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Brachiosauridae is a lineage of titanosauriform sauropods that includes some of the most
iconic non-avian dinosaurs. Undisputed brachiosaurid fossils are known from the Late
Jurassic through the Early Cretaceous of North America, Africa, and Europe, but proposed
occurrences outside this range have proven controversial. Despite occasional suggestions
that brachiosaurids dispersed into Asia, to date no fossils have provided convincing
evidence for a pan-Laurasian distribution for the clade, and the failure to discover
brachiosaurid fossils in the well-sampled sauropod-bearing horizons of the Early
Cretaceous of Asia has been taken to evidence their genuine absence from the continent.
Here we report on an isolated sauropod maxilla from the middle Cretaceous
(Albian–Cenomanian) Longjing Formation of the Yanji basin of northeast China. Although
the specimen preserves limited morphological information, it exhibits axially twisted
dentition, a shared derived trait otherwise known only in brachiosaurids. Referral of the
specimen to the Brachiosauridae receives support from phylogenetic analysis under both
equal and implied weights parsimony, providing the most convincing evidence to date that
brachiosaurids dispersed into Asia at some point in their evolutionary history. We consider
several paleobiogeographic scenarios that could account for the occurrence of a middle
Cretaceous Asian brachiosaurid, including dispersal from either North America or Europe
during the Early Cretaceous. The identification of a brachiosaurid in the Longshan fauna,
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and the paleobiogeographic histories that could account for its presence there, are
hypotheses that can be tested with continued study and excavation of fossils from the
Longjing Formation.
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28 Abstract
29 Brachiosauridae is a lineage of titanosauriform sauropods that includes some of the most 
30 iconic non-avian dinosaurs. Undisputed brachiosaurid fossils are known from the Late Jurassic 
31 through the Early Cretaceous of North America, Africa, and Europe, but proposed occurrences 
32 outside this range have proven controversial. Despite occasional suggestions that brachiosaurids 
33 dispersed into Asia, to date no fossils have provided convincing evidence for a pan-Laurasian 
34 distribution for the clade, and the failure to discover brachiosaurid fossils in the well-sampled 
35 sauropod-bearing horizons of the Early Cretaceous of Asia has been taken to evidence their 
36 genuine absence from the continent. Here we report on an isolated sauropod maxilla from the 
37 middle Cretaceous (Albian–Cenomanian) Longjing Formation of the Yanji basin of northeast 
38 China. Although the specimen preserves limited morphological information, it exhibits axially 
39 twisted dentition, a shared derived trait otherwise known only in brachiosaurids. Referral of the 
40 specimen to the Brachiosauridae receives support from phylogenetic analysis under both equal 
41 and implied weights parsimony, providing the most convincing evidence to date that 
42 brachiosaurids dispersed into Asia at some point in their evolutionary history. We consider 
43 several paleobiogeographic scenarios that could account for the occurrence of a middle 
44 Cretaceous Asian brachiosaurid, including dispersal from either North America or Europe during 
45 the Early Cretaceous. The identification of a brachiosaurid in the Longshan fauna, and the 
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46 paleobiogeographic histories that could account for its presence there, are hypotheses that can be 
47 tested with continued study and excavation of fossils from the Longjing Formation.

48

49 Introduction
50 Brachiosauridae is a clade of titanosauriform sauropods and one of the most iconic 
51 groups of non-avian dinosaurs, with well-known exemplars that include the Late Jurassic taxa 
52 Giraffatitan and Brachiosaurus. Although the in-group membership and inter-relationships of 
53 the clade remain a subject of continued debate (e.g., D’Emic, 2012; D’Emic et al., 2016; 
54 Carballido et al., 2015, 2020; Royo-Torres et al., 2017; Mannion et al., 2013, 2017), 
55 Brachiosauridae and slightly less inclusive subclades are readily diagnosed by a suite of 
56 characteristics from across the skeleton that are rare or absent among other lineages of sauropods 
57 (Wilson & Sereno, 1998; D’Emic, 2012; Mannion et al., 2013 2017). These include bauplan-
58 defining traits, such as an elongate humerus that nearly equals or exceeds the length of the femur, 
59 as well as more subtle features of the skull and post-cranial skeleton, including axially twisted 
60 maxillary dentition, a small contribution of the ischium to the acetabulum, and a relatively broad 
61 proximal end of metacarpal III.
62 The oldest known brachiosaurid is from the Oxfordian of France (Lapparent, 1943; 
63 Mannion et al., 2017), and available body fossil evidence indicates that the lineage survived until 
64 the early Late Cretaceous, with the youngest brachiosaurids known from around the Albian-
65 Cenomanian boundary (Chure et al., 2010; D’Emic et al., 2016). During the Late Jurassic, 
66 brachiosaurids enjoyed a cosmopolitan distribution that included Africa (Janensch, 1914), North 
67 America (Riggs, 1903), Europe (Antunes & Mateus, 2003; Mannion et al. 2013, 2017; Mocho et 
68 al., 2016) and possibly South America (Rauhut, 2006; but see Mannion et al., 2013). Until 
69 recently, regional extinction of brachiosaurids across much of their Late Jurassic range was 
70 thought to have limited the group to North America during the Early Cretaceous (D’Emic, 2012; 
71 Mannion et al. 2013). However, the discovery of the brachiosaurid Soriatitan from the late 
72 Hauterivian–early Barremian of Spain (Royo-Torres et al., 2017), isolated vertebrae from the 
73 Berriasian–Hauterivian Kirkland Formation of South Africa referrable to Brachiosauridae 
74 (McPhee et al., 2016), isolated teeth showing axial twisting from the Early Cretaceous of 
75 Lebanon (Buffetaut et al., 2006; Mannion et al., 2013), and, potentially, the disputed 
76 brachiosaurid Padillasaurus from the Barremian of Colombia (Carballido et al., 2015, 2020; 
77 Mannion et al., 2017) reject the hypothesis that brachiosaurids suffered a major range contraction 
78 across the Jurassic-Cretaceous boundary. Although fossil evidence has occasionally been 
79 advanced to suggest that brachiosaurids dispersed into Asia (Lim et al., 2001; You & Li, 2009; 
80 see Discussion), the evidence underlying these claims has not held up to subsequent scrutiny. 
81 The failure to recover compelling evidence of brachiosaurids in the well-sampled sauropod-
82 bearing horizons of the Early Cretaceous of Asia has been interpreted as a genuine indication 
83 that their Laurasian range was limited to Europe and North America (Ksepka & Norell, 2010; 
84 D’Emic, 2012; Mannion et al., 2013).
85 In our 2016 expeditions to the Longshan Beds of the Longjing Formation in Yanji City, 
86 Jilin Province, northeastern China, we discovered a mid-Cretaceous (Albian–Cenomanian) 
87 terrestrial fauna that has produced more than two hundred vertebrate fossils, including 
88 dinosaurians, crocodyliforms, and testudines. Sauropod dinosaurs represent the dominate group 
89 in the Longshan fauna (Jin et al., 2018) with more than 60 bones belonging to at least 14 
90 individuals discovered so far. Here we report on an isolated sauropod maxilla that exhibits a 
91 mosaic combination of morphological features that support its referral to Brachiosauridae.
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92

93 Materials & Methods
94 Institutional abbreviations

95 CM, Carnegie Museum of Natural History, Pittsburg, USA; IVPP, Institute of Vertebrate 
96 Paleontology and Paleoanthropology, Beijing, China; MB.R., Museum für Naturkunde, Berlin, 
97 Germany; PMU, Palaeontological Museum, Uppsala, Sweden; USNM, National Museum of 
98 Natural History, Smithsonian Institution, Washington, DC, USA. YJDM, Yanji Dinosaur 
99 Museum, Jilin, China.

