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Abstract The diagnosis of the hadrosaurine Wulagasaurus dongi is revised in this paper, based on both
original and new material recovered from the Upper Cretaceous Yuliangzi Formation at the Wulaga locality
in Heilongjiang Province, China. However, we also demonstrate that some specimens previously referred
to W. dongi, including braincases, maxillae and scapulae, actually belong to typical lambeosaurines.
Wulagasaurus shares strong morphological similarities with the North American taxa Brachylophosaurus
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and Maiasaura ; a long, wedge-shaped rostral apex positioned at the level of the dorsoventral midpoint of
the jugal rostral ramus; a fan-shaped caudal ramus of the jugal with a nearly straight or slightly convex
caudal margin; a relatively elongate and slender ventral process of the coracoid; a weakly developed hu-
meral deltopectoral crest that is moderately expanded craniolaterally; and an asymmetrical, strongly
convex margin of the iliac supracetabular process, lacking a strong ridge connecting its caudal portion
with the dorsal margin of the postacetabular process. Phylogenetic analysis indicates that Wulagasaurus,
Brachylophosaurus and Maiasaura form a monophyletic basal clade of hadrosaurines. This basal clade
originated in Asia during the Santonian age of the Late Cretaceous. No later than the middle Campa-
nian, the lineage split and then dispersed via the Bering land bridge to North America, where Brachylo-
phosaurus and Maiasaura diverged from one another.

Key words lLate Cretaceous, Hadrosaurinae, Wulagasaurus, basal taxon

1 Introduction

The herbivorous Hadrosaurinae is the sister group to Lambeosaurinae, and is an anatomi-
cally derived monophyletic clade of ornithopod dinosaurs characterized by a mediolaterally swol-
len rostrum, a well-demarcated circumnarial fossa formed by the premaxilla and the nasal, rela-
tively short nasal passages in the ethmoid region, diamond-shaped dentary tooth crowns lacking
marginal denticles and the faint ridges that occur on the lingual surface in lambeosaurines, and
a bluntly rounded ischial distal end ( Horner et al., 2004 ; Brett-Surman and Wagner, 2007 ;
Prieto-Marquez, 2010). Abundant fossil remains of hadrosaurines, including articulated skele-
tons, isolated bones, eggs, skin impressions, and even mummified soft tissues, have been col-
lected in theAmericas ( Lull and Wright, 1942; Brett-Surman, 1979 ) and East Asia ( Hu,
1973 ; Maryanska and Osmélska, 1981). They preserve considerable information that is helpful
in investigating mechanisms of Late Cretaceous dinosaur evolution and discussing intercontinen-
tal correlations within the terrestrial Upper Cretaceous.

Near the Sino-Russian frontier of the Heilongjiang region, several hundred disarticulated
bones have been recovered from a large dinosaur quarry at the base of the Wulaga outcrop,
which represents the upper member of the lower Maastrichtian Yuliangzi Formation ( Hai,
2004 ). At the Wulaga quarry, a large majority of the bones are tentatively regarded as pertain-
ing to the derived lambeosaurine Sahaliyania elunchunorum, but a small quantity of elements
are referable to the hadrosaurine Wulagasaurus dongi ( Godefroit et al., 2008 ). Therefore, this
macrofossil-rich quarry is overwhelmingly dominated by one species, displaying a monodominant
condition (mode D2; sensu Eberth and Currie, 2005). These well-preserved hadrosaur bones
form a continuous, horizontal bonebed in a grayish green diamictite layer hosted by massive,
sandy mudstone with matrix-supported clasts ( Hai, 2004 ; Godefroit et al., 2008 ). Undoubted-
ly, the planar sediments with massive diamictites are typical debris flow deposits. The dinosaur-
bearing layer can be subdivided into two stratigraphic units, as observed at the Blagoveschensk
dinosaur locality ( Godefroit et al., 2004 ; Lauters et al., 2008 ). Each unit was presumably
formed by a single gravity flow event. The upper unit has yielded more bones and larger clasts
than the lower one, suggesting that the second gravity flow event was characterized by greater
hydraulic sorting and concentration of isolated bones. In addition to the material assigned to W.
dongi by Godefroit et al. (2008), some further specimens from the Wulaga locality that belong
to this species have recently been identified. The purpose of this paper is to extend the original
osteological description of W. dongi ( Godefroit et al., 2008 ) , based on both the newly identi-
fied specimens and a re-evaluation of the older ones. This taxon’s phylogenetic position in
hadrosaur evolution and biogeography are also considered herein.

