
lable at ScienceDirect

Cretaceous Research 30 (2009) 1238–1246

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UT Digital Repository
Contents lists avai
Cretaceous Research

journal homepage: www.elsevier .com/locate/CretRes
Pararhabdodon isonensis and Tsintaosaurus spinorhinus: a new clade
of lambeosaurine hadrosaurids from Eurasia

Albert Prieto-Marquez a,*, Jonathan R. Wagner b

a Division of Paleontology, American Museum of Natural History, Central Park West at 79th, New York, NY 10024-5192, USA
b Jackson School of Geosciences, The University of Texas at Austin, 1 University Station C1100, Austin, Texas 78712-1101, USA
a r t i c l e i n f o

Article history:
Received 2 December 2008
Accepted in revised form 24 June 2009
Available online 3 July 2009

Keywords:
Hadrosauridae
Lambeosurinae
Dinosauria
Tsintaosaurus
Pararhabdodon
Koutalisaurus
* Corresponding author.
E-mail address: amarquez@bio.fsu.edu (A. Prieto-M

0195-6671/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.cretres.2009.06.005
a b s t r a c t

We present new anatomical information showing that Koutalisaurus kohlerorum, from the Maastrichtian
of Lleida Province, northeastern Spain, is most probably the junior synonym of Pararhabdodon isonensis
from the same region. Dentary and maxillary characters previously considered as autapomorphies of
K. kohlerorum and P. isonensis, respectively, are shown to be synapomorphies uniting the latter with
Tsintaosaurus spinorhinus from the Campanian of the Wangshi Group, Shandong Province, China.

This study provided conclusive evidence of the presence of the Lambeosaurinae in Europe.
Tsintaosaurus spinorhinus and Pararhabdodon isonensis were inferred to form a clade of basal lambeo-
saurines characterized by a maxilla with an elevated articular facet for the jugal (continuous with the
ectopterygoid ridge) and an extremely medially projected symphyseal region of the dentary. This clade
originated in Asia during the middle or late Campanian. Pararhabdodon isonensis or its ancestors
migrated from Asia to the Iberian island of the European archipelago. Reconstruction of ancestral areas
by Fitch parsimony attributes the European occurrence of P. isonensis to a single dispersal event from Asia
no later than middle to late Campanian.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Lambeosaurine hadrosaurids are the most anatomically derived
ornithopod dinosaurs (Horner et al., 2004). They are unique among
ornithischians in having posterodorsally located nasal passages
(Weishampel, 1981; Wagner, 2004) enshrouded by hollow supra-
cranial crests. These crests manifest a bewildering diversity of
shapes and sizes; their function may have been species recognition
and sexual display (Hopson, 1975; Evans, 2006). The fossil record of
the Lambeosaurinae in the uppermost Cretaceous (Campanian–
Maastrichtian) of North America is extensive (Wagner, 2001; Lund
and Gates, 2006).

The first published Asian lambeosaurine was Tsintaosaurus spi-
norhinus Young, 1958, from the Jingangkou Formation (Hu et al.,
2001) of the Wangshi Group of Shandong, China. Weishampel and
Horner (1990) were unconvinced that the crest of this animal was
hollow, and regarded it as a chimera composed of hadrosaurine and
lambeosaurine material. Taquet (1991) considered it synonymous
with non-crested Tanius, suggesting that the upright nasals resul-
ted from post-mortem distortion. Buffetaut and Tong-Buffetaut
arquez).

All rights reserved.
(1993, 1995) reexamined the original material of Tsintaosaurus
spinorhinus, and demonstrated that it belonged to a crested lam-
beosaurine as originally described (Young, 1958). New discoveries
and new interpretations have since revealed an abundance of Asian
lambeosaurines (Godefroit et al., 2000, 2001, 2003; Godefroit et al.,
2004a; Alifanov et al., 2004).

Hadrosaurids are poorly known in Europe (López-Martı́nez
et al., 2001; Prieto-Márquez et al., 2006, 2007). Pararhabdodon
isonensis, from the upper Maastrichtian Tremp Formation of Spain
(Casanovas-Cladellas et al., 1993; Casanovas et al., 1999a), has been
considered a lambeosaurine based on the presence of a haemal
sulcus on the ventral surface of the sacrum and a moderate distal
expansion of the ischium (Casanovas et al., 1999a). Both of these
character states are ancestral for hadrosaurs, and the haemal sulcus
is intraspecifically variable in some taxa (Godefroit et al., 1998;
Prieto-Marquez, pers. data). Head (2001) felt that the evidence for
lambeosaurine affinities presented by Casanovas et al. (1999a) was
insufficient, and noted that the animal’s relatively low tooth count
might exclude it from the Hadrosauridae. Prieto-Márquez et al.
(2006) presented a formal phylogenetic analysis in which Para-
rhabdodon isonensis was found to be the sister taxon to the
Hadrosauridae, based on the presence of a maxilla with three or
four foramina, only 35-40 maxillary alveolar positions, and strongly
dorsally arched cervical postzygapophyses.