100

101 Systematic Paleontology

102 Dinosauria Owen, 1842
103 Saurischia Seeley, 1887
104 Sauropoda Marsh, 1878
105 Brachiosauridae Riggs, 1904
106 Brachiosauridae indet.
107

108 Material. Yanji Dinosaur Museum, YJDM 00008, a partial left maxilla with dentition in situ.
109

110 Locality and horizon. The Longshan locality (42°52′10.0′′N, 129°29′28.1′′E) is located south of 
111 Yanji City, Jilin Province. The beds at the Longshan locality are part of the lower part of the 
112 Longjing Formation, which conformably overlies the Dalazi Formation (Jin et al., 2018; Zhong 
113 et al., 2021). Paleontological and radiochronological data indicate an Albian to Cenomanian age 
114 for the Longjing Formation (Jin et al., 2018). The fossil-bearing site from which YJDM 00008 
115 was recovered lies a short distance above a tuff layer from near base of the Longjing Formation 
116 that has recently been dated to 101.039 ± 0.061 Ma (Zhang et al., 2018; Zhong et al., 2021); this 
117 finding is consistent with other U-Pb radiochronological dating of the uppermost part of the 
118 Dalazi Formation to 105.14 ± 0.37 (Zhong et al., 2021). Thus, the Longshan section likely 
119 includes the Albian-Cenomanian boundary, and most of the Longjing Formation can be 
120 considered Cenomanian in age (Zhong et al., 2021).
121

122 Description and comparisons

123 Description of YJDM 00008 was facilitated by X-ray computed tomography scanning of 
124 the specimen. The scan was performed using the 450 kV industrial X-ray computed tomography 
125 scanner (developed by the Institute of High Energy Physics, Chinese Academy of Sciences 
126 (CAS)) at the Key Laboratory of Vertebrate Evolution and Human Origins, CAS. The specimen 
127 was scanned with a beam energy of 430 kV and a flux of 1.5 mA at a resolution of 160 um per 
128 pixel using a 360° rotation with a step size of 0.25°. A total of 1,440 projections were 
129 reconstructed in a 2,048 x 2,048 matrix of 2,048 slices using a two-dimensional reconstruction 
130 software developed by the Institute of High Energy Physics, CAS (Wang et al., 2019). Data were 
131 output in the raw file format and imported into Mimics v.19.0 (Materialise, 2015, Leuven, 
132 Belgium) and Dragonfly v.2021.1.0.977 (Object Research Systems Inc., 2021, Montreal, 
133 Canada) for viewing, analysis, and visualization. Raw CT scan data for YJDM 00008 is available 
134 on MorphoSource (https://www.morphosource.org/concern/media/000361358?locale=en) to 
135 qualified researchers.
136 Axial twisting of the maxillary dentition in YJDM 00008 (see below) was visualized and 
137 measured digitally, as in D’Emic & Carrano (2020). To ensure accurate measurement of these 
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138 angles for each tooth, the X, Y, and Z viewing planes were re-oriented in Dragonfly 
139 v.2021.1.0.977 so as to align with the mesiodistal, apicobasal, and labiolingual axes of the tooth, 
140 and the angle of twisting was measured across the entirety of the tooth crown. This approach was 
141 also used to confirm the absence of axially twisted dentition in several other eusauropod taxa for 
142 which CT scan data were available (Bellusaurus IVPP V17768.1; Camarasaurus CM 11338; 
143 Euhelopus PMU 24705/1a-b; an undescribed mamenchisaurid skull [IVPP V27936].
144 Anatomical terminology for major components of the maxilla follows Wilson et al. 
145 (2016). We also coin a new term, internal antorbital fossa, for the fossa on the maxillary portion 
146 of the antorbital cavity that spans the medial surface of the narial process and the dorsal surface 
147 of the main body of the maxilla. Phylogenetic definitions used in this study are given in Table 1.
148