Institutional abbreviations AMNH, American Museum of Natural History, New York,
USA; CMN, Canadian Museum of Nature, Ottawa, Canada; GMH, Geological Museum of Hei-
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longjiang Province, Harbin, China; IVPP, Institute of Vertebrate Palacontology and Palaeoan-
thropology, Chinese Academy of Sciences, Beijing, China.

2 Systematic paleontology

Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Hadrosauroidea Sereno, 1986
Hadrosauridae Cope, 1869
Hadrosaurinae Cope, 1869
Wulagasaurus Godefroit et al., 2008
Wulagasaurus dongi Godefroit et al., 2008

Holotype GMH W184, right dentary.

Paratypes GMH W166, jugal; GMH W217, dentary; GMH W194, sternal; GMH
W320, humerus; GMH W398-A, ischium.

Referred material GMH W394 | quadrate; GMH W458, sternal; GMH WH194, GMH
W385, coracoids; GMH W286, GMH W392, scapulaec; GMH W58, GMH W411, humeri;
GMH W359, ilium; GMH W362, ischium; GMH W50-2, GMH W212, fibulae.

Locality and horizon Western hill adjacent to the grain depot of Wulaga Town, Hei-
longjiang Province; 2nd layer of the Wulaga section within the Yuliangzi Formation, lower
Maastrichtian, Upper Cretaceous.

Amended diagnosis Medium-sized hadrosaurine dinosaur characterized by the following
autapomorphies; extremely elongated and slender dentary, whose rostrocaudal length is 6.8
times its maximum dorsoventral height; dentary with a markedly dorsally concave diastema;
caudal ramus of the jugal extending caudodorsally at a low inclination, forming an angle of
about 140° with the jugal long axis. In addition, W. dongi differs from basal hadrosauroids in
that the humeral deltopectoral crest is moderately expanded craniolaterally, and in that the ven-
tral margin of the supracetabular process is located at approximately the level of the dorsoventral
midpoint of the iliac central plate. Also differs from Brachylophosaurus and Maiasaura in having
a relatively short iliac preacetabular process and a faint quadrate buttress.

3 Description and comparisons

The following osteological description combines information from newly identified material
of W. dongi with observations resulting from a re-examination of the elements originally referred
to this species. All the specimens mentioned here are disarticulated, and some are fragmentary.

Jugal The damaged element GMH W166 shows that the jugal is an elongate, triradiate
bone that forms the ventral margins of the orbit and the infratemporal fenestra ( Godefroit et al.,
2008, fig. 14A). In lateral view, the subtriangular rostral ramus has a dorsoventrally expanded
base, but tapers to a wedge-shaped rostral apex located at the level of its dorsoventral midpoint.
The caudal ramus of the jugal contributes to the caudal margin of the infratemporal fenestra, and
is a fan-shaped projection with a slightly convex caudal margin as in Brachylophosaurus ( Stern-
berg, 1953 ; Prieto-Marquez, 2005) and Maiasaura ( Horner and Makela, 1979). However,
unlike in other derived hadrosaurids, the caudal ramus extends caudodorsally at a low inclina-
tion, forming an angle of 140° with the long axis of the jugal body.