https://core.ac.uk/display/211335943?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:amarquez@bio.fsu.edu
www.sciencedirect.com/science/journal/01956671
http://www.elsevier.com/locate/CretRes


A. Prieto-Marquez, J.R. Wagner / Cretaceous Research 30 (2009) 1238–1246 1239
An isolated dentary, IPS SRA 27 (Fig. 1A and B) from Les Llaus
locality (Tremp Formation, northeastern Spain) was referred to
Pararhabdodon isonensis by Casanovas et al. (1999a). Prieto-Már-
quez et al. (2006) rejected this referral, because the site is separated
from the Pararhabdodon isonensis locality, and the latter produced
no dentary material. The latter authors noted a distinctive auta-
pomorphy of IPS SRA 27, a symphysial process that projects
medially to an extreme not seen in other hadrosaurs (Fig. 1A and B).
On the basis of this character, Prieto-Márquez et al. (2006) recog-
nized the specimen as the type of a new genus and species, Kou-
talisaurus kohlerorum.

The presence of lambeosaurine hadrosaurids in Europe repre-
sents a significant range extension for the clade (Casanovas et al.,
1999a; Head, 2001; Prieto-Márquez et al., 2006). The European
uppermost Cretaceous dinosaur fauna is poorly known, but appears
to be taxonomically distinct from that of Asiamerica (Weishampel
et al., 2004). The presence of a signature Asiamerican taxon like the
Lambeosaurinae might indicate that some of the perceived differ-
ences are the result of missing data, rather than real zoogeographic
provincialism. Here, we revisit the synonymy of Pararhabdodon
isonensis and Koutalisaurus kohlerorum, reanalyze the phylogenetic
relationships of these taxa, and consider the biogeographic rami-
fications of the result.

Institutional acronyms: CMN, Canadian Museum of Nature,
Ottawa, Ontario; FGGUB, Faculty of Geology and Geophysics,
University of Bucharest, Bucharest, Romania; IPS, Museum of the
Institut Català de Paleontologia (formerly the Institute of Paleon-
tology ‘‘Miquel Crusafont’’), Sabadell, Spain; IVPP, Institute of
Vertebrate Palaeontology and Palaeoanthropology, Beijing, China;
MCD, Museu de la Conca Dellà, Isona, Spain; MOR, Museum of the
Rockies, Bozeman, Montana; NHM, National History Museum,
London, United Kingdom; SRA, Sant Romà d’Abella, Spain.
2. Materials and methods

One of us (APM) examined all of the material referred to Para-
rhabdodon isonensis and Koutalisaurus kohlerorum housed at the IPS
and MCD, as well as the holotype and referred material of Tsin-
taosaurus spinorhinus at the IVPP. The phylogenetic relationships of
Pararhabdodon isonensis (including IPS SRA 27) and Tsintaosaurus
Fig. 1. Pararhabdodon isonensis (¼ Koutalisaurus kohlerorum), right dentary (IPS SRA 27) in A
dorsal and D, anterior views.
spinorhinus were reassessed in a broad analysis including 39
hadrosaurids and ten non-hadrosaurid hadrosauroids, with two
non-hadrosauroids, Iguanodon bernissartensis and Ouranosaurus
nigeriensis, included to root the tree (Wiley, 1981; Maddison et al.,
1984). A separate analysis was also performed, in which Koutali-
saurus kohlerorum and Pararhabdodon isonensis were scored sepa-
rately. The character data consist of 299 discrete observations of
osteological morphology. Of these, 196 are binary, 99 are multistate
unordered, and four are ordered multistate characters (Appendices
1 and 2).