149 Maxilla. YJDM 00008 comprises a partial left maxilla with some replacement teeth in situ (Figs. 
150 1–5). The preserved length of the maxilla is 28 cm, and we estimate the complete maxilla to have 
151 been about 30 cm long along its ventral margin. The maxilla is thus shorter than in 
152 Brachiosaurus and Giraffatitan (about 40 cm long; Carpenter & Tidwell, 1998; Janensch, 1935; 
153 D’Emic & Carrano, 2020) but longer than the maxilla of Euhelopus (approximately 18 cm long; 
154 Poropat & Kear, 2013), suggesting that the skull of YJDM 00008 is intermediate in size between 
155 Euhelopus and Giraffatitan. 
156 The partial left maxilla of the YJDM 00008 can be broadly divided into two parts: a 
157 relatively thick, dentigerous ventral portion, and a more delicately constructed dorsal portion. 
158 The former part of the maxilla is largely intact, except for the missing posteriormost and ventral 
159 parts of the maxillary body, including that part that would have articulated with the jugal (Figs. 
160 1–2). The dorsal part of the maxilla is more fragmentarily preserved, and is missing the narial (= 
161 ascending; caudodorsal) process and the lateral surface of the maxilla in the region of the 
162 antorbital fenestra, the margins of which are not intact. The dorsal part of the maxilla has also 
163 suffered some taphonomic distortion, such that this region bows outward and overhangs the 
164 lateral surface of the ventral, dentigerous portion of the maxilla. 
165 Externally, the dorsal portion of the maxilla exhibits a slight concavity, bounded 
166 anteroventrally by a crescentic rim, that demarcates the anterior end of the narial fossa. At its 
167 anterior extreme, the narial fossa is pierced by a large foramen that we interpret to be the anterior 
168 maxillary foramen. An anterolaterally positioned narial fossa is also seen in Camarasaurus 
169 (Madsen, McIntosh, & Berman, 1995), Euhelopus (Poropat & Kear, 2013) and Brachiosauridae 
170 (e.g. Brachiosaurus, Carpenter & Tidwell, 1998; Giraffatitan, Janensch, 1935; Europasaurus, 
171 Sander et al., 2006; Marpmann et al. 2014; Abydosaurus, Chure et al., 2010), unlike in late-
172 branching titanosauriforms and diplodocoids, in which the naris and the narial fossa are more 
173 posterodorsally positioned on the maxilla and located on the top of the skull (Zaher et al., 2011; 
174 Curry Rogers & Forster, 2004; Tschopp & Mateus, 2017; Whitlock, 2011). Anterodorsally, the 
175 maxilla bears an elongate sulcus that would have accommodated the narial (= ascending) process 
176 of the premaxilla. A stout anteromedial (= premaxillary; rostrodorsal) process projects from the 
177 maxilla immediately ventromedial to this sulcus. The anteromedial process articulated with the 
178 premaxilla, and in life would have received a posteromedially-directed process from the latter 
179 bone, for which it bears a groove on its dorsal surface. At the base of the anteromedial process is 
180 a semi-circular notch that corresponds to the maxillary half of the subnarial foramen (Figs. 1–2), 
181 the other half of which would have been provided by a complementary notch in the premaxilla. 
182 The subnarial foramen appears to have been mediolaterally oriented and visible in lateral view, 
183 as in diplodocoids, late-branching titanosauriforms (Chure et al., 2010; Curry Rogers & Forster, 
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184 2004), and Euhelopus (Poropat & Kear, 2013) but unlike the dorsal orientation of this foramen in 
185 neosauropods like Camarasaurus (CM 11338; Madsen et al., 1995) and Giraffatitan (Janensch, 
186 1935; Madsen et al., 1995). 
187 Although the posterior end of the maxillary main body is incomplete, it is clear that the 
188 specimen lacks the strongly tapering, posteriorly directed jugal process of some late-branching 
189 titanosauriforms (e.g., Rapetosaurus, Curry Rogers & Forster 2004; Tapuiasaurus, Wilson et al. 
190 2016). Instead, the specimen bears the plesiomorphically blocky posterior end of the maxilla that 
191 characterizes taxa such as Giraffatitan (MB.R.2180.2; Janensch 1935), Euhelopus (Wilson & 
192 Upchurch 2009; Poropat & Kear 2013), and Sarmientosaurus (Martinez et al. 2016). Dorsally, 
193 the posterior end of the maxilla is marked by a trough, which provided entry into the dorsal 
194 alveolar canal for the maxillary vessels and dorsal alveolar nerve (White 1958; Porter & Witmer 
195 2020). Posterior to the level of the last alveolus, the lateral wall of the dorsal alveolar canal has 
196 broken away, exposing the interior of the canal in lateral view. The presence of a preantorbital 
197 foramen/fenestra cannot be confirmed, as the relevant portion of the dorsal alveolar canal that 
198 would have given rise to it ventrolaterally is missing. It is noteworthy, however, that a broad, 
199 shallow fossa embays the lateral surface of the maxilla immediately ventral to the broken dorsal 
200 alveolar canal, as such a fossa is present in some taxa with well-developed preantorbital 
201 openings (e.g., Giraffatitan MB.R.2180.2; Tapuiasaurus Wilson et al. 2016). The presence of a 
202 continuous, plate-like wall of bone along the length of the palatal shelf (preserved intact or 
203 otherwise evidenced by a broken edge) suggests that the preantorbital opening, if present, was 
204 separated from the antorbital cavity, rather than broadly continuous with it as in various 
205 diplodocids (e.g., Galeamopus Tschopp & Mateus 2017) and titanosaurians (e.g., Nemegtosaurus 
206 Wilson 2005).
207 On the medial surface of the maxilla, at the junction of its dorsal and ventral portions, is the 
208 internal antorbital fossa. This fossa is bounded ventrally by the palatal shelf and anteriorly and 
209 laterally by that portion of the maxilla that floors the narial fossa externally and gives rise to the 
210 narial process. The latter part of the maxilla is thin-walled and plate-like where it meets the 
211 palatal shelf. The lateral wall of the internal antorbital fossa meets the palatal shelf at an abrupt, 
212 approximately 90-degree angle. The sharp angulation of the ventrolateral boundary of the 
213 internal antorbital fossa is in contradistinction to the relatively smooth transition between the 
214 ventral and lateral margins of the fossa in various other sauropods (e.g., Camarasaurus (Madsen 
215 et al., 1995, Figs 9-11), Euhelopus (Poropat & Kear, 2013, Fig. 2), Rapetosaurus (Curry Rogers 
216 & Forster, 2004, Figs 3-4)), though it is possible that the sharpness of this angle has been 
217 exaggerated by taphonomic distortion. 
218 The anterior margin of the internal antorbital fossa extends close to the anterior one-third of 
219 the maxillary tooth row, which is also seen in Euhelopus (Poropat & Kear, 2013; Wilson & 
220 Upchurch, 2009). In Bellusaurus (Moore et al., 2018), Camarasaurus (Madsen et al., 1995), 
221 Brachiosauridae such as Brachiosaurus, Giraffatitan, and Abydosaurus (Carpenter & Tidwell, 
222 1998; Chure et al., 2010; Janensch, 1935) and possibly Rapetosaurus (Curry Rogers & Forster, 
223 2004), the anterior margin of the internal antorbital fossa only extends to roughly half the length 
224 of the tooth row. The medial view of the maxilla is poorly described or hard to observe in other 
225 taxa, and thus the relative anterior extent of the internal antorbital fossa is difficult to 
226 characterize more broadly. At the posteromedial end of the palatal shelf there is a rough area 
227 which might be the contact surface for the palatine. 
228 In medial view, there are ten nearly complete alveoli with in situ dentition (Figs. 2, 4). The 
229 lateral and posterior walls of an additional alveolus are preserved at the anterior end of the 
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230 maxilla, indicating a total of at least 11 maxillary alveoli. For comparison, Camarasaurus has 8–
231 10 maxillary teeth, the brachiosaurids Abydosaurus (Chure et al., 2010) Giraffatitan (Janensch, 
232 1935), and Brachiosaurus (Carpenter & Tidwell, 1998; D'Emic & Carrano, 2020) have 10, 12, 
233 and 14 teeth, respectively, the early-branching titanosauriform Euhelopus has approximately 9 to 
234 10 (Poropat & Kear, 2013; Wilson & Upchurch, 2009), the late-branching titanosauriform 

235 Tapuiasaurus (Zaher et al., 2011; Wilson et al., 2016) has 12, and the Asian late-branching 
236 titanosauriform taxa Nemegtosaurus and Quaesitosaurus have only 8 or 9 maxillary teeth 
237 (Kurzanov & Bannikov, 1983; Wilson, 2005). The maxillary teeth of the specimen are 
238 perpendicular to the ventral margin of the maxilla, as in the Brachiosauridae and Camarasaurus 

239 (Carpenter & Tidwell, 1998; Janensch, 1935; Madsen et al., 1995; Sander et al., 2006; 
240 Marpmann et al., 2014) as well as the late-branching titanosauriforms such as Tapuiasaurus, 
241 Nemegtosaurus, Quaesitosaurus and Rapetosaurus (Zaher et al., 2011; Wilson et al., 2016; 
242 Curry Rogers & Forster, 2001; Curry Rogers & Forster, 2004; Kurzanov & Bannikov, 1983; 
243 Wilson, 2005). In contrast, the maxillary teeth are anteroventrally oriented in Euhelopus (Poropat 
244 & Kear, 2013; Wilson & Upchurch, 2009), and a similar condition is also observed in 
245 Diplodocoidea, such as in Apatosaurus (Berman & McIntosh, 1978), Dicraeosaurus (Janensch, 
246 1935), Kaatedocus (Tschopp & Mateus, 2013), Galeamopus (Tschopp & Mateus, 2017) and 
247 Diplodocus (Wilson & Sereno, 1998). Maxillary alveoli are approximately evenly spaced, with 
248 anterior alveoli slightly larger than posterior ones. The last 6 alveoli have an anteroposterior 
249 width of 10 to 15 mm, but the anterior 4 alveoli can reach 18 to 20 mm. Slightly above the 
250 alveoli (approximate 10 mm dorsal to them) on the medial side, there are a series of deep 
251 neurovascular foramina – the replacement foramina – through which the replacement teeth are 
252 visible.
253