Quadrate As in other hadrosaurines, but in contrast to lambeosaurines, the quadrate is
robust and slightly inclined caudodorsally (Fig. 1A, B). The quadratojugal notch is dorsoven-
trally wide and rostrocaudally shallow, and shows a symmetrical lateral profile. It is greatly
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Fig.1 Specimens of Wulagasaurus dongi
A-B. left quadrate (GMH W394) in rostral (A) and lateral (B) views; C-D. right dentary (GMH W184, holotype) in lateral
(C) and medial (D) views; E. right dentary (GMH W217) in medial view; F. right coracoid (GMH WH194) in lateral view;
G. left scapula (GMH W286) in lateral view; H. left sternal (GMH W458) in cranioventral view; I-J. right humerus (GMH
W58) in caudal (I) and cranial (J) views; K-L. right ilium (GMH W359) in lateral (K) and medial (L) views; M-N. right
fibula (GMH W50-2) in lateral (M) and medial (N) views
Abbreviations; ap. acromion process 558 ; cf. coracoid foramen B f|,; cof. coracoid facet 2 B &5 fi; cp. coronoid
process AR ZE ; db. dental battery %FE; dec. deltopectoral crest =}l ; der. deltoid ridge =ffi JLIE ; dia. diastema $]f]
Bt s dk. distal knob k45 ; gl. glenoid &45%%; hah. humeral articular head I J¢¥5 3k ; hp. handle-like process #iIR
2% ; isp. ischial peduncle A& E 44 ; jw. jugal wing BB 3 ; pop. postacetabular process i 15 2€ ; pp. proximal plate JT ¥ ;
prp. preacetabular process i FAH[ % ; ptw. pterygoid wing 33 ; pup. pubic peduncle BB 4 ; qjn. quadratojugal notch Jy
R 5 re. radial condyle B8 ; scf. scapular facet J§ ‘B 5CH5 17 ; sup. supracetabular process i [1 %8 ; uc. ulnar
condyle JUE#; vp. ventral process i 2
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offset ventrally from the midpoint of the shaft. The faintly developed quadrate buttress is found
on the posterior side of the quadrate head. In rostral view, the subelliptical pterygoid wing is
separated from the triangular jugal wing by a deep, longitudinal groove.

Dentary Particularly long and slender in lateral view, the dentary consists of a tooth-
bearing body and an ascending but incomplete coronoid process (Fig. 1C-E). Teeth are not
preserved on the dentary. The length/height ratio of the dentary body is 6.75 in GMH W217,
and 6. 85 in GMH W184. Regardless of changes throughout ontogeny, the diastema is notably
concave dorsally and not strongly inclined ventrally, and separates the articular area for the pre-
dentary from the dorsal margin of the dental battery. In dorsal view, the incomplete coronoid
process is lateral to the caudal extremity of the tooth row, with a small subdued area in be-
tween. There are some slight morphological differences between the two dentaries assigned to
W. dongi by Godefroit et al. (2008). GMH W217 is slightly smaller than GMH W184 , and
has a slightly caudally inclined coronoid process, whereas the coronoid process of GMH W184
is nearly vertical. GMH W217 also has a much straighter ventral margin and appears to have fe-
wer tooth positions than GMH W184 , in which at least 35 appear to be present. These minor
differences are likely attributable to individual variation or ontogeny, even though the size dis-
crepancy between the two dentaries is small.

Coracoid The coracoid comprises a subpentagonal central body bearing a hook-like
process ventrally and two articular surfaces caudodorsally (Fig. 1F). The curved ventral process
is relatively long and slender, with a height/length ratio of 0.97, unlike the truncated, robust
process present in lambeosaurines (Table 1). The entire caudal margin of the ventral process is
concave , and the process tapers to a narrow, rounded end. Proximally, the humeral and scapu-
lar articular facets form an angle of 110°. The lateral margin of the scapular facet is 15% shor-
ter than that of the glenoid. The coracoid foramen is close to the contact between the humeral
and scapular facets.

Table 1 Measurements of the hook-like process of the coracoid in hadrosaurid taxa

. Maximum dorsoventral Maximum craniocaudal Height/length
Taxon and specimen number . .

height(mm) length (mm) ratio
Brachylophosaurus canadensis (CMN 8893) 82.8 83.0 0.99
Gryposaurus latidens ( AMNH 5465) 95.0 115.3 0.82
Wulagasaurus dongi (GMH WH194 ) 76.5 79.0 0.97
Hypacrosaurus altispinus ( CMN 8501 ) 80.8 112.2 0.72
Tsintaosaurus spinorhinus (IVPP V 725) 68.5 108.5 0.63

