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The late Cretaceous hadrosaurids were the most specialized and diverse clade of ornithopod dinosaurs. Parsimony
and Bayesian methods were implemented to elucidate the phylogenetic relationships of all hadrosaurid species.
Traditional and geometric morphometrics were applied to discover patterns of variation containing phylogenetic
information. In total, 286 phylogenetically informative characters (196 cranial and 90 postcranial) were defined
and documented: the most extensive character data set ever constructed for hadrosaurid dinosaurs. Of these, 136
characters were used for the first time in phylogenetic analysis of these ornithopods, and 93 were modified from
those of other authors. Parsimony and the Bayesian analysis (using the Mk model without the gamma parameter)
confirmed the split of hadrosaurids into Saurolophinae and Lambeosaurinae. Saurolophines included a major clade
composed of the Prosaurolophus—Saurolophus and the Kritosaurus—Gryposaurus—Secernosaurus subclades. Edm-
ontosaurus and Shantungosaurus were recovered outside the major clade of saurolophines. The Brachylophosaurus
clade was recovered as the most basal clade of saurolophines in the parsimony analysis, whereas following the
Bayesian analysis it was recovered as the sister clade to the Kritosaurus—Gryposaurus—Secernosaurus clade. These
two analyses resulted in a Lambeosaurinae composed of a succession of Eurasian sister taxa to two major clades:
the Parasaurolophus clade and the Hypacrosaurs altispinus—Corythosaurus clade. In contrast, the Bayesian
analysis using the Mk model with the gamma parameter included, resulted in an unbalanced hadrosauroid tree,
with a paraphyletic Saurolophinae, and with the Prosaurolophus clade, Edmontosaurus, and Shantungosaurus as
successively closer sister taxa to Lambeosaurinae. Based on the strict reduced consensus tree derived from the
parsimony analysis, Hadrosauridae was redefined as the clade stemming from the most recent common ancestor
of Hadrosaurus foulkii and Parasaurolophus walkeri.
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INTRODUCTION

Hadrosauridae Cope, 1870 includes the most mor-
phologically derived ornithopod dinosaurs (Horner,
Weishampel & Forster, 2004). In the most recent
revision of Hadrosauridae, Horner et al. (2004)
defined Hadrosauridae as the clade consisting of
the most recent common ancestor of Telmatosaurus
Nopcsa, 1903 and Parasaurolophus Parks, 1922, and
all its descendants. Hadrosaurids were very common
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during the Late Cretaceous of Europe, Asia, the
Americas, and Antarctica (Forster, 1997a; Case et al.,
2000; Lund & Gates, 2006). Their fossil record is the
richest among non-avian dinosaurs, including dozens
of articulated skeletons (Lull & Wright, 1942), thou-
sands of disarticulated bones from multi-individual
assemblages (Dodson, 1971; Varricchio & Horner,
1993), growth series (Horner, 2000), soft tissue
impressions (Osborn, 1912; Murphy, Trexler &
Thompson, 2007), stomach contents, coprolites, track-
ways (Currie, Nadon & Lockley, 1991), and eggs,
nests, and neonates (Horner & Makela, 1979; Horner,
1982; Horner & Currie, 1994).
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Hadrosaurids are  remarkable for  their
mediolaterally-expanded rostra (Morris, 1970), hyper-
trophied nasal passages (Weishampel, 1981). and, in
many species, the presence of conspicuous supracra-
nial crests (Lull & Wright, 1942; Ostrom, 1962). The
function of some of these crests might be related to
species recognition and other display behaviours
(Hopson, 1975; Evans, 2006). The earliest record of
Hadrosauridae (considering the clade restricted to
Hadrosaurinae and Lambeosaurinae, as in Godefroit
et al., 2008) is from the Santonian (Averianov &
Nessov, 1995; Averianov, 2007), and the largest taxo-
nomic diversity of the clade spans from the late Cam-
panian to the early Maastrichtian (Gates, 2007).