254 Dentition. All functional teeth are missing from the specimen, and at least two generations of 
255 replacement teeth are preserved (Fig. 4). The teeth are positioned in the anterior half of the 
256 maxilla, though the anterior positioning of the teeth is not as extreme as in Diplodocoidea 
257 (Berman & McIntosh, 1978; Janensch, 1935; Sereno et al., 2007; Tschopp & Mateus, 2013, 2017; 
258 Wilson & Sereno, 1998). The anterior teeth are slightly larger than the posterior ones, and the 
259 teeth are curved lingually.
260 The maxillary teeth are parallel-sided in labial view, lacking the mesiodistal expansion of 
261 the crown that is plesiomorphic for sauropod dentition, and taper apically, as in Brachiosauridae 
262 (Carpenter & Tidwell, 1998; Chure et al., 2010; Janensch, 1935; Rose, 2007; Sander et al., 2006; 
263 Marpmann et al. 2014) and Euhelopodidae (D'Emic, 2012; Poropat & Kear, 2013; Wilson & 
264 Upchurch, 2009) and unlike the cylindrical crown found in late-branching titanosauriforms and 
265 most Diplodocoidea (Berman & McIntosh, 1978; Zaher et al., 2011; Curry Rogers & Forster, 
266 2001; Curry Rogers & Forster, 2004; Kurzanov & Bannikov, 1983; Whitlock, 2011; Wilson, 
267 2005). The maxillary teeth are twisted axially (Fig. 5, Table 2), a feature that has been recovered 
268 as a unique synapomorphy of Brachiosauridae or a slightly less inclusive clade (e.g., D'Emic, 
269 2012; Mannion et al., 2013, 2017; D'Emic & Carrano, 2020). The lingual surface of the crown is 
270 subtly divided into two faces – a wider, slightly concave mesial face and a narrower, relatively 
271 flat distal face – that are gently offset from one another. Where these two lingual faces meet 
272 there is a longitudinal ridge; this feature is plesiomorphic for sauropods and is present in some 
273 brachiosaurids, Paluxysaurus, Euhelopus, and most non-neosauropod sauropod teeth (Barrett et 
274 al., 2002; Mannion et al. 2013), although its development in YJDM 00008 is markedly weaker 
275 than in most other taxa with a lingual ridge. In cross-section, the tooth crowns are roughly D-
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276 shaped, with a strongly convex labial face. The mesial and distal edges of the crown are 
277 relatively smooth compared to the wrinkled surface of the lingual and labial surfaces. The 
278 slenderness index (SI; ratio of length of crown to mesiodistal width (Upchurch, 1998)) for 
279 YJDM 00008 ranges from approximately 2.30 to 3.56 (Table 2). This range is similar to that 
280 observed in Euhelopus (2.2–3.3) and various brachiosaurids (2.23–2.68 in Vouivria; 1.72–2.93 in 

281 Giraffatian; 2.4–3.25 in Abydosaurus; 2.3 in Soriatitan) (Chure et al., 2010; Mannion et al., 
282 2017; Royo-Torres et a., 2017). In other late-branching titanosauriforms, the teeth are markedly 
283 more slender than in YJDM 00008: the SI exceeds 5 in Rapetosaurus (Curry Rogers & Forster, 
284 2004) and ranges from 4.1 to 5.9 in the upper teeth of Tapuiasaurus (Zaher  et al., 2011; Wilson. 
285 et al., 2016).
286 The CT scans show that two replacement teeth are present in each tooth socket (Fig. 4B–
287 D), as in Bellusaurus (Moore et al., 2018) and Brachiosaurus (D’Emic & Carrano 2020). The 
288 younger generation of replacement teeth is distodorsal to and overlapped labially by the more 
289 mature generation. The crowns of the younger generation of replacement teeth are oriented 
290 mesioventrally (Fig. 4B–D). Other neosauropods exhibit greater numbers of replacement teeth. 
291 Among macronarians, Camarasaurus and the ‘Río Negro titanosaur’ possess three replacement 
292 teeth in one alveolus (Coria & Chiappe, 2001; D’Emic et al., 2013). This condition is obviously 
293 different from that of Diplodocoidea, which present a high tooth replacement rate and more 
294 generations of replacement teeth (e.g., five in Diplodocus; 10 in Nigersaurus) (D’Emic et al., 
295 2013; Sereno, & Wilson, 2005). 

296

297 Phylogenetic materials and methods. 
298 We tested the phylogenetic affinities of YJDM 00008 using a morphological character 
299 matrix based on that of Poropat et al. (2021), to which we added the Yanji taxon and recently 
300 redescribed brachiosaurid cranial material from the Morrison Formation of Garden Park, 
301 Colorado (USNM 5730; Marsh, 1891; Carpenter & Tidwell 1998; D’Emic & Carrano 2020). In a 
302 series of preliminary analyses (not shown) in which USNM 5730 and the Brachiosaurus 

303 operational taxonomic unit (OTU) of Poropat et al. (2021) were scored separately, USNM 5730 
304 was consistently recovered as a brachiosaurid, under both equal and extended implied weights 
305 parsimony analysis and with and without the inclusion of the Yanji taxon. In accord with the 
306 proposed existence of a single brachiosaurid species in the Morrison Formation (D’Emic & 
307 Carrano, 2020), we included USNM 5730 in the Brachiosaurus altithorax hypodigm for the 
308 phylogenetic analyses conducted here.
309 The final data matrix consisted of 552 characters scored for 126 OTUs (Supplementary I) 
310 and was subjected to both equal weights (EW) and extended implied weights (EIW) parsimony 
311 analysis (Goloboff, 2014) in TNT v.1.5 (Goloboff & Catalano 2016). Character ordering, taxon 
312 sampling, and down-weighting of homoplasy followed Poropat et al. (2021). Eighteen characters 
313 (11, 14, 15, 27, 40, 51, 104, 122, 147, 148, 195, 205, 259, 297, 426, 435, 472, 510) were treated 
314 as ordered. Ten unstable taxa (Astrophocaudia, Australodocus, Brontomerus, Fukuititan, 
315 Fusuisaurus, Liubangosaurus, Malarguesaurus, Mongolosaurus, Ruyangosaurus, and the 
316 ‘Cloverly titanosauriform’) were excluded a priori from the EW parsimony analysis; two of 
317 these (Ruyangosaurus and the ‘Cloverly titanosauriform’) were re-instated as active taxa for the 
318 EIW analysis. In the latter analysis, we applied a concavity constant (k) of nine.
319 For both EW and EIW analyses, we used ‘New Technology’ search algorithms to identify the set 
320 of most parsimonious trees (MPTs). Fifty search replications were used as a starting point for 
321 each hit, and were run until the best score was hit 10 times, using random and constraint sectorial 
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322 searches under default settings, five ratchet iterations and five rounds of tree fusing per replicate 
323 (‘xmult = replications 50 hits 10 css rss ratchet 5 fuse 5’). The initial set of MPTs recovered by 
324 the analysis was subjected to an additional round of tree bisection and reconnection (TBR) 
325 branch swapping to exhaustively sample all equal-length trees. Alternative placements of the 
326 Yanji taxon were identified using the resols command. Character support was assessed in TNT 
327 using the apo command and in Mesquite 3.61 (Maddison & Maddison, 2019).

