isolated rebbachi-
saurid anterior caudal vertebra from the Kem Kem
Group (Mannion & Barrett, 2013); given that
Rebbachisaurus garasbae is the only currently recog-
nized rebbachisaurid from this stratigraphical unit, this
provides circumstantial evidence that Rebbachisaurus
tamesnensis represents a rebbachisaurine. Regardless,
we consider this species a nomen dubium. As with their
Early Cretaceous distribution, early Late Cretaceous
rebbachisaurids are only known from north-western
Africa (Fig. 18), with the Trans-Saharan Seaway poten-
tially representing a barrier to dispersal to the remainder
of the continent (Mannion & Barrett, 2013).
The remaining known Late Cretaceous diversity comes

from South America (Fig. 18B). An abundance of speci-
mens, representing numerous species, have been
described from the Cenomanian–Turonian of Argentina,
along with rare remains from the Cenomanian of Brazil.
Several species appear to lie outside of Khebbashia, con-
sisting of: Campananeyen fragilissimus (Lerzo, Torcida
Fern�andez-Baldor, et al., 2025; Paulina Carabajal et al.,
2016) and Rayososaurus agrioensis (Bonaparte, 1996,
1997; Carballido et al., 2010) from the lower Cenomanian
Candeleros Formation; Astigmasaura genuflexa,
Cienciargentina sanchezi and Sidersaura marae from the
upper Cenomanian–lower Turonian Huincul Formation
(Bellardini et al., 2025; Lerzo, Gallina, et al., 2025;
Sim�on & Salgado, 2025); and Katepensaurus goicoecheai
from the upper Cenomanian–Turonian Bajo Barreal
Formation (Ibiricu et al., 2013, 2015, 2017). Additional
remains from the latter formation have been suggested to

be referrable to Limaysaurinae (Ibiricu et al., 2012,
2015), but might be best regarded as indeterminate rebba-
chisaurids (Ibiricu et al., 2020). Some authors have com-
mented upon this survival of ‘basal’ lineages of
rebbachisaurids into the Late Cretaceous (e.g. Lerzo,
Gallina, et al., 2025); however, this partly reflects how we
choose to illustrate and visualize phylogenetic topologies
and decide that one lineage is ‘basal’ and the other is
‘derived’ (e.g. see Bronzati, 2017). Ultimately, the sur-
vival of these non-khebbashian lineages into the Late
Cretaceous is no more unexpected than the survival of
rebbachisaurines.
Windholz et al. (2024) described a well-preserved

anterior caudal vertebra (MDPA-Pv 007) from the
Candeleros Formation, which they recovered within
Rebbachisaurinae. However, the feature that united
MDPA-Pv 007 with rebbachisaurines in their analyses is
also present in taxa recovered outside of Khebbashia in
ours: the presence of triangular lateral processes near the
apex of anterior caudal neural spines characterizes
Katepensaurus (Ibiricu et al., 2013) and is also incipiently
present in Zapalasaurus (Salgado et al., 2006). As such,
we consider it more prudent to regard MDPA-Pv 007 as
an indeterminate rebbachisaurid. Bellardini et al. (2022)
described several rebbachisaurid specimens from the
Huincul Formation; of these, one specimen seemed to
show rebbachisaurine affinities. However, given that this
was based on similarities with Katepensaurus (see above),
we regard all of these remains as belonging to
Rebbachisauridae. Although we suggest that those gener-
ically indeterminate remains cannot be referred to
Rebbachisaurinae, our EIW analyses place Itapeuasaurus
cajapioensis, from the Cenomanian Alcântara Formation
of north-eastern Brazil (Lindoso et al., 2019), as an early-
diverging member of this clade. This would expand the
known distribution of this clade (Fig. 18B), but is consist-
ent with faunal similarities between North Africa and
north-eastern Brazil observed in other contemporaneous
terrestrial vertebrate clades (e.g. Candeiro et al., 2011;
Medeiros et al., 2014). Furthermore, dispersal between
these regions was likely possible until the late Albian or
early Cenomanian (Granot & Dyment, 2015).
Limaysaurinae appears to have been endemic to South