Because of their abundance, widespread distribu-
tion, and excellent preservation (Horner et al., 2004),
hadrosaurids provide an excellent model for studying
dinosaurian evolution and paleobiology. For example,
they can be used to elucidate how geological events
affected the evolution and distribution of terrestrial
faunas, how their anatomy relates to biomechanical
form, function, and ecology, and, owing to their large
sample sizes, how anatomical variation relates to
species recognition, reproductive behaviour, and
population biology. These and many other questions
can be best approached in a phylogenetic context to
provide an all-encompassing evolutionary under-
standing for the group. However, a comprehensive
and well-resolved phylogeny of hadrosaurids has yet
to be inferred.

A global and well-resolved phylogenetic hypothesis
of hadrosurid interrelationships is crucial if one is to
understand their origin, how they became so wide-
spread, and how they acquired their unique suite of
skeletal attributes. However, a cladistic analysis with
complete taxonomic sampling, and using modern
methods of phylogenetic inference, has yet to be con-
ducted. Previous cladistic studies have only included
a limited number of taxa and/or a limited number
of characters documenting selected regions of the
hadrosaurid anatomy (Head, 1998; Casanovas et al.,
1999; Godefroit, Zan & Jin, 2000; You et al., 2003).
This has occurred in spite of theoretical studies that
have shown that the addition of phylogenetically
informative characters generally increses accuracy,
even when there are numerous missing entries
(Wiens, 1998, 2003). Other studies have demon-
strated that including a large number of taxa typi-
cally leads to an increase in phylogenetic accuracy,
even for incompletely scored taxa (Wiens & Reeder,
1995; Hillis, 1996). In this regard, the inclusion of
the hadrosaurid and outgroup hadrosauroid species
from Asia (Godefroit et al., 1998; Norman, 2002; You
etal., 2003), South America (Brett-Surman, 1979;
Bonaparte et al., 1984; Powell, 1987), and Europe
(Casanovas et al., 1999; Lopez-Martinez et al., 2001;

Prieto-Marquez et al., 2006a) that have not been inte-
grated in previous analyses may provide a more accu-
rate hypothesis of the evolutionary history of these
animals.

Additionally, many lower level relationships within
Hadrosauridae are still contentious. For example,
whereas in some studies Gryposaurus Lambe, 1914
has been positioned as the sister taxon to the
Prosaurolophus—Saurolophus clade (Prieto-Marquez,
2005; Prieto-Marquez et al., 2006a), in others it
has been recovered as the sister taxon to the
Brachylophosaurus-Maiasaura clade (Weishampel &
Horner, 1990; Weishampel, Norman & Grigorescu,
1993; Gates & Sampson, 2007). Similar disagree-
ments have appeared in phylogenetic studies of lam-
beosaurines. For example, Hypacrosaurus altispinus
Brown, 1912 and Hypacrosaurus stebingeri Horner &
Currie, 1994 have been inferred to form a monophyl-
etic group in some studies (Evans & Reisz, 2007), but
not in others (Suzuki, Weishampel & Minoura, 2004;
Prieto-Marquez et al., 2006a). Another subject of dis-
agreement has concerned the inference of the most
closely related outgroup taxa to Hadrosauridae, a
debate that has obvious implications for the recon-
struction of the ancestral area of the clade. Thus, for
example, various taxa have been recovered as the
sister taxa to Hadrosauridae, including Telmatosau-
rus transsylvanicus Nopcsa, 1900 (Godefroit et al.,
1998; You et al., 2003), Shantungosaurus giganteus
Hu, 1972 (Hu et al., 2001), Probactrosaurus gobiensis
Rozhdestvensky, 1966 (Norman, 2002), Protohadros
byrdi Head, 1998, Eolambia caroljonesa Kirkland,
1998 (Horner et al., 2004), Pararhabdodon isonen-
sis Casanovas-Cladellas, Santafé-Llopis & Isidro-
Llorens, 1993 (Prieto-Marquez et al., 2006a), and Bac-
trosaurus johnsoni Gilmore, 1933 (Godefroit et al.,
2008).