328

329 Phylogenetic Results
330 The EW parsimony analysis resulted in 318,737 trees of 2665 steps (consistency index = 
331 0.218; retention index = 0.398). The Yanji taxon was found to be a neosauropod of unclear 
332 affinities: it is equally well-supported as 1) a non-diplodocoid diplocimorph, 2) a well-nested 
333 brachiosaurid most closely related to a clade including Soriatitan, Venenosaurus, Cedarosaurus, 
334 and Abydosaurus, and 3) an early-branching euhelopodid (Fig. 6).
335 Parsimony analysis under EIW produced 2520 trees of 115.80653 steps. The strict 
336 consensus of these trees resolves the Yanji taxon as a brachiosaurid. Although the composition 
337 and early branching pattern of Brachiosauridae differ between the EW and EIW analyses, in both 
338 sets of MPTs the Yanji taxon is part of a well-nested group comprising Soriatitan, 
339 Venenosaurus, Cedarosaurus, and Abydosaurus (Fig. 7).
340

341 Discussion
342 Previous evidence for Asian brachiosaurids

343 Fossil evidence has occasionally been advanced to suggest the presence of brachiosaurids 
344 in the Late Jurassic or Early Cretaceous of Asia, but these hypothesized occurrences have either 
345 not held up to subsequent scrutiny, or at best provide only equivocal support for Asian 
346 brachiosaurids. 
347 Based on pre-cladistic morphological comparisons emphasizing tooth crown shape, the Late 
348 Jurassic (Oxfordian) sauropod Bellusaurus, from the Shishugou Formation of northwest China, 
349 was initially assigned to its own subfamily (Bellusaurinae) within the Brachiosauridae, then 
350 considered part of the superfamily Bothrosauropodidea (Dong, 1990). Subsequent work has 
351 failed to support brachiosaurid kinship for Bellusaurus. Although the taxon may potentially 
352 represent a neosauropod (e.g., Upchurch et al., 2004; Carballido et al., 2014; Moore et al., 2018, 
353 2020; but see, e.g., Wilson & Upchurch, 2009; Mo, 2013; Mannion et al., 2019b), no analysis 
354 has ever recovered Bellusaurus as a brachiosaurid, and Bellusaurus lacks many of the 
355 synapomorphies that unite Brachiosauridae and its subsclades, including twisted maxillary 
356 dentition.
357 Similarities to Bellusaurus led Ye et al. (2005) to assign the Late Jurassic Daanosaurus, 
358 from the upper beds of the Shaximiao Formation, to the Brachiosauridae, within the subfamily 
359 Bellusaurinae. Daanosaurus has yet to be included in a phylogenetic analysis capable of testing 
360 its potential relationship to brachiosaurids; the only phylogenetic analysis to date to have 
361 included Daanosaurus exclusively sampled Middle–Late Jurassic Chinese sauropods, finding the 
362 taxon to be closely related to Mamenchisaurus (Li et al., 2011). The authors of this study did not 
363 report the matrix or the methods used in their analysis, and thus the character data in support of 
364 their phylogenetic conclusions are unclear. While the relationships of Daanosaurus remain 
365 obscure, none of the available evidence indicates a close relationship to brachiosaurids. Several 
366 characteristics (e.g., opisthocoelous posterior dorsal vertebrae; a tab-like interruption of the 
367 prezygodiapophyseal lamina in middle–posterior cervical vertebrae) suggest that Daanosaurus 
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368 may be a mamenchisaurid (AJM, pers. obs. 2015; Mannion et al., 2013; Moore et al., 2020), 
369 although macronarian affinities have also been proposed (D’Emic, 2012).
370 An isolated tooth from the Early Cretaceous (Barremian–Aptian) Jinju Formation of South 
371 Korea was cited as the first evidence for Asian brachiosaurids on the basis of a chisel-like wear 
372 facet on its lingual surface (Lim et al., 2001). Subsequent consideration of the specimen by 
373 Barrett et al. (2002) disputed the presence of this form of wear facet and rejected its referral to 
374 Brachiosauridae, but concurred that the element likely belongs to an early-branching 
375 titanosauriform. Other isolated sauropod teeth from the Berriasian–Hauterivian (Barrett et al., 
376 2002) and the Barremian (Saegusa & Tomida, 2011) of Japan exhibit a mosaic of features that 
377 has been considered potentially consistent with, but not diagnostic for, brachiosaurid affinities, 
378 although it should be noted that neither these teeth, nor the isolated tooth from the Jinju 
379 Formation, have been described as exhibiting axial twisting, the only unambiguous 
380 synapomorphy of brachiosaurid dentition. 
381 The Chinese sauropod Qiaowanlong, comprising a partial postcranial skeleton from the late 
382 Early Cretaceous (Aptian–Albian) Xinminpu Group, was initially described as an Asian 
383 brachiosaurid based largely on comparisons to Sauroposeidon (then considered a brachiosaurid). 
384 However, the morphological basis for this referral evaporated when subjected to phylogenetic 
385 analysis by Ksepka & Norell (2010), who recovered Qiaowanlong as a somphospondylan, as 
386 have all subsequent authors (e.g., D’Emic, 2012; Mannion et al., 2013; Carballido et al., 2017). 
387 Thus, all previous fossil evidence has fallen shy of demonstrating the presence of 
388 brachiosaurids in Asia. As we elaborate in the following section, we consider YJDM 00008 to 
389 provide the most compelling evidence to date of an Asian brachiosaurid, while acknowledging 
390 that the fragmentary nature of the specimen requires that this hypothesis be treated cautiously, 
391 pending future discoveries in the Longjing Formation.
392