We conducted a Bayesian analysis using the Mk maximum
likelihood model for discrete morphological data presented by
Lewis (2001) and implemented in MrBayes version 3.1.2 (Huel-
senbeck and Ronquist, 2001). No priors were specified other than
the default (flat) priors for the model, and rates of character change
were assumed to be equal. The analysis used six chains run for
10,000,000 generations, sampled every 100 generations. Trees from
the first 100,000 generations were discarded as ‘‘burn-in,’’ and
stationarity was judged to have been achieved when the standard
deviation of split frequencies reached 0.005. Regarding the subject
of the present paper, the results of this analysis are consistent with
those of parsimony analysis (result available at http://www.
morphbank.net/Show/?id¼473174) of the same dataset using
PAUP* 4.0b10 (Swofford, 2002). Likewise, Bayesian analysis using
Pararhabdodon isonensis and Koutalisaurus kohlerorum separately
recovered a clade composed of these two taxa and Tsintaosaurus
spinorhinus (available at http://www.morphbank.net/Show//
id¼473173). Ancestral areas were reconstructed using Fitch parsi-
mony (Fitch, 1971) in MacClade 4.0 (Maddison and Maddison,
2003), and Dispersal-Vicariance with DIVA 1.1 (Ronquist, 1996,
1997), to infer the historical biogeography of Pararhabdodon iso-
nensis and other hadrosaurs (results available online at http://
www.morphbank.net/Show/?id¼473175 and http://www.
morphbank.net/Show/?id¼473176).
3. Systematic paleontology

Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Hadrosauroidea Sereno, 1986 (new definition)
, dorsal and B, anterior views. Tsintaosaurus spinorhinus, right dentary (IPS SRA 27) in C,
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Hadrosauridae Cope, 1870 (sensu Prieto-Marquez, 2008)
Lambeosaurinae Parks, 1923 (sensu Prieto-Marquez, 2008)

Pararhabdodon Casanovas-Cladellas et al., 1993

Pararhabdodon isonensis Casanovas-Cladellas et al., 1993

Synonymy. Pararhabdodon isonense Casanovas-Cladellas et al.,
1993; Koutalisaurus kohlerorum Prieto-Márquez et al., 2006.

Revised diagnosis. Differs from all other hadrosaurids, except
Tsintaosaurus spinorhinus, in elevation of jugal facet of maxilla such
that ventralmost extent is well above level of lateral margin of
ectopterygoid shelf, maxilla forms acute embayment extending
ventral to jugal process between jugal facet and ectopterygoid
shelf; jugal facet of maxilla anteroposteriorly foreshortened, likely
with correspondingly anteroposteriorly narrow anterior jugal;
anterior dentary with symphysial process projecting medially such
that distance between symphysis and lateral surface of dentary is
three times labiolingual thickness of alveolar chamber. Differs from
Tsintaosaurus spinorhinus in broader, subrectangular anterodorsal
region of the maxilla.

Holotype. IPS SRA 1: nearly complete mid-caudal cervical
vertebra.

Hypodigm. IPS SRA 15, left humerus; IPS SRA 16, proximal
fragment of left scapula; IPS SRA 18, anterior or middle cervical
vertebra; MCD 4730, anterior cervical vertebrae; IPS SRA 25, middle
cervical vertebra; IPS SRA 18, posterior middle cervical vertebra; IPS
SRA 13, centrum of dorsal vertebra; MCD 4731, anterior dorsal
vertebra; IPS 693-13, IPS SRA 12 and 20, posterior middle dorsal
vertebrae; IPS SRA 17, complete caudal vertebra; IPS SRA 22, nearly
complete right maxilla; IPS SRA 23, posterior half of left maxilla; IPS
SRA 24, nearly complete sacrum; IPS 693-12, fragment of proximal
rib; IPS SRA 26, distal end of right ischium; IPS SRA 27, left dentary
with incomplete coronoid process, lacking teeth, holotype of Kou-
talisaurus kohlerorum.

Occurrence. Sant Romà d’Abella site near the town of Isona (all
specimens excluding IPS SRA 27) and Les Llaus site near the town of
Abella de la Conca (IPS SRA 27), Lleida Province, Catalunya, north-
eastern Spain. Both localities are in the Upper Cretaceous Tremp
Formation (probably upper Maastrichtian), but 750 meters apart
horizontally and 9 meters stratigraphically.
4. Taxonomic revisions

4.1. Status of Koutalisaurus kohlerorum

Dentaries referred to Tsintaosaurus spinorhinus (Young, 1958;
Fig. 1C and D) are unusual in having a symphysial process that is
extremely elongated medially, such that the distance between the
symphysis and the lateral side of those dentaries is at least three
times the mediolateral width of the rest of the element. They share
this condition, as well as a low tooth count at similar overall size
(Young, 1958), with IPS SRA 27. In fact, the dentaries of Koutali-
saurus kohlerorum and Tsintaosaurus spinorhinus are virtually
indistinguishable (Fig. 1), apart from the posterodorsal orientation
of the coronoid process in IPS SRA 27, which appears to be an
artifact of preparation (Prieto-Márquez et al., 2006).

This leaves Koutalisaurus kohlerorum lacking autapomorphies,
and some authorities might therefore consider it a nomen dubium.
We find this approach to paleontological taxonomy rigid and
impractical. Barring the discovery of two hadrosaur species bearing
this unusual dentary morphology in the Tremp Formation, we feel
that there is sufficient evidence that IPS SRA 27 represents a distinct
(albeit poorly known) element of the Tremp fauna. If no other name
is appropriate, then we see no problem with using Koutalisaurus
kohlerorum.