Finally, in virtually all the previous studies the
data and methods used to discover and define char-
acters and character states were never explicit.
Indeed, this is not exclusive to the research in had-
rosaurid systematics, but is a common practice in
vertebrate paleontology.

This study is concerned with resolving the lower
level interrelationships of Hadrosauridae using, for
the first time, a complete taxonomic sampling of
species. Discussions on the historical biogeography
and character evolution of hadrosaurids, which may
be based on the phylogenetic results presented
herein, are beyond the scope of this paper, and will be
dealt with in separate studies. Resolving the phylo-
genetic relationships of hadrosaurids required an
exhaustive revision of the patterns of variation in
their crania and postcrania, which resulted in the
most extensive character data set for a phylogenetic
study of these animals. In doing so, I also provided a
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complete illustrated documentation of the character
data, so that it can serve as the framework for future
studies seeking a better and more complete under-
standing of the evolutionary relationships of hadro-
saurid dinosaurs.
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REVIEW OF PREVIOUS STUDIES ON
HADROSAURID SYSTEMATICS

PRE-CLADISTIC STUDIES

The first description of hadrosaurid remains consisted
of tooth fragments collected in the Judith River
Formation of Montana (‘Trachodon mirabilis’ Leidy,
1856a). The family Hadrosauridae was originally
erected by Cope in 1870 to include Hadrosaurus
foulkii Leidy, 1858 and ‘Hadrosaurus mirabilis’ (=
‘Trachodon mirabilis’). However, scientists would not
gain a complete knowledge of the skeletal anatomy of
hadrosaurids until the end of the 19 century, when
the first complete articulated skeletons were found
(Cope, 1883; Lund & Gates, 2006). These skeletons,
corresponding to the genus Edmontosaurus Lambe,
1917b, came from late Maastrichtian formations of
the Dakotas and Wyoming, northern USA. In the next
few decades, numerous complete skulls and skeletons
were collected in the western interior of the USA and
southern Alberta, Canada, including genera such as
Kritosaurus Brown, 1910, Saurolophus Brown, 1912,
Hypacrosaurus Brown, 1913, Corythosaurus Brown,
1914, Prosaurolophus Brown, 1916, Gryposaurus
Lambe, 1914, Parasaurolophus Parks, 1922, and
Lambeosaurus Gilmore, 1924.

Brown (1914) was the first to propose the split of
hadrosaurids into the flat-headed forms (Trachodon-
tinae) and the crested forms (Saurolophinae). Lambe
(1920) suggested that hadrosaurids diversified into
three main lineages, based on the morphology and the
absence or presence of cranial crests: Hadrosaurinae
(= Trachodontinae or non-crested forms), Saurolophi-
nae (solid-crested forms), and the Stephanosaurinae
(hollow-crested forms) (Lambe, 1920). Parks (1923)
renamed the Stephanosaurinae as Lambeosaurinae,
after invalidating the name ‘Stephanosaurus’ Lambe,
1902, upon which the former subfamily had been
based.

In their classic monograph on North American had-
rosaurids, Lull & Wright (1942) included Saurolophi-
nae within Hadrosaurinae, and supported the
classification of hadrosaurids into Lambeosaurinae
and Hadrosaurinae. These authors regarded ‘krito-
saurs’ (Gryposaurus and Kritosaurus) and ‘sauro-
lophines’ (Saurolophus and Prosaurolophus) as
morphologically intermediate between non-crested
and lambeosaurine hadrosaurids. This classification
was also supported by Sternberg (1954), who, in addi-
tion, proposed the abandonment of Saurolophinae and
the inclusion of Prosaurolophus and Saurolophus
within Hadrosaurinae.