America (Fig. 18B), but its taxonomic composition and
relative diversity vary across analyses (Fanti et al., 2015;
Mannion, Upchurch, Schwarz, et al., 2019; Salgado et al.,
2022). In addition to the Argentinean species
Limaysaurus tessonei, which is known from the lower
Cenomanian Candeleros Formation, as well as possibly
the upper Cenomanian–lower Turonian Huincul forma-
tion too (Calvo, 1999; Calvo & Salgado, 1995; Paulina
Carabajal & Calvo, 2021), Limaysaurinae includes
Cathartesaura anaerobica (Gallina & Apestegu�ıa, 2005),
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and might also contain Nopcsaspondylus alarconensis
(Apestegu�ıa, 2007) from the Candeleros Formation, and
MMCH-Pv-49 (Apestegu�ıa et al., 2010; Haluza et al.,
2012) from the Huincul Formation. Indeterminate mater-
ial from the Alcântara Formation of Brazil is also poten-
tially referrable to Limaysaurinae (Ribeiro et al., 2024).
Currently, Limaysaurinae is absent from the Early
Cretaceous record, despite its khebbashian sister clade,
Rebbachisaurinae, first appearing in the Barremian (Fig.
18A). The apparent restriction of Limaysaurinae to South
America, coupled with the South American provenance
of the earliest-branching rebbachisaurines (i.e.
Itapeuasaurus, and possibly also Nopcsaspondylus and
MMCH-Pv-49), potentially suggests that Khebbashia
diverged on this continent. However, the long ghost line-
ages for these early khebbashian divergences, as well as
the stratigraphically oldest remains emanating from
Europe and north Africa, indicate that this biogeograph-
ical scenario should be interpreted with caution.
An undescribed caudal vertebral series from the

Coniacian Lago Colhu�e Huapi Formation of Argentina
might represent the stratigraphically youngest known
rebbachisaurid, and thus diplodocoid, known globally
(Casal et al., 2015). Given good sampling of middle
Cretaceous deposits in Australia, including numerous
remains of somphospondylan titanosauriforms, it appears
that rebbachisaurids did not reach East Gondwana, pos-
sibly as a consequence of palaeoenvironmental barriers
to high-latitude dispersal (Poropat et al., 2021). With the
well-established interpretation of nemegtosaurids as tita-
nosaurs, rather than diplodocoids (e.g. Curry Rogers &
Forster, 2001; Jacobs et al., 1993; Salgado et al., 1997;
Wilson, 2005), no members of any lineage of
Diplodocoidea are known from the latest Cretaceous,
with the clade seemingly undergoing a spatiotemporally
staggered extinction during the middle Cretaceous
(Fig. 18).

Conclusions

We present a revised view on the evolutionary and bio-
geographical history of diplodocoid sauropod dinosaurs,
including new diagnoses for major clades. Detailed ana-
tomical comparisons and phylogenetic analysis indicate
that the Middle Jurassic Indian sauropod dinosaur
Tharosaurus is an indeterminate eusauropod that lacks
diplodocoid synapomorphies. The Upper Jurassic
Morrison Formation sauropod Haplocanthosaurus is
recovered as a non-diplodocimorph diplodocoid.
Previously regarded as a dicraeosaurid, the Middle
Jurassic Chinese diplodocoid Lingwulong is placed as a
stem flagellicaudatan, outside of the diplodocid–

dicraeosaurid split. We recover a diverse
Dicraeosauridae, with Morrison Formation taxa as its
earliest-branching members. Phylogenetically more-
nested dicraeosaurids are all Late Jurassic–Early
Cretaceous Gondwanan taxa, for which we formally
define the clade Dicraeosaurinae. Early-diverging rebba-
chisaurids include Gondwana taxa, as well as the ear-
liest Cretaceous UK taxon Xenoposeidon. Within the
rebbachisaurid clade Khebbashia, Limaysaurinae is
restricted to South America, whereas Rebbachisaurinae
is more widespread, present in Europe, North Africa,
and South America. The stratigraphically youngest
known flagellicaudatans are from the Barremian,
whereas rebbachisaurids survived until the Turonian or
Coniacian. Our results reinforce the view that
Flagellicaudata (and probably also Rebbachisauridae)
likely originated in Laurasia. Nevertheless, the presence
of diplodocoids in Eurasia in the Middle Jurassic sug-
gests a potentially widespread distribution early in their
evolutionary history that is likely obscured by sampling
failure.
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N. S., Brum, A. S., de Souza, L. G., da Silva, R. C., &
Gallo, V. (2025). A reassessment of the historical fossil
findings from Bahia State (Northeast Brazil) reveals a
diversified dinosaur fauna in the Lower Cretaceous of
South America. Historical Biology, 37, 548–589. https://
doi.org/10.1080/08912963.2024.2318406