Scapula The scapula, located beneath the anterior dorsal vertebrae in lateral view, is a
strap-shaped element that extends and curves caudodorsally from its articulation with the cora-
coid and the humerus (Fig. 1G). It is moderately arched to follow the contour of the rib cage,
in clear contrast to the straight dorsal margin of the scapula in Gilmoreosaurus and Bactrosaurus
( Gilmore, 1933 ; Brett-Surman, 1979). The acromion process is an unbent, cranially directed
protrusion along the proximodorsal margin of the scapula, projecting slightly laterally. The later-
al surface of the scapula bears a prominent and robust deltoid ridge, as in other hadrosaurines.
The lunate glenoid lies caudoventral to the coracoid facet, and the length of its long axis is 20%
greater than the depth of the latter.

Sternal This element is a hatchet-shaped bone that consists of a proximal plate and a dis-
tal handle-like process (Fig. IH). lis cranioventral surface is gently convex whereas its cau-
dodorsal surface is slightly concave, particularly on the proximal plate. The proximal plate is
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dorsoventrally compressed and subrectangular in shape. The caudoventral part of the proximal
plate forms a broad, bluntly rounded, medial directed prominence. As in other hadrosaurines,
the distal handle-like process is longer than the proximal plate ( Brett-Surman and Wagner,
2007).

Humerus The humerus closely resembles those of other hadrosaurines in being long and
transversely slender (Fig. 11, J). Proximally, the humeral head forms a well developed, globu-
lar protuberance between the internal and external tuberosities. Distal to the humeral head are a
shallow bicipital sulcus craniomedially and a subcylindrical butiress caudolaterally, which ex-
tend longitudinally along the proximal shaft of this element. The deltopectoral crest ends distally
at a well-defined distolateral corner near the midpoint of the shaft, forming a marginal angle of
nearly 120°. This crest projects craniolaterally, and its lateral labium becomes thicker as it pas-
ses distally. The distalmost part of the crest is 150% as wide as the humeral neck. At the distal
end of the humerus, the ulnar condyle is larger than the radial one. In caudal view, they are
separated by a deep intercondylar groove for reception of the olecranon of the ulna. It is notable
that the humerus GMH W320, which was referred to W. dongi by Godefroit et al. (2008) , is
difficult to confidently diagnose as belonging to this taxon. This specimen appears distorted as a
result of post-depositional processes, and is largely reconstructed in plaster. It probably belongs
to W. dongi based on its general proportions, but this is difficult to confirm. A second humerus
(GMH W515-B) assigned to W. dongi by Godefroit et al. (2008), but not illustrated or de-
scribed in detail, could not be located for the present study.

Ilium The ilium is a craniocaudally elongated and mediolaterally compressed bone, form-
ing the dorsal half of the acetabular margin ventrally (Fig. 1K, L). In lateral view, the dorsal
margin is sigmoid in outline, with a shallow embayment over the pronounced supracetabular
process. The supracetabular process abruptly evaginates ventrolaterally from the dorsal border of
the central body, reaching approximately the level of the dorsoventral midpoint of the central
body. Its ventral margin is asymmetrical and strongly convex, and is not connected by a well-
demarcated ridge to the proximodorsal margin of the postacetabular process. This condition can
be also observed in Brachylophosaurus and Maiasaura. Anterior to the central body, the preace-
tabular process extends and curves cranioventrally to form a long, mediolaterally narrow pen-
dant, with an angle of 148° between its long axis and the horizontal. The ventral edge of the
preacetabular process is embayed, leaving a space between the proximal end of the process and
the triangular pubic peduncle. Below the antitrochanter, the ischial peduncle consists of two
small, rounded knobs. The postacetabular process is poorly preserved, and its tip is eroded.

Ischium Although the ischium is incomplete, enough of its lateral profile is preserved to
confirm that the distal shaft of this bone has a bluntly rounded terminus ( Godefroit et al., 2008 ,
fic. 14A). In GMH W362, the acetabular margin of the pubic peduncle is more dorsally posi-
tioned than the upper edge of the ischial shaft. In addition, the caudodorsal corner of the iliac
peduncle does not project caudodorsally. These features approach the general condition that oc-
curs in other hadrosaurines (Parks, 1920; Lull and Wright, 1942).