von Huene (1908; 1956) erected the name Hadro-
sauria to include hadrosaurids and all those forms
that were morphologically more similar to them than
to Iguanodon. Hadrosauria included the following
families: Prohadrosauridae, Hadrosauridae, Saurol-
ophidae, Cheneosauridae and Lambeosauridae. In
the Prohadrosauridae, von Huene included relatively
basal forms such as Telmatosaurus and Tanius.
Within Hadrosauridae, he included ‘Ornithotarsus’
Cope, 1869, along with ‘flat-headed’ or ‘low-crested’
taxa such as ‘Thespesius’ Leidy, 1856b (= Edmonto-
saurus annectens Marsh, 1892), ‘Anatosaurus’
Lull & Wright, 1942 (= E. annectens), Edmontosau-
rus, ‘Mandschurosaurus’ Riabinin, 1930 (= Gilmoreo-
saurus Brett-Surman, 1979, in part), Kritosaurus
(= Kritosaurus navajovius Brown 1910 and Gryposau-
rus spp.) and Brachylophosaurus Sternberg, 1953.
The Saurolophidae was composed of Saurolophus,
Prosaurolophus, and Bactrosaurus. As in Lull &
Wright (1942), the Cheneosauridae included the
small (juvenile lambeosaurine) forms ‘Cheneosaurus’
Lambe, 1917a and ‘Procheneosaurus’ Matthew, 1920.
Finally, von Huene’s Lambeosaurinae was equivalent
to the Lambeosaurinae of other authors, in that it
included those hadrosaurs with large hollow crests,
such as Lambeosaurus, Corythosaurus, Hypacrosau-
rus, and Parasaurolophus. However, von Huene also
considered as ‘lambeosaurids’ ‘Trachodon’, Jaxarto-
saurus Riabinin, 1939, and Nipponosaurus Nagao,
1936.
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Young (1958) concluded that Saurolophinae was a
valid taxonomic grouping, one that included solid-
crested forms that, along with Hadrosaurinae, Lam-
beosaurinae, and the primitive Prohadrosaurinae,
formed Hadrosauridae. Ostrom (1961) supported the
re-establishment of Saurolophinae as a subfamily of
hadrosaurids possessing solid cranial crests that were
excluded from the nasal passages, in contrast to those
of lambeosaurines that were hollow and contained the
nassal passages. Ostrom regarded Saurolophinae as
intermediate between the non-crested Hadrosaurinae
and the crested Lambeosaurinae. Furthermore, he
suggested that Claosaurus Marsh, 1872 might have
been the most primitive hadrosaurid because of the
late Coniacian stratigraphic position (thought to be
the oldest occurrence of a hadrosaurian taxon at the
time) and the primitive morphology of the postcranial
bones.

Hopson (1975) supported Sternberg’s division of
Hadrosauridae into the two subfamilies Hadrosau-
rinae and Lambeosaurinae. However, he divided
Hadrosaurinae into three informally named groups
on the basis of their facial anatomy: the ‘kritosaurs’,
the ‘edmontosaurs’, and the ‘saurolophines’, com-
posed of Prosaurolophus, Saurolophus, Tsintaosau-
rus Young, 1958, and Lophorhothon Langston, 1960.
Hopson (1975) regarded the premaxillonasal struc-
ture of ‘kritosaurs’ as the ancestral condition from
which the more excavated circumnarial fossae of
other forms derived. He also considered the genus
Lophorhothon as intermediate between ‘kritosaurs’
and ‘saurolophines’.

The work of Brett-Surman (1975, 1979, 1989) rep-
resented one of the landmarks of hadrosaurid system-
atics because of the inclusion of taxa from Europe,
Asia, and South America, and his extensive revision
of the taxonomy and postcranial anatomy of these
animals. That study also led to a greater appreciation
of the postcrania as a source of diagnostic and phy-
logenetically informative characters. In 1979, he pre-
sented the first evolutionary hypothesis to encompass
all genera known at the time. Probactrosaurus was
placed at the base of the tree as the ancestor of all
hadrosaurids. Among lambeosaurines, Jaxartosaurus
was posited as the direct ancestor of a Corythosaurus
lineage, and Bactrosaurus was forwarded as the
ancestor of a Parasaurolophus lineage. Among hadro-
saurines, Gilmoreosaurus was inferred to be the
direct ancestor of this subfamily.