393 Phylogenetic affinities of the Yanji neosauropod

394 Both the EW and EIW parsimony analyses agree that the Yanji taxon is a neosauropod. 
395 This position is supported by the presence in YJDM 00008 of parallel-sided dentition (character 
396 108), a feature that is resolved as a synapomorphy of Neosauropoda (EW) or Neosauropoda + 
397 (Camarasaurus + Lourinhasaurus) (EIW). The EW parsimony analysis provides equivocal 
398 support for the Yanji taxon as a brachiosaurid, a non-diplodocimorph diplodocoid, or a 
399 euhelopodid (Fig. 6). Character support for the latter two positions is limited to a single, 
400 homoplastically distributed feature: possession of a laterally-visible subnarial foramen (character 
401 75). A laterally-visible subnarial foramen reflects the absence of a markedly depressed narial 
402 fossa and is plesiomorphic for Eusauropoda, present in Shunosaurus and secondarily reacquired 
403 in Euhelopus, lithostrotians other than Malawisaurus (= Nemegtosaurus, Rapetosaurus, and 
404 Tapuiasaurus), and either Diplodocimorpha or Diplodocoidea (depending on whether character 
405 optimization is assumed to occur under delayed or accelerated transformation, respectively).
406 While the lateral exposure of the subnarial foramen suggests possible diplodocoid 
407 affinities for YJDM 00008, numerous features, mostly of the dentition, exclude the specimen 
408 from Diplodocimorpha. These include a relatively smooth dentigerous portion of the lateral 
409 surface of the maxilla (character 288; this region is marked by deep, dorsoventrally elongate 
410 vascular grooves in diplodocimorphs and Nemegtosaurus); a Slenderness Index of <4.0 
411 (character 11), D-shaped mid-crown cross-sections (character 109; these are cylindrical in 
412 diplodocimorphs and Titanosauria), tooth crowns with concave lingual surfaces (character 110; 
413 these are convex in diplodocimorphs, Titanosauria, Abydosaurus, and Phuwiangosaurus), an 
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414 apicobasally-oriented lingual ridge (character 111; this is only very weakly developed in YJDM 
415 00008 and is absent in Jobaria, diplodocimorphs, some brachiosaurids, and most 
416 somphospondylans), and fewer than three replacement teeth per alveolus (character 453). The 
417 absence of cranial material known for Amphicoelias or either species of Haplocanthosaurus 
418 allows the Yanji taxon to be recovered in all possible positions available to a non-
419 diplodocimorph diplodocoid (Fig. 6). Such a hypothesis for the Yanji taxon extends the temporal 
420 range of non-diplodocimorph diplodocoids by approximately 45 million years, and indicates that 
421 a heretofore unsampled lineage of diplodocoids survived into the middle Cretaceous. Until 
422 recently, evidence for Asian diplodocoids was scant and controversial (Upchurch & Mannion, 
423 2009; Whitlock et al., 2011; Xu et al., 2018). The discovery of the early Middle Jurassic 
424 dicraeosaurid Lingwulong from China, the first definitive Asian diplodocoid and the oldest 
425 known neosauropod, indicates that diplodocoids dispersed into East Asia while Pangaea was a 
426 contiguous landmass (Xu et al., 2018), and may presage future discoveries of the group in Asia. 
427 Nevertheless, the lack of more compelling diplodocoid/diplodocimorph synapomorphies in the 
428 maxilla and dentition of the Yanji taxon, the extreme temporal and phylogenetic remove between 
429 the Yanji taxon and Lingwulong, and the paucity of convincing evidence for diplodocoids in the 
430 Early Cretaceous of Asia make referral of YJDM 00008 to Diplodocoidea unlikely.
431 A hypothesis of euhelopodid affinities for the Yanji taxon is more consistent with the 
432 known spatiotemporal ranges of neosauropod dinosaurs. Whereas no undisputed diplodocoids 
433 are presently known in the Early Cretaceous of Asia (Upchurch & Mannion, 2009; Whitlock et 
434 al., 2011; Xu et al. 2018), numerous non-titanosaurian somphospondylan taxa have been 
435 recovered from this interval, with members of the Euhelopodidae – an East Asian radiation of 
436 somphospondylans – being particularly well-represented (D’Emic, 2012; Mannion et al. 2013, 
437 2019a). Like the hypothesis of diplodocoid kinship, however, support for a position at the base of 
438 Euhelopodidae relies solely on the presence of a laterally-visible subnarial foramen, a 
439 homoplastically distributed feature that is thus far known only for the eponymous Euhelopus 
440 among euhelopodids. Recent comparative anatomical and phylogenetic work has called into 
441 question the macronarian affinities of Euhelopus (Moore et al. 2020), suggesting that 
442 phylogenetic results relying solely on features shared with that taxon should perhaps be treated 
443 cautiously.
444 A consideration of the evolutionary scenarios implied by competing topological positions 
445 of YJDM 00008 leads us to favor brachiosaurid affinities for the specimen. The EIW parsimony 
446 analysis and a subset of the MPTs from the EW analysis indicate that the Yanji taxon is a well-
447 nested brachiosaurid. Support for brachiosaurid affinities for YJDM 00008 rests on a single 
448 feature – the presence of axially twisted maxillary teeth (character 114; Figure 5) – which, under 
449 EW parsimony analysis, provides no more or less support for brachiosaurid affinities than a 
450 laterally visible subnarial foramen does for diplodocoid and euhelopodid kinship. Unlike a 
451 laterally visible subnarial foramen, however, twisted maxillary dentition is a characteristic that 
452 otherwise lacks homoplasy within Eusauropoda, and has been universally recovered as an 
453 unambiguous synapomorphy (sensu Tschopp et al. 2015) of Brachiosauridae or a slightly less 
454 inclusive clade by previous authors (e.g., D’Emic, 2012; D’Emic et al., 2016; Mannion et al. 
455 2013; 2017; Carballido et al., 2020). The high consistency of this character (CI = 1 in all 
456 previous analyses) accounts for why the EIW parsimony analysis favors only brachiosaurid 
457 affinities for YJDM 00008: parsimony under EIW weights characters in proportion to the 
458 homoplasy they incur on the trees being compared, and thus treats brachiosaurid kinship for 
459 YJDM 00008 as more parsimonious than either diplodocoid or euhelopodid affinities because 
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460 such a relationship avoids homoplasy in a character that is otherwise perfectly hierarchical (i.e. 
461 twisted maxillary dentition), at the expense of adding a step to an unavoidably homoplasious 
462 character (i.e. laterally-visible subnarial foramen). We agree with the epistemological arguments 
463 in favor of such trade-offs (Goloboff 1993), and in light of recent simulations showing that EIW 
464 outperforms EW parsimony (Goloboff et al., 2017), prefer the former over the latter as a mode of 
465 phylogenetic inference. In the absence of compelling character conflict with other brachiosaurids 
466 or evidence for a wider distribution of axially twisted dentition outside of Brachiosauridae, we 
467 thus consider the available data to be most consistent with the hypothesis that YJDM 00008 is a 
468 brachiosaurid, diagnosed by a laterally visible subnarial foramen.
469 The nested position of YJDM 00008 among Cedarosaurus, Venenosaurus, Soriatitan, 
470 and Abydosaurus is supported by the absence of denticles in the dentition (character 113; 
471 observable only in the latter two taxa and YJDM 00008). Most eusauropods later-branching than 
472 Jobaria lack denticles. However, marginal enamel tuberosities were reacquired in brachiosaurids, 
473 where they are present in a grade that includes Europasaurus, Vouivria, Brachiosaurus, and 

474 Giraffatitan, and were secondarily lost in the subclade to which YJDM 00008 belongs. It should 
475 be noted, however, that at least some brachiosaurids, as well as some other sauropod taxa, appear 
476 to exhibit an uneven distribution of denticles between the upper and lower jaws. Replacement 
477 teeth preserved in the maxilla of Brachiosaurus lack denticles, whereas at least some of those in 
478 the dentary bear denticles on their mesial edge (D’Emic & Carrano, 2020), a pattern that also 
479 characterizes Bellusaurus (Moore et al. 2018) & Abrosaurus (Ouyang, 1989). Such a distribution 
480 leaves open the possibility that the Yanji taxon bore denticles on its dentary teeth, though such a 
481 finding would not perturb support for the specimen as a brachiosaurid.
482 The close relationship between YJDM 00008 and several late-branching brachiosaurids 
483 may also find support from the very weak development of an apicobasally oriented lingual ridge 
484 (character 111) in the Yanji specimen. This ridge is plesiomorphic for eusauropods (Barrett et al., 
485 2002; Mannion et al. 2013) and is present in brachiosaurids such as Vouivria (Mannion et al. 
486 2017) and Giraffatitan (Janensch 1935–36), but is absent in Jobaria, 
487 Diplodocoidea/Diplodocimorpha, most somphospondylans, and the brachiosaurid subclade that 
488 includes Abydosaurus and Soriatitan. While the presence of a lingual ridge in YJDM 00008 
489 excludes it in all MPTs from the Abydosaurus + Soriatitan clade, its subtle development in the 
490 specimen is potentially consistent with the progressive evolutionary loss of the lingual ridge in a 
491 subset of brachiosaurids.
492