Bandyopadhyay, S., Gillette, D. D., Ray, S., & Sengupta,
D. P. (2010). Osteology of Barapasaurus tagorei
(Dinosauria: Sauropoda) from the Early Jurassic of India.
Palaeontology, 53, 533–569. https://doi.org/10.1111/j.
1475-4983.2010.00933.x

Bellardini, F., Coria, R. A., Windholz, G. J., Martinelli,
A. G., & Baiano, M. A. (2023). Revisiting the Early
Cretaceous sauropod Agustinia ligabuei (Dinosauria:
Diplodocoidea) from southern Neuqu�en basin (Patagonia,
Argentina), with implications on the early evolution of
rebbachisaurids. Historical Biology, 35, 2408–2434.
https://doi.org/10.1080/08912963.2022.2142911

Bellardini, F., Filippi, L. S., Carballido, J. L., Garrido,
A. C., & Baiano, M. A. (2024). Exploring rebbachisaurid
hind-limb anatomy on the basis of a new articulated
specimen from the Huincul Formation (upper
Cenomanian) of Neuqu�en Basin, Patagonia, Argentina.
Historical Biology, 36, 2587–2603. https://doi.org/10.1080/
08912963.2023.2268638

Bellardini, F., Filippi, L. S., Carballido, J. L., Garrido,
A. C., & Baiano, M. A. (2025). Side by side with titans:
a new rebbachisaurid dinosaur from the Huincul
Formation (upper Cenomanian) of Patagonia, Argentina.
Cretaceous Research, 176, 106188. https://doi.org/10.
1016/j.cretres.2025.106188

Bellardini, F., Filippi, L. S., Garrido, A. C., Carballido,
J. L., & Baiano, M. A. (2022). New rebbachisaurid
remains from the Huincul Formation (Middle
Cenomanian–Early Turonian) of the Central Neuqu�en
Basin, Patagonia, Argentina. Publicaci�on Electr�onica de la
Asociaci�on Paleontol�ogica Argentina, 22, 1–24.

Benyoucef, M., P�erez-Garc�ıa, A., Bendella, M., Ortega, F.,
Vullo, R., Bouchemla, I., & Ferr�e, B. (2022). The
“mid”-Cretaceous (Lower Cenomanian) continental
vertebrates of Gara Samani, Algeria. Sedimentological
framework and palaeodiversity. Frontiers in Earth
Science, 10, 927059. https://doi.org/10.3389/feart.2022.
927059

50 P. D. Mannion and A. J. Moore

https://doi.org/10.1080/14772019.2025.2550760
https://doi.org/10.1016/j.gr.2007.04.007
https://doi.org/10.1016/j.gr.2007.04.007
https://doi.org/10.1080/08912960903411580
https://doi.org/10.1080/08912960903411580
https://doi.org/10.1371/journal.pone.0246620
https://doi.org/10.4202/app.00724.2020
https://doi.org/10.4202/app.00724.2020
https://doi.org/10.1038/s41598-023-39759-2
https://doi.org/10.1038/s41598-023-39759-2
https://doi.org/10.1080/08912963.2024.2318406
https://doi.org/10.1080/08912963.2024.2318406
https://doi.org/10.1111/j.1475-4983.2010.00933.x
https://doi.org/10.1111/j.1475-4983.2010.00933.x
https://doi.org/10.1080/08912963.2022.2142911
https://doi.org/10.1080/08912963.2023.2268638
https://doi.org/10.1080/08912963.2023.2268638
https://doi.org/10.1016/j.cretres.2025.106188
https://doi.org/10.1016/j.cretres.2025.106188
https://doi.org/10.3389/feart.2022.927059
https://doi.org/10.3389/feart.2022.927059