CLADISTIC STUDIES OF HADROSAURIDS

All the above classification schemes and phylogenetic
hypotheses were characterized by subjective weight-
ing of characters. Researchers used personal judg-
ment to consider particular characters as those from

which groups were established and evolutionary
trends hypothesized. This approach changed with the
implementation of cladistic methods of phylogenetic
inference. For the first time researchers had a tool to
minimize subjectivity and conduct more explicit and
operative analyses of evolutionary relationships,
where all observed characters could play a role in the
formulation of phylogenetic hypotheses.

Norman (1984) and Sereno (1986) carried out the
first cladistic (although not yet numerical) studies
of iguanodontian ornithopods, supporting the mono-
phyly of Hadrosauridae, and its divergence into
Hadrosaurinae and Lambeosaurinae. This topology
and the monophyly of these three clades figured
prominently in subsequent phylogenetic analyses
(Weishampel & Horner, 1990; Weishampel et al.,
1993; Forster & Sereno, 1994; Forster, 1997a; Head
1998, 2001; Godefroit et al., 1998, 2008; Norman,
2002; You et al., 2003; Horner et al., 2004; Prieto-
Marquez et al., 2006a; Evans & Reisz, 2007; Gates
et al., 2007).

The cladistic analysis of Weishampel & Horner
(1990) was the first to focus on the relationships
within Hadrosauridae. Within hadrosaurines, two
clades were identifed: one composed of Gryposaurus,
Aralosaurus  Rozhdestvensky, 1968, Maiasaura
Horner & Makela, 1979, and Brachylophosaurus
Sternberg, 1953; the other included Saurolophus,
Prosaurolophus, Lophorhothon, Edmontosaurus, and
Shantungosaurus. Lambeosaurinae included Para-
saurolophus and a subclade composed of Cory-
thosaurus, Hypacrosaurus, and Lambeosaurus.
Bactrosaurus was tentatively placed within lam-
beosaurines. Telmatosaurus and Gilmoreosaurus
appeared as sister taxa to hadrosaurids.

Horner (1985, 1990) proposed a diphyletic origin for
hadrosaurids. He redefined Hadrosauridae to include
only hadrosaurines. Lambeosaurinae was elevated
to family rank and renamed as Lambeosauridae. He
used the name Hadrosauria (von Huene, 1956) for
the clade including Hadrosauridae and Iguanodon
Boulenger, 1881, erecting Lambeosauria as the clade
including Lambeosauridae and Ouranosaurus Taquet,
1976. Lambeosauria and Hadrosauria were then
united as sister taxa within Iguanodontoidea. Hor-
ner’s argument in support of his diphyletic hypothesis
was that Iguanodon shared more characters with his
definition of Hadrosauridae than with ‘<lambeosau-
rids’, whereas Ouranosaurus shared more characters
with the latter group than with remaining hadrosau-
rids. His subsequent phylogeny of Hadrosauridae
(Horner, 1992) included an unbalanced tree composed
of four clades, i.e. Maiasaurinae, Gryposaurinae,
Saurolophinae, and Edmontosaurinae, respectively.

One of the most cited phylogenetic analyses is
that of Weishampel et al. (1993), the first hadrosaurid
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phylogeny that included a matrix along with the list
of characters. These authors erected a new name,
Euhadrosauria, for the clade composed of Hadrosau-
rinae and Lambeosaurinae. Their Hadrosauridae was
a more inclusive clade composed of Telmatosaurus
and Euhadrosauria. Euhadrosaur relationships were
the same as those in the analysis of Weishampel &
Horner (1990).