Koutalisaurus kohlerorum might be a junior synonym of Tsin-
taosaurus spinorhinus. A large archosaur species spanning the
spatial and temporal range this synonymy implies would be
unprecedented. It is more conservative and practical to maintain
a distinction between the two taxa until additional, definitive
material is recovered. On the other hand, Pararhabdodon isonensis is
not so dramatically separated from Koutalisaurus kohlerorum. As
these two taxa lack overlapping material, there is no direct
evidence for or against their synonymy.

4.2. Status of Pararhabdodon isonensis

Despite sharing an unusual conformation of the maxillary-jugal
articulation (see below), Pararhabdodon isonensis is diagnostically
distinct from Tsintaosaurus spinorhinus. In the former, the lateral
face of the maxilla between the posterior margin of the jugal
articulation surface and the anterodorsal border of the premaxillary
shelf is much longer anteroposteriorly than in Tsintaosaurus spi-
norhinus. As with Koutalisaurus kohlerorum, the significant spatio-
temporal separation of these taxa also argues for maintaining their
distinction.

The stratigraphic arguments against association of IPS SRA 27
with the hypodigm of Pararhabdodon isonensis (Prieto-Márquez
et al., 2006) were intended to demonstrate that the relevant
material most likely belonged to different individual organisms. In
a stratigraphic sense, the separation of 750 meters horizontally and
9 meters in vertical section seems almost trivial, and does not
preclude the remains belonging to the same species. Although the
hypodigms of Koutalisaurus kohlerorum and Pararhabdodon iso-
nensis share no overlapping referred skeletal elements, they each
share unique, derived character states with Tsintaosaurus spino-
rhinus. This constitutes circumstantial evidence supporting
synonymy of Pararhabdodon isonensis and Koutalisaurus kohlero-
rum. Such a synonymy introduces no synapomorphy combinations
not already observed among known hadrosaurs, and is therefore
‘‘safe’’ in a manner analogous to Safe Taxonomic Reduction (Wil-
kinson and Benton, 1995).

We therefore refer dentary IPS SRA 27 to Pararhabdodon iso-
nensis, as proposed by Casanovas et al. (1999a), and accept this
taxon as a senior subjective synonym of Koutalisaurus kohlerorum.
To maintain taxonomic separation would be misleading: non-
specialists conducting research of a broad scope cannot be expected
to know that the distinction was maintained in an effort to be
‘‘conservative,’’ and would likely reach the erroneous conclusion
that there is positive evidence for more than one hadrosaur in the
Tremp Formation. On the other hand, if our synonymy is over-
turned by new discoveries, the resulting separation of these taxa
will reflect the evidence, and will thus be a meaningful and
welcome improvement in hadrosaurid taxonomy.

5. Comparisons with other western European hadrosaurids

Prieto-Márquez et al. (2006) summarized the anatomical
differences between IPS SRA 27 and the dentaries of hadrosauroids
from southern France (Paris and Taquet, 1973; Le Loeuff et al., 1993,
1994; Laurent et al., 1997, 1999) and the Iberian Peninsula
(Company et al., 1998; Casanovas et al., 1999b). Additional pub-
lished material from the Upper Maastrichtian of southern France
(Bexen locality, Corbières, Le Loeuff et al., 1993, 1994) was referred
to Pararhabdodon sp. by Laurent et al. (1997). We find no osteo-
logical evidence to support this referral; the postcranial material is
consistent with that of Pararhabdodon isonensis, but does not
appear diagnostic. The referred ‘maxilla’ appears to be the posterior
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portion of the alveolar process of a dentary where it extends as
a process medial to the Meckelian Fossa. If it is a maxilla, the
unusual anterior process and abrupt posteromedial curvature are
unprecedented autapomorphies not at all consistent with Para-
rhabdodon isonensis.