Fibula The fibula is an elongated and mediolaterally compressed element, whose distal
third is twisted so that the cranial surface faces slightly medially (Fig. IM, N). It is craniocau-
dally expanded at the proximal end, and gradually becomes narrower towards the mid-shaft.
Medially, the proximal two-thirds of the fibular shaft is occupied by a distally tapering triangular
surface that is shallowly concave and marked by fine longitudinally oriented striations. The dis-
tal end of the fibula expands modestly in the cranial direction to form a subtriangular condyle,
unlike the club-shaped condyle seen in Gryposaurus, Saurolophus and most lambeosaurines.

Elements questionably referred to W. dongi Originally, Godefroit et al. (2008) re-
garded three fragmentary braincases (GMH WJ1, GMH W384, GMH W421) , two partial ma-
xillae (GMH W233, GMH W400-10) and two damaged scapulae (GMH W267, GMH W477)
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as also pertaining to the hadrosaurine W. dongi. However, it should be noted that these prelimi-
nary identifications are questionable. Re-examination of the specimens shows that their morpho-
logical features are inconsistent with those of the hadrosaurines, but similar to the general traits
shared by the helmet-crested lambeosaurines. For example, the braincase possesses numerous
derived lambeosaurine synapomorphies, such as a strongly dorsally concave sagittal crest that
becomes very narrow and sharp along the posterior two-thirds of the parietal, a relatively short
supraoccipital-exoccipital shelf above the foramen magnum, and a basipterygoid process that is
caudally offset relative to the round trigeminal foramen (GMH WJ1 and GMH W421). Like-
wise, the maxilla of GMH W233 appears to bear a symmetrical, diamond-shaped jugal articular
surface, whose lower half faces dorsolaterally and whose ventral apex lies at the rostral end of the
ectopterygoid ridge. Although the dorsal ramus and rostrodorsal shelf of the maxilla are not intact,
the preserved morphology is sufficient to indicate lambeosaurine affinities. In addition, the acro-
mion process of the scapula GMH W267 is slightly recurved and oriented craniodorsally. This fea-
ture is also closer to the condition present in derived lambeosaurines. Consequently, all of these
specimens actually represent derived lambeosaurine elements. Rather than belonging to W.
dongi, they are probably referable to Sahaliyania elunchunorum, the derived lambeosaurine that
occurs in the same sedimentary layer. Finally, the sternal GMH W401 was regarded by Godefroit
et al. (2008) as pertaining to W. dongi. However, this element is damaged and, given its small
size, probably comes from a juvenile. We regard its taxonomic affinities as uncertain.

4 Phylogenetic analysis

Godefroit et al. (2008) found Wulagasaurus dongi to be the most basal hadrosaurine. In or-
der to test this hypothesis using the new morphological information revealed in this study, we cre-
ated a data matrix consisting of 224 cranial characters and 110 postcranial characters for phyloge-
netic analysis. These characters were taken or modified from recently published character lists for
phylogenetic analyses of iguanodontoideans, such as Weishampel et al. (1993), Godefroit et al.
(1998, 2001, 2008 ), Horner et al. (2004), Evans and Reisz (2007), Gates and Sampson
(2007) , Prieto-Marquez (2005) and Prieto-Marquez and Wagner (2009 ), with 42 new charac-
ters added. Four basal iguanodontoidean taxa, including Iguanodon bernissartensis, Mantellosau-
rus atherfieldensis, Jinzhousaurus yangi and Ouranosaurus nigeriensis, were used as outgroups.

The matrix of 334 characters and 53 taxa was analyzed in PAUP version 4. 0b10 ( Swof-
ford, 2002) , using a heuristic search under ACCTRAN optimization, with random setting and
1000 replicates ( see Supplementary Information at http ://www. ivpp. cas. en/cbw/gjzdwxb/xh-
wzml/ ). All characters were equally weighted and unordered. This comprehensive phylogenetic
analysis yielded 144 most parsimonious trees, with a tree length of 933 steps, a consistency in-
dex of 0.517 and a retention index of 0. 861. Fig. 2 shows the strict consensus tree derived from
the 144 most parsimonious trees. Specifically, our cladistic analysis agrees with that of Gode-
froit et al. (2008) in placing Wulagasaurus in a relatively basal position within the Hadrosauri-
nae. However, the results of our analysis indicate that Wulagasaurus and the Brachylophosau-
rus-Maiasaura clade are sister taxa, together forming a clade at the base of the Hadrosaurinae
that is weakly supported by bootstrap (62% ) and Bremer decay (2) values.