In a brief abstract, Forster & Sereno (1994) pre-
sented the results of a phylogeny where Hadro-
saurinae contained two clades. The first clade was
composed of broad-snouted forms such as Maiasaura
and Edmontosaurus. The remaining hadrosaurines
formed a clade characterized by narial fossae joined
along the dorsal margin of the internarial bar. Later,
Forster (1997b) restricted the name Hadrosauridae to
include only Hadrosaurinae and Lambeosaurinae. All
taxa lying outside this clade were referred to the more
inclusive Iguanodontia.

Head (1998) redefined Hadrosauridae to include
Protohadros. In his phylogeny, Protohadros,
Gilmoreosaurus, Telmatosaurus, and Bactrosaurus
figured as outgroup taxa to Hadrosauridae. Bactro-
saurus was sister taxon to Lambeosaurinae. In the
same year, Godefroit etal. (1998) agreed with
Forster (1997a) in restricting Hadrosauridae to the
more stable clade composed of Hadrosaurinae and
Lambeosaurinae.

Subsequently, Hu et al. (2001) proposed a phyloge-
netic hypothesis that was very different from those
published up until that time. In their phylogeny,
non-lambeosaurine hadrosaurids formed an unnamed
clade composed of Saurolophinae and Hadrosaurinae.
Hadrosaurines included two main subclades. One of
them included primitive genera such as Telmatosau-
rus, Tanius Wiman, 1929, Claosaurus, and Edmonto-
saurus. The other hadrosaurine clade was composed
of forms such as Maiasaura, Gryposaurus, and Aralo-
saurus. Saurolophinae included Kritosaurus, Lophor-
hothon, Saurolophus, Prosaurolophus, and a clade
composed of Tsintaosaurus and Jaxartosaurus. Lam-
beosaurinae included Bactrosaurus being sister taxon
to Nipponosaurus, and Parasaurolophus as sister
taxon to Hypacrosaurus.

In Norman’s (2002) analysis, Probactrosaurus
appeared as the sister taxon to Hadrosauridae, and
Protohadros, Eolambia, and Altirhinus Norman,
1998 represented progressively less-derived outgroup
taxa. Telmatosaurus and Bactrosaurus were hadro-
saurids leading towards the Saurolophidae. Con-
versely, You etal. (2003) included several basal
hadrosauroid genera from Asia, and proposed that
hadrosaurid outgroups were, moving crownward
toward Hadrosauridae, Equijubus You et al., 2003,
Probactrosaurus, Bactrosaurus, Protohadros, and
Telmatosaurus.

In 2004, Horner and colleagues updated their
previous phylogeny (Weishampel & Horner, 1990).
Within Hadrosaurinae, Lophorhothon now appeared
as the most basal form. Two hadrosaurine clades
were recognized. One of the clades was composed
of Brachylophosaurus, Maiasaura, Gryposaurus,
Edmontosaurus, and Prosaurolophus. The other had-
rosaurine clade consisted of a polytomy of ‘Naashoi-
bitosaurus’ Hunt & Lucas, 1993 (= Kritosaurus
navajovius), Saurolophus, and Kritosaurus australis
Bonaparte et al., 1984. Lambeosaurines included an
unbalanced tree composed of Tsintaosaurus, Parasau-
rolophus, and a polytomy formed by Lambeosaurus,
Hypacrosaurus, and Corythosaurus.

The analysis of Suzuki et al. (2004) focused on
Lambeosaurinae. In their analysis, Parasaurolophus
appeared as a sister taxon to all other lambeosau-
rines. The systematic position of Hypacrosaurus ste-
bingeri differed in the most parsimonious trees
(MPTs), and, as a result, its position was uncertain,
as represented by the polytomy in the strict consen-
sus. Nipponosaurus and Hypacrosaurus altispinus
were found to form a clade in all of the MPTs (as well
as in the strict consensus), as were Corythosaurus
and Lambeosaurus.