An isolated hadrosaurid ilium, collected from the Upper Maas-
trichtian Blasi 3 fossiliferous horizon in the Conques Formation
near Arén (Huesca Province, Aragón, northeastern Spain), was
referred to the Lambeosaurinae by Cruzado-Caballero et al. (2005
2007) based on the presence of an arcuate and ventrally deflected
preacetabular process, a relatively deep ilium, and an elongate,
pendant iliac supraacetabular process (or ‘antitrochanter’;
Cruzado-Caballero et al., 2005). The angle of ventral deflection of
the preacetabular process is pronounced (30� or more from the
horizontal) in all hadrosaurids and many non-hadrosaurid hadro-
sauroids (character 243). The length/depth ratio was calculated by
Cruzado-Caballero et al. (2005) using the total length of the ilium.
Based only on the central body, a relatively deep ilium (length/
depth ratio greater than 0.8) is present not only in all lambeo-
saurines except Parasaurolophus cyrtocristatus, but also in the sau-
rolophine Brachylophosaurus canadensis, and all non-hadrosaurid
iguanodontoideans sampled for this study (character 246). Exten-
sion of the supraacetabular process ventral to the middle of the iliac
central body is a synapomorphy of the Hadrosauridae (Prieto-
Marquez, 2008), suggesting that the Blasi 3 ilium is either referable
to the Hadrosauridae or it represents the sister taxon to that clade.
It is not, however, diagnostically lambeosaurine.

A hadrosaurid from the Blasi 1 horizon (López-Martı́nez et al.,
2001) has a jugal with an anteroposteriorly abbreviated, dorso-
ventrally deep maxillary process and a shallow quadrate process
with a correspondingly prominent ‘‘scallop’’ (López-Martı́nez et al.,
2001), similar to that seen in Tsintaosaurus spinorhinus. Regarding
the Blasi 1 dentary, Prieto-Márquez et al. (2006) determined that
this element is not referable to Pararhabdodon isonensis because,
judging from the publish image in López-Martı́nez et al. (2001), it
lacks the characteristic long medial projection seen in IPS SRA 27.

Finally, several new fossil localities have been discovered in
recent years corresponding to the Upper Maastrichtian Tremp Basin
of Lleida Province, northeastern Spain. These localities, such as
Euroda Nord, Serrat del Corb, Molı́ del Baró, and particularly the
Basturs bonebed, have provided numerous postcranial and a few
partial cranial remains from hadrosaurids, some of which have
been tentatively referred to Lambeosaurinae (Gaete et al., 2007;
Martı́n et al., 2007; Prieto-Marquez et al., 2007). Pending a detailed
study of those remains (many of which await preparation),
preliminary comparisons identified a very small dentary in the
sample of Basturs with a symphyseal region nearly as medially
elongated as in IPS SRA 27. The study in progress of these new
materials should reveal more clues on their affinities, in particular
whether they may represent additional specimens of Para-
rhabdodon isonensis.

6. Discussion and conclusions

6.1. Morphology of the maxilla-jugal joint

Besides the unique morphology of the mandibular symphysis, the
other strongest similarity between Pararhabdodon isonensis and
Tsintaosaurus spinorhinus lies at the junction of the maxilla and jugal.
The maxillary jugal articulation, and the peribuccal foramina that
pass beneath it, have undergone a complex phylogenetic trans-
formation in hadrosauroids (Wagner, 2001; Prieto-Márquez et al.,
2006, character 26; Wagner and Lehman, 2009). We distinguish four
different morphological conditions of the jugal articulation surface in
the maxilla of iguanodontoidean ornithopods. In the ancestral
iguanodontoidean morphology, exemplified by Mantellisaurus athe-
rfieldensis (e.g., NHM R5764, available at http://www.morphbank.
net/Show/?id¼461305), there is an elongate and pendant, finger-
like jugal process (Norman, 1986, 2002) separated from the lateral
margin of the (posteroventrally inclined) ectopterygoid shelf below
by a parasagittal sulcus. The shelf does not curve dorsally to meet the
jugal process, but tapers into the lateral surface of the bone, forming
the ventral margin of the sulcus.

A different condition occurs in non-hadrosaurid hadrosauroids,
such as Bactrosaurus johnsoni, Gilmoreosaurus mongoliensis, and
Telmatosaurus transsylvanicus. In these forms, the articular facet for
the jugal is perched above the ectopterygoid ridge. More specifi-
cally, the jugal articular facet lies on a promontorium that is
elevated and detached from to the anterior region of the ectop-
terygoid shelf. A thick ridge limits the posterior extent of the jugal
articular facet, where the promontorium protrudes posteriorly into
a well-defined apex (Fig. 2A and B). The posteriormost peribuccal
foramina (typically three) lie in a cluster near the anterior limit of
the ectopterygoid shelf.

A different, third condition is present in Hadrosauridae, where
the jugal facet forms a low boss on the lateral face of the maxilla,
with its ventral margin continuous with the edge of the ectopter-
ygoid shelf. The dorsal surface of the shelf curves abruptly but
smoothly into the posterior face of the jugal articulation, and the
posterior end of the line of peribuccal foramina is formed by
a single enlarged foramen, opening anterolaterally from the
ventrolateral margin of the jugal process (Fig. 2C and D).