493 Paleobiogeographic implications of Asian brachiosaurids

494 Assuming brachiosaurid affinities for YJDM 00008, at least two scenarios can be posited to 
495 explain the occurrence of a middle Cretaceous Asian brachiosaurid. The first proposal interprets 
496 the presence of a brachiosaurid in the Longjing Formation as resulting from dispersal of a 
497 lineage of brachiosaurids into East Asia at some point in the Early Cretaceous (or possibly the 
498 Late Jurassic). The results of our phylogenetic analysis are most consistent with a close 
499 relationship between YJDM 00008 and North American brachiosaurids, and hence a North 
500 American origin for the lineage that gave rise to the Yanji taxon. As discussed above, however, 
501 the character data supporting this inference are very limited, and the relationships of the Yanji 
502 taxon among brachiosaurids (or perhaps neosauropods more broadly) are likely to change with 
503 future discoveries. Here, we briefly consider alternative dispersal routes available to either North 
504 American or European ancestors of YJDM 00008; consideration of the latter possibility is 
505 warranted based on the presence of the Spanish brachiosaurid Soriatitan in the polytomy to 
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506 which YJDM 00008 belongs, as well as other evidence for apparent interchange between the 
507 sauropod faunas of Europe and Asia in the Early Cretaceous (see below).
508 Current information is consistent with either North America or Europe as a potential source 
509 of Asian emigrants in the Early Cretaceous (Poropat et al. 2016; Xu et al. 2018; and references 
510 therein). Considerable biogeographic and phylogenetic evidence indicates a close relationship 
511 between Asian and North American faunas in the middle Cretaceous (e.g., Russell, 1993; Cifelli 
512 et al., 1997; D’Emic et al. 2010; Chinnery-Allgeier & Kirkland, 2010; Zanno & Makovicky 2011; 
513 Farke et al. 2014; Brikiatis 2016; Poropat et al., 2016; Dunhill et al. 2016; Ding et al., 2020). 
514 Trans-European dispersal cannot be ruled out as an explanation for faunal similarities between 
515 Asia and North America (e.g., Chinnery-Allgeier & Kirkland, 2010; Brikiatis, 2016; Ding et al., 
516 2020); indeed, recent quantitative analyses of dinosaurian biogeography have emphasized 
517 Europe as a likely gateway between Asia, North America, and other landmasses in the Early 
518 Cretaceous (Dunhill et al., 2016; Ding et al., 2020), although Zanno & Makovicky (2011) argued 
519 that trans-European dispersal between Asia and North America at this time would have been 
520 complicated by the periodic development of various geographic barriers. An alternative 
521 hypothesis entails emplacement of a Bering land bridge between Asia and North America for at 
522 least part of the Albian (Russell, 1993; Cifelli et al., 1997; Zanno & Makovicky 2011; Poropat et 
523 al., 2016). A direct Beringian connection has been invoked to explain apparent late Early 
524 Cretaceous dispersal events for tyrannosauroids (e.g., Zanno & Makovicky 2011), 
525 therizinosaurians (e.g., Zanno 2010), and neoceratopsians (e.g., Farke et al. 2014), among other 
526 vertebrate groups (but see Brikiatis, 2016 for an alternative view). Uncertainty about the timing 
527 and duration of a late Early Cretaceous Bering land bridge and the importance of Europe as an 
528 intermediate between North America and Asia notwithstanding (Brikiatis, 2016), the balance of 
529 evidence suggests that a Beringian connection existed within a timeframe that could explain 
530 arrival of brachiosaurids in East Asia from North America by the Albian-Cenomanian boundary.
531 A European origin for Asian brachiosaurids is also possible, and receives support from 
532 biogeographic and paleogeographic studies. Taxonomic surveys and empirical 
533 paleobiogeographic analyses indicate substantial faunal exchange between Europe and Asia in 
534 the Early Cretaceous (e.g., Russell, 1993; Upchurch et al. 2002; Chinnery-Allgeier & Kirkland, 
535 2010; Dunhill et al., 2016; Ding et al., 2020). Periodic establishment of a Russian Basin/Turgai 
536 marine barrier would have impeded terrestrial dispersal between Europe and Central Asia in the 
537 Late Berriasian–early Hauterivian and early Albian, but otherwise connections between these 
538 landmasses are thought to have existed for much of the Early Cretaceous (Poropat et al. 2016 and 
539 references therein), providing potential routes for an ancestral population of European 
540 brachiosaurids to disperse into East Asia. This scenario is consistent with other fossil evidence 
541 that indicates commingling of Asian and European sauropod faunas in the Early Cretaceous. 
542 Isolated teeth from the Barremian of Spain bearing a distolingual boss – a feature that is 
543 otherwise known only in some East Asian sauropods, including the Berriasian–Hauterivian 
544 Euhelopus (Wiman, 1929; Wilson 2002; Barrett & Wang, 2007; Suteethorn et al., 2013; Moore 
545 et al., 2020) – would seem to suggest that a subclade of euhelopodids spread across both Asia 
546 and Europe in the Early Cretaceous (Canudo et al., 2002). Recently, the discovery of an isolated 
547 anterior caudal vertebra of a rebbachisaurid in the Turonian Bissekty Formation of Uzbekistan, 
548 as well as possible rebbachisaurid teeth from the same formation, have been interpreted as 
549 evidence for dispersal of European rebbachisaurids into Central Asia sometime between the 
550 Barremian and Turonian (Averianov & Sues, 2021). Thus, the presence of a brachiosaurid in the 
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551 Longjing Formation can be explained by the existence of plausible dispersal routes connecting 
552 East Asia to both Europe and North America during much of the Early Cretaceous.
553 The second biogeographic scenario suggests that brachiosaurids and other major 
554 neosauropod lineages were widely distributed across Pangaea, including East Asia, before the 
555 separation of Laurasia from Gondwana in the latter half of the Middle Jurassic and the isolation 
556 of East Asia from the rest of Laurasia from the Callovian–Tithonian (Poropat et al., 2016, Xu et 
557 al., 2018, and references therein). In this scenario, the occurrence of YJDM 00008 in the middle 
558 Cretaceous of northeast China reflects the persistence of brachiosaurids in Asia from the Middle 
559 Jurassic through the Early Cretaceous. The heretofore unrecognized presence of brachiosaurids 
560 in the region during this time would thus reflect biased sampling of the fossil record. Such a 
561 scenario seems unlikely, given that substantial prospecting in Middle–Late Jurassic and Early 
562 Cretaceous (particularly Barremian–Albian) strata of China has yielded a rich sauropod record 
563 (118 collections containing sauropod specimens, according to the Fossilworks Database, April 
564 15, 2021) that, to date, appears to be wholly devoid of brachiosaurids. Nevertheless, the 
565 possibility that sampling biases have obscured the presence of an early-arriving lineage of Asian 
566 brachiosaurids should not be dismissed out of hand. Indeed, pervasive sampling artifacts may be 
567 necessary to explain the apparent absence of undisputed neosauropods from the well-sampled, 
568 sauropod-rich Middle–Late Jurassic horizons of the Junggar and Sichuan basins, given the recent 
569 discovery of the dicraeosaurid Lingwulong in older strata of north central China (Xu et al., 2018). 
570 Possible explanations for the scarcity of neosauropods (including brachiosaurids) in the Middle–
571 Late Jurassic and of brachiosaurids in the Early Cretaceous of Asia include low abundance or 
572 diversity of these groups in their ecosystems, and failure to sample the preferred habitats in 
573 which these groups were more abundant (Whitlock, 2011; Xu et al., 2018). These explanations 
574 have been proposed to account for the relatively low occurrence of brachiosaurids in dinosaur-
575 bearing localities of the Morrison Formation (D’Emic & Carrano, 2020). Thus, irrespective of 
576 the series of events that might have brought a lineage of brachiosaurids to Asia, their extreme 
577 rarity in currently sampled Early Cretaceous dinosaur-bearing horizons may reflect the concerted 
578 effects of an overall low abundance and poor sampling of preferred habitats.
579