Berman, D. S., & McIntosh, J. S. (1978). Skull and
relationships of the Upper Jurassic sauropod Apatosaurus
(Reptilia, Saurischia). Bulletin of Carnegie Museum of
Natural History, 8, 1–35. https://doi.org/10.5962/p.228587

Bindellini, G., & Dal Sasso, C. (2021). Sauropod teeth from
the Middle Jurassic of Madagascar, and the oldest record
of Titanosauriformes. Papers in Palaeontology, 7, 137–
161. https://doi.org/10.1002/spp2.1282

Boisvert, C., Bivens, G. T., Curtice, B., Wilhite, R., &
Wedel, M. (2025). Census of currently known specimens
of the Late Jurassic sauropod Haplocanthosaurus from the
Morrison Formation, USA. Geology of the Intermountain
West, 12, 1–23. https://doi.org/10.31711/giw.v12.pp1-23

Bonaparte, J. F. (1996). Cretaceous tetrapods of Argentina.
M€unchner Geowissenschaften Abhandlungen, 30, 73–130.

Bonaparte, J. F. (1997). Rayososaurus agrioensis Bonaparte
1995. Ameghiniana, 34, 116.

Bonaparte, J. F. (1999). An armoured sauropod from the
Aptian of northern Patagonia, Argentina. National Science
Museum Monographs, 15, 1–12.

Bonaparte, J. F., & Mateus, O. (1999). A new diplodocid,
Dinheirosaurus lourinhanensis gen. et sp. nov., from the
Late Jurassic beds of Portugal. Revista del Museo
Argentino de Ciencias Naturales "Bernardino Rivadavia"
e Instituto Nacional de Investigaci�on de las Ciencias
Naturales, Paleontolog�ıa, 5, 13–29.

Brikiatis, L. (2016). Late Mesozoic North Atlantic land
bridges. Earth-Science Reviews, 159, 47–57. https://doi.
org/10.1016/j.earscirev.2016.05.002

Bronzati, M. (2017). Should the terms ‘basal taxon’ and
‘transitional taxon’ be extinguished from cladistic studies
with extinct organisms? Palaeontologia Electronica, 20,
2.3 E.

Bronzati, M., Langer, M. C., & Rauhut, O. W. M. (2018).
Braincase anatomy of the early sauropodomorph
Saturnalia tupiniquim (Late Triassic, Brazil). Journal of
Vertebrate Paleontology, 38, e1559173. https://doi.org/10.
1080/02724634.2018.1559173

Buffetaut, E. (2005). A new sauropod dinosaur with
prosauropod-like teeth from the Middle Jurassic of
Madagascar. Bulletin de la Societ�e G�eologique de France,
176, 467–473.

Calvo, J. O. (1999). Dinosaurs and other vertebrates of the
Lake Ezequiel Ramos Mex�ıa area, Neuqu�en-Patagonia,
Argentina. National Science Museum Monographs, 15,
13–45.

Calvo, J. O., & Salgado, L. (1995). Rebbachisaurus tessonei
sp. nov. a new Sauropoda from the Albian–Cenomanian of
Argentina; new evidence on the origin of the
Diplodocidae. Gaia, 11, 13–33.

Campos-Soto, S., Benito, M. I., Cobos, A., Caus, E.,
Quijada, I. E., Suarez-Gonzalez, P., Mas, R., Royo-
Torres, R., & Alcal�a, L. (2019). Revisiting the age and
palaeoenvironments of the Upper Jurassic–Lower
Cretaceous? dinosaur-bearing sedimentary record of
eastern Spain: implications for Iberian palaeogeography.
Journal of Iberian Geology, 45, 471–510. https://doi.org/
10.1007/s41513-019-00106-y

Candeiro, C. R. A., Fanti, F., Therrien, F., & Lamanna,
M. C. (2011). Continental fossil vertebrates from the mid-
Cretaceous (Albian–Cenomanian) Alcântara Formation,
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