The peribuccal foramina of ornithischians conducted serial
branches of a neurovascular package from the antorbital space to
the buccal space (Davies, 1983; Witmer, 1997). Progressive reduc-
tion of the antorbital fenestra during hadrosauroid evolution
enclosed some of the contents of the antorbital space, including
this package, within the maxillary neurovascular canal (Davies,
1983; Witmer, 1997; Wagner, 2001). The posterior cluster of peri-
buccal foramina conducted a small swarm of neurovascular
branches, and the sulcus between the jugal-maxilla joint and
ectopterygoid shelf in non-hadrosaurid hadrosauroids probably
accommodated the posteriormost branch in the series. During the
evolution of the hadrosauroid cheek complex, the jugal-maxillary
joint expanded greatly, to form matching broad surfaces on the
maxilla and jugal. The jugal facet of the maxilla eventually
extended to the margin of the ectopterygoid shelf, bridging the
sulcus, and trapping the posteriormost neurovascular branches
such that the sulcus and the posteriormost branch were
completely enclosed in bone. All of the posterior branches exited
the bone through a common, enlarged posterior foramen on the
ventrolateral wall of the promontorium for the jugal facet in
hadrosaurids.

In the phylogenetic analyses of Prieto-Márquez et al. (2006),
Pararhabdodon isonensis was scored as having the ancestral
hadrosauroid condition of the maxilla-jugal joint, with an elevated
promontorium separated from the margin of the ectopterygoid
shelf by a sulcus. This coding greatly influenced the position of
Pararhabdodon isonensis, causing it to fall outside of the Hadro-
sauridae. Comparison of the maxillae of Tsintaosaurus spinorhinus
and Pararhabdodon isonensis reveals that this scoring was erro-
neous. These species share a modified version of the hadrosaurid
condition, in which the ectopterygoid shelf extends to the jugal
facet as a continuous, albeit recurved lip, and the posterior end of
the line of peribuccal foramina is formed by an enlarged foramen as
in hadrosaurids (Fig. 2E and F).

In at least some lambeosaurines, the maxilla-jugal joint is set
somewhat higher than the surface of the ectopterygoid shelf.
However, in Tsintaosaurus spinorhinus and Pararhabdodon isonensis,
the maxilla-jugal joint is set very high on the lateral surface of the

http://www.morphbank.net/Show/?id=461305
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Fig. 2. Lateral views of the jugal articular surfaces in the maxillae of various hadrosaur species. A, Bactrosaurus johnsoni (AMNH 6553). B, cf. Telmatosaurus sp. (FGGUB R1010). C,
Corythosaurus intermedius (CMN 8676). D, Brachylophosaurus canadensis (MOR 1071-8-13-98-554). E, Pararhabdodon isonensis (IPS SRA 22). F, Tsintaosaurus spinorhinus (IVPP V725).
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bone, and the ventral jugal tubercle of the maxilla is anterior to the
dorsal tubercle, as in lambeosaurines (Wagner and Lehman, 2009).
These conditions are taken to such an extreme that the maxilla
forms an acutely curved embayment between the jugal articulation
and the edge of the ectopterygoid shelf at the anteromedial corner
of the coronoid fossa (Fig. 2E and F). This embayment is superfi-
cially similar to the ancestral sulcus in shape and gross
morphology, but can be distinguished because the embayment is
bounded anteroventrally by the raised edge of the ectopterygoid
shelf, and does not open onto the buccal face of the maxilla as in
the ancestral condition. In our phylogenetic analysis, the
morphology exhibited by Tsintaosaurus spinorhinus and Para-
rhabdodon isonensis was scored as a third character state (in an
unordered character). Parsimony ancestral state reconstruction
shows that this condition evolved from the one seen in other
hadrosaurids, and not directly from the plesiomorphic hadrosau-
roid condition.

The shape of the maxillary jugal facet itself, steeply poster-
odorsally inclined and anteroposteriorly narrow, is also similar in
Pararhabdodon isonensis and Tsintaosaurus spinorhinus, but this was
not scored as a separate character in the analysis. Young (1958,
Fig. 41) described a pair of jugals with greatly dorsoventrally
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expanded maxillary articulations and relatively shallow, ‘‘scal-
loped’’ quadrate processes, but did not refer them to Tsintaosaurus
spinorhinus. The shape of the jugal facet of the maxilla is directly
related to the shape of the maxillary process of the jugal (contra
Head, 2001), and these jugals almost certainly belong to that
species. Given the similarity of the jugal facet of the maxilla, it
seems likely that Pararhabdodon isonensis sported a similar jugal.
The anterior jugal of Olorotitan ararhensis (Godefroit et al., 2003),
and Hypacrosaurus altispinus (e.g., ROM 789) is also ante-
roposteriorly narrow and posterodorsally oriented, but its articu-
lation with the maxilla is not elevated significantly above the
ectopterygoid shelf.
Fig. 3. Bayesian consensus tree of the phylogenetic relationships of 49 hadrosaurs, showing
nodes represent Bayesian posterior probabilities.
6.2. Phylogenetic hypothesis