580 Conclusions
581 The recent discovery of a fossil-rich horizon near the base of the Albian–Cenomanian 
582 Longjing Formation has yielded numerous dinosaurian and other terrestrial vertebrate specimens, 
583 including an isolated maxilla of a neosauropod. Although fragmentary, this specimen preserves a 
584 striking morphology – axially twisted dentition – that is otherwise present only in brachiosaurids. 
585 Referral of YJDM 00008 to Brachiosauridae receives support from phylogenetic analysis under 
586 both equal and implied weights parsimony, providing the most convincing evidence to date that 
587 brachiosaurids dispersed into Asia at some point in their evolutionary history. Several 
588 paleobiogeographic scenarios could account for the occurrence of a middle Cretaceous Asian 
589 brachiosaurid, including dispersal from either North America or Europe during the Early 
590 Cretaceous. These hypotheses can be tested by continued study of excavated specimens from the 
591 Longshan locality and future excavation in the Longjing Formation.
592
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Table 1(on next page)

Phylogenetic definitions
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1

Clade name / 

author

Definition Reference

Neosauropoda

Bonaparte (1986)

The least inclusive clade containing Saltasaurus 

loricatus and Diplodocus longus

Wilson & Sereno (1998)

Diplodocoidea

Marsh (1884)

The most inclusive clade that includes Diplodocus 

longus but excludes Saltasaurus loricatus

Wilson & Sereno (1998)

Diplodocimorpha

Calvo & Salgado 

(1995)

Diplodocus, Rebbachisaurus, their most recent 

common ancestor, and all of its descendents

Taylor & Naish (2005)

Macronaria

Wilson & Sereno 

(1998)

The most inclusive clade that includes Saltasaurus 

loricatus but excludes Diplodocus longus

Wilson & Sereno (1998)

Titanosauriformes

Salgado et al. 

(1997)

The least inclusive clade including Brachiosaurus 

altithorax and Saltasaurus loricatus

Salgado et al. (1997)

Brachiosauridae

Riggs (1904)

The most inclusive clade that includes 

Brachiosaurus altithorax but excludes Saltasaurus 

loricatus

Wilson & Sereno (1998)

Somphospondyli

Wilson & Sereno 

(1998)

The most inclusive clade that includes Saltasaurus 

loricatus but excludes Brachiosaurus altithorax

Wilson & Sereno (1998); 

Upchurch et al. (2004)

Euhelopodidae

Romer (1956)

The most inclusive clade that includes Euhelopus 

zdanskyi but excludes Neuquensaurus australis

D’Emic (2012)

Titanosauria 

Bonaparte & 

Coria (1993)

The least inclusive clade that includes Andesaurus 

delgadoi and Saltasaurus loricatus

Wilson & Upchurch (2003)

Lithostrotia

Wilson & 

Upchurch (2003)

The least inclusive clade containing Malawisaurus 

dixeyi and Saltasaurus loricatus

Wilson & Upchurch (2003); 

Upchurch et al. (2004)

PeerJ reviewing PDF | (2021:04:60622:0:2:NEW 14 May 2021)

Manuscript to be reviewed



Table 2(on next page)

Replacement teeth measurements.

All measurements were taken digitally in Dragonfly v.2021.1.0.977 on the oldest generation
of replacement tooth within a given alveolus. Because it was not possible to observe textural
differences of the enamel that distinguish the root from the crown, measurements of
apicobasal crown length are necessarily approximations that may slightly overestimate this
length. Rt, replacement tooth of a given alveolus.
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1

Rt2 Rt3 Rt4 Rt5 Rt6 Rt7 Rt10

Apicobasal crown 

length (mm)

28.83 23.55 28.30 24.63 30.44 24.98 20.10

Crown width (mm) 10.81 10.23 10.74 9.31 8.55 9.51 8.43

SI 2.67 2.30 2.64 2.65 3.56 2.63 2.38

Twist angle 

(degrees)

56 58 55 45 40 29 55

2
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Figure 1
(A) Photograph and (B) line drawing of YJDM 00008 in lateral view.

Abbreviation: amf, anterior maxillary foramen; amp, anteromedial process; nf, narial
fossa; jp, jugal process; sf, subnarial foramen; nvg, neurovascular groove. Scale bar equals
5 cm.
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Figure 2
(A) Photograph and (B) line drawing of YJDM 00008 in medial view.

Abbreviation: amp, anteromedial process; ?a.pal, ?articular surface for the palatine;
g.pm, groove for articulation with the premaxilla ; inaof, internal antorbital fossa; jp, jugal
process; rf, replacement foramen ; rt, replacement teeth; sf, subnarial foramen. Scale bar
equals 5 cm.
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Figure 3
Photograph and line drawing of YJDM 00008 in ventral view (A), (C) and in anterolateral
view (B), (D).

Abbreviation: amp, anteromedial process; g.pm, groove for articulation with the
premaxilla; inaof, internal antorbital fossa; jp, jugal process; nf, narial fossa; nvg,
neurovascular groove; rf, replacement foramen; rt, replacement teeth; sf, subnarial
foramen. Scale bars equal 5 cm.
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Figure 4
Photograph and CT slices of the dentition of YJDM 00008 in lingual view (A) and (B);
posterior view (C); and ventral view (D).

The red arrows indicate the second generation of replacement teeth. Scale bar for (A) equals
3 cm.
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Figure 5
Successive CT slices demonstrating that the mesiodistal axis of the maxillary teeth
(yellow bars) of YJDM 00008 is twisted longitudinally.

The pictures from top to bottom are cross-sections from dorsal to ventral.
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Figure 6
Strict consensus topology resulting from phylogenetic analysis under equal weights
parsimony.

Red dashed lines indicate equally parsimonious positions for YJDM 00008.
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Figure 7
Time-calibrated phylogeny of neosauropoda.

Summarized strict consensus tree of implied weights analysis demonstrating the
relationships among neosauropods and the phylogenetic position of the Yanji taxon.
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