Wulagasaurus possesses some striking traits which are similar to those seen in Brachylopho-
saurus and Maiasaura, including a long and wedge-shaped rostral apex situated at the level of
the dorsoventral midpoint of the jugal rostral process, a fan-shaped jugal caudal process bearing
a slightly convex caudal margin, a sharply ascending slope along the dorsolateral margin of the
symphyseal region of the dentary, a ratio of less than 1.62 between the maximum width of the
humerus at the deltopectoral crest and at the neck, and a supracetabular process of the ilium
with an asymmetrical, strongly convex margin and a poorly defined caudal portion.
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Fig.2  Strict consensus cladogram of iguanodontoideans showing the systematic position of Wulagasaurus dongt
The phylogenetic analysis resulted in 144 most parsimonious trees of 933 steps, each with a consistency index of
0.517 and a retention index of 0. 861; values above nodes represent bootstrap proportions (% ) ; values beneath
nodes represent Bremer support; bootstrap values lower than 20 and Bremer decay values less than 2 are not shown

5 Biogeographic implications

In combination with the stratigraphic ages of various hadrosaurine taxa, the results of the
phylogenetic analysis have suggested that the clade formed by Wulagasaurus, Brachylophosaurus
and Maiasaura is likely to have originated in Asia during the late Santonian. No later than the
middle Campanian, the lineage may have split and later dispersed to North America via the Be-
ring land bridge, where Brachylophosaurus and Maisaura diverged. Similarly, the existence of
Kerberosaurus and Shantungosaurus indicates that some other major clades of hadrosaurines also
appeared in Asia and subsequently migrated to North America, where they diversified rapidly.
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This pattern supports the possibility that hadrosaurines originated in Asia. Thus, the lineage
splitting of early hadrosaurids possibly took place in Asia, based on current assumptions regard-
ing the Asian origins of hadrosaurines and lambeosaurines ( Milner and Norman, 1984 ; Gode-
froit et al., 2004 ; 2008 ). Dispersals of hadrosaurines and lambeosaurines from Asia to western
North America may have been very frequent and prevalent from the late Santonian to the Maas-
trichtian, following the shortest route across the Bering land bridge ( Zharkov et al., 1998;
Blakey, 2001). By contrast, dispersal of derived hadrosaurids from Asia to Europe in the same
period was impeded by a marine transgression affecting much of Europe and Western Asia ( Dalla

Vecchia, 2006).
6 Conclusion

Osteological re-evaluation of previously collected material assigned with varying degrees of
certainty to Wulagasaurus dongt prompted us to conclude that this material is adulterated with
some specimens that should actually be referred to lambeosaurines. Wulagasaurus displays sev-
eral salient features which are often observed in hadrosaurines, such as a hatchet-shaped sternal
with a distal handle-like process that is longer than the proximal plate, a long and caudoventral-
ly tapering ventral process of the coracoid, a prominent deltoid ridge on the scapula, a mode-
rately craniolaterally expanded deltopectoral crest on the humerus, and a slightly elevated pubic
peduncle of the ischium.

A comprehensive phylogenetic analysis focusing on the hadrosauroid ingroup indicates that
Wulagasaurus is the sister taxon to the Brachylophosaurus-Maiasaura clade, forming a monophy-
letic group at the base of Hadrosaurinae. A number of morphological resemblances among the
three taxa lend credibility to this result. It is likely that this basal hadrosaurine clade originated
in Asia and subsequently dispersed to North America, following a biogeographical pattern also
seen in some other hadrosaurine groups. This topology has provided valuable evidence support-
ing the hypothesis that the ancestral area of hadrosaurines was located in Asia.
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