Our phylogenetic analysis recovered a sister group relationship
between Pararhabdodon isonensis and Tsintaosaurus spinorhinus,
forming a clade with other lambeosaurines to the exclusion of
Jaxartosaurus aralensis and Aralosaurus tuberiferus (Fig. 3). The
analysis with Koutalisaurus kohlerorum and Pararhabdodon iso-
nensis coded separately resulted in essentially the same tree, but P.
isonensis, K. kohlerorum, and Tsintaosaurus spinorhinus fell into an
unresolved trichotomy (available at http://www.morphbank.net/
Show/?id¼473173). Pairing of Pararhabdodon isonensis and Tsin-
taosaurus spinorhinus is supported by the following unambiguous
the relationships of Pararhabdodon isonensis and Tsintaosaurus spinorhinus. Numbers at
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synapomorphies: long medial projection of the symphysial region
of the dentary (character 42-2), anterior edentulous region of the
dentary for articulation with the predentary nearly straight (char-
acter 45-0), and a dorsally elevated maxilla-jugal joint (character
100-3). One additional ambiguous synapomorphy supports this
group under delayed transformation character optimization
(Swofford, 2002): ventral deflection of the anterior edentulous
region of the dentary greater than 25� (character 40-2).

We agree with Casanovas et al. (1999a), that Pararhabdodon
isonensis is a lambeosaurine. Characters supporting inclusion of P.
isonensis within the Lambeosaurinae include: absence of maxillary
rostromedial process (character 92-1); high dorsal maxillary
process (character 99-1); and ratio between the length of the
proximal edentulous slope of the dentary and that of the dental
battery ranging from 0.20 to 0.31(character 37-1). Inclusion of P.
isonensis within the Hadrosauridae are: dentary with more than 30
tooth positions (character 1-1); loss of all but the primary ridge of
dentary tooth crowns (character 6-3); maxilla with more than 32
tooth positions (character 16-1); dentary symphysis forming an
angle up to 15� with the lateral side of the rostral half of the
element (character 43-1); long axis of the occlusal plane of the
dentary set parallel to the lateral side of the element (character 52-
1); posterior end of the dental battery of the dentary located
posterior to the coronoid process (character 54-2); and maxillary
foramina forming either a row or cluster that is oriented ante-
rodorsally, ventral to the jugal articulation (character 101-1). We
also concur with Young (1958), Buffetaut and Tong-Buffetaut (1993,
1995) that Tsintaosaurus spinorhinus is a lambeosaurine, based on
the presence of a relatively short ectocranial surface of the frontal
with a length/width ratio greater than 0.4 and up to 0.8 (character
153-1), and a sagittal crest of the parietal that extends along the
entire length of the element, fading away at the anterior region
where the parietal is anteroposteriorly shorter than it is wide
(character 158-1).

6.3. Biogeographic implications

Pararhabdodon isonensis greatly expands the documented
distribution of known species of the Lambeosaurinae and, by
extension, the Hadrosauridae. While hadrosaurids dominated the
Asiamerican ornithopod fauna during the Maastrichtian, the
European archipelago appears to have served as a refuge for early
offshoots of the hadrosauroid lineage, as it apparently did for other
taxa (Nopcsa, 1923, 1934). Apart from Pararhabdodon isonensis (and
possibly the form from Blasi), all European hadrosauroids lie
outside the Hadrosauridae, including the Romanian Telmatosaurus
transsylvanicus (Nopcsa, 1903; Weishampel et al., 1993); a closely
related, undescribed species from Italy (Dalla Vecchia, 2001);
several partial mandibles from Spain (Company et al., 1998; Casa-
novas et al., 1999b); and a number of other fragmentary specimens,
none of which is diagnostically hadrosaurid (reviewed in Dalla
Vecchia, 2006).

Reconstruction of ancestral areas (phylograms available at
http://www.morphbank.net/Show/?id¼473175 and http://www.
morphbank.net/Show/?id¼473176) supports an Asian origin for
lambeosaurines (Davies, 1983; Brett-Surman, 1989; Godefroit et al.,
2000, 2001, 2003, 2004a,b; Head and Kobayashi, 2001; Lehman,
2001), and attributes the European occurrence of Pararhabdodon
isonensis to a single dispersal event from Asia no later than middle
to late Campanian (see also Casanovas et al., 1999a). Although
substantially older (Santonian-Campanian) than the occurrence of
P. isonensis, the other significant dinosaurian faunal connection
between Asia and the European archipelago is the presence of
neoceratopsians (Godefroit and Lambert, 2007; Lindgren et al.,
2007). These are poorly known, and a single dispersal event cannot
be ruled out. Given this, presence of these Asiamerican taxa in the
European archipelago is probably incidental, the result of excep-
tional circumstances. However, it does show that whatever bridges
and/or barriers existed between the European archipelago and Asia
must have been ‘semi-permeable,’ permitting lambeosaurines and
‘protoceratopsians’ through, but not saurolophine hadrosaurids
and other typical Asiamerican taxa.

The immigrants were members of groups with deep fossil
records in Asia. Likewise, biogeographic analysis indicates that
Saurolophinae and at least two other lambeosaurine lineages (one
leading to Aralosaurus tuberiferus, the other the sister lineage to the
‘tsintaosaurus’) were present in Asia at the time of dispersal. These
should have shared any opportunity for dispersal available to
‘tsintaosaurs.’ Alternatively or alongside geographical bridges,
there may have also been ecological factors involved, passing only
those Asian taxa compatible with European environments, or with
intervening habitats. This is highly speculative, and makes untested
assumptions about the paleoecology of the migrants. There is no
known ecological similarity between ‘tsintaosaurs’ and ‘proto-
ceratopsians,’ although the bizarre modification of the anterior
mandible of the former might indicate an ecological difference
relative to other lambeosaurines.

Dispersal from Asia to Europe may have been essentially
stochastic. The inundation of Europe and western Asia, and
consequent fragmentation of terrestrial habitat (Casanovas et al.,
1999a; Dalla Vecchia, 2006), may have served as a ‘leaky’ barrier.
During their dispersal, Asian taxa may have experienced vicariance
driven by insular splitting due to changes in relative sea level in the
mosaic of small landmasses that composed the European archi-
pelago (Blakey, 2001; Casanovas et al., 1999a; Dalla Vecchia, 2006).
A similar mode of ‘island-hopping’ dispersal has been suggested for
exchange across the Western Interior Seaway of North America
during the same interval (Carpenter, 1982). Lambeosaurines and
‘protoceratopsians’ may have had more opportunities to survive
and disperse due to their longer residency and greater lineage
diversity in Asia.
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Le Loeuff, J., Buffetaut, E., Martin, M., 1994. The last stages of dinosaur faunal history
in Europe: a succession of Maastrichtian dinosaur assemblages from the Cor-
bières (Southern France). Geological Magazine 131, 625–630.

Lindgren, J., Currie, P.J., Siverson, M., Rees, J., Cederström, P., Lindgren, F., 2007. The
first neoceratopsian dinosaur remains from Europe. Palaeontology 50, 929–937.
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sylvanicus nov. gen. et spec.). Denkschriften der Kaiserlichen Akademie der Wis-
senschaften in Wien, Mathematisch-Naturwissenschaftliche Klasse 68, 555–591.

Nopcsa, F., 1923. On the geological importance of the primitive reptilian fauna in the
uppermost Cretaceous of Hungary; with a description of a new tortoise (Kal-
lokibotium). Quarterly Journal of the Geological Society of London 79, 100–116.

http://dx.doi.org/doi:10.1016/j.cretres.2009.06.005
http://jan.ucc.nau.edu/-rcb7/globaltext.html
http://jan.ucc.nau.edu/-rcb7/globaltext.html


A. Prieto-Marquez, J.R. Wagner / Cretaceous Research 30 (2009) 1238–12461246
Nopcsa, F., 1934. The influence of geological and climatological factors on the
distribution of non-marine fossil reptiles and Stegocephalia. Quarterly Journal
of the Geological Society of London 90, 76–140.

Norman, D.B., 1986. On the anatomy of Iguanodon atherfieldensis (Ornithischia:
Ornithopoda). Bulletin de l’Institut Royal des Sciences Naturelles de Belgique,
Sciences de la Terre 56, 281–372.

Norman, D.B., 2002. On Asian ornithopods (Dinosauria: Ornithischia). 4. Probactrosaurus
Rozhdestvensky, 1966. Zoological Journal of the Linnean Society 136, 113–144.

Paris, J.P., Taquet, P., 1973. Découverte d’un fragment de dentaire d’hadrosaurien
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dinosaurs from the Late Cretaceous of Spain: Pararhabdodon isonensis revisited
and Koutalisaurus kohlerorum, gen. et sp. nov. Journal of Vertebrate Paleontology
26, 929–943.

Prieto-Marquez, A., Gaete, R., Galobart, À., Riera, V., Oms, O., 2007. New data on
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