Prieto-Marquez et al. (2006a) restricted Hadrosau-
ridae to include Hadrosaurinae and Lambeosaurinae.
Edmontosaurus appeared as a sister taxon to the
remaining hadrosaurines. Two other clades were rec-
ognized: one composed of Brachylophosaurus and
Maiasaura, and another integrated by Gryposaurus,
Saurolophus, and Prosaurolophus. Lambeosaurines
were composed of three clades of unresolved relation-
ships. The first clade included Parasaurolophus and
Olorotitan. Another lineage consisted of Hypacro-
saurus altispinus. Finally, a third clade included a
succession of progressively more inclusive clades that
culminated in the sister taxa Lambeosaurus and
Corythosaurus. The genus Hypacrosaurus was found
to be paraphyletic.

In recent years, the work of Godefroit and various
colleagues (2000, 2008; Godefroit, Zan & Jin, 2001;
Godefroit, Bolotsky & Alifanov, 2003; Godefroit,
Bolotsky & Van Itterbeeck, 2004a; Godefroit, Alifanov
& Bolotsky, 2004b) in the Upper Maastrichtian of
the Amur region of far eastern Russia, and adjacent
regions of China, has had considerable impact on our
knowledge of hadrosaurid taxonomic diversity, phy-
logeny, and biogeography. Various new lambeosaurine
(Charonosaurus Godefroit et al., 2000, Olorotitan
Godefroit et al., 2003, and Sahaliyania Godefroit
etal., 2008) and hadrosaurine (Kerberosaurus
Bolotsky & Godefroit, 2004 and Wulagasaurus Gode-
froit et al., 2008) genera were described. The phylog-
eny of Godefroit et al. (2008) recovered the clades and
topologies inferred in all previous collaborative works
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by Godefroit and colleagues. Hadrosaurinae was com-
posed of Wulagasaurus and a monophyletic group
including the Maiasaura—Brachylophosaurus clade
and another clade formed by Gryposaurus, Kerberos-
aurus, Prosaurolophus, and Edmontosaurus. On the
other side of the cladogram, lambeosaurines were
composed of an unbalanced topology that included
Aralosaurus, Tsintaosaurus, Jaxartosaurus, Amuro-
saurus Bolotsky & Kurzanov, 1991, and a clade com-
posed of two lineages. The first lineage included
Lambeosaurus and a polytomy formed by Corytho-
saurus, Hypacrosaurus, and Olorotitan. The other
derived lineage was composed of Parasaurolophus,
Charonosaurus, and Sahaliyania.

Gates & Sampson (2007) inferred the position
of Lophorhothon as the most basal hadrosaurine.
Two subclades were inferred among hadrosaurines.
One clade included Edmontosaurus, Saurolophus,
and Prosaurolophus. The other clade consisted of
Naashoibitosaurus (= Kritosaurus navajovius) and a
polytomy formed by four species of Gryposaurus and
the Brachylophosaurus—Maiasaura clade.

Finally, two similar phylogenies of lambeosaurine
hadrosaurids were recently presented by Evans &
Reisz (2007) and Gates et al. (2007). Evans & Reisz
(2007) were the first to conduct a complete species-
level phylogeny of Lambeosaurinae. They showed a
succession of Asian species (from Aralosaurus tuber-
iferus Rozhdestvensky, 1968 to Amurosaurus riabi-
nini Bolotsky & Kurzanov, 1991) as sister taxa to a
rather specious clade. The first subclade of this clade
was composed of Charonosaurus and three species of
Parasaurolophus. The other clade was composed of
Lambeosaurus and a trichotomy composed of Oloroti-
tan, Corythosaurus, and a monophyletic Hypacrosau-
rus. Their phylogeny revealed that a greatly enlarged
cranial crest evolved independently at least three
times within Lambeosaurinae. On the other hand,
Gates et al. (2007) used the matrix of Evans & Reisz
(2007). Their analysis differed from that in Evans &
Reisz (2007) in the inclusion of Velafrons Gates et al.,
2007, and in having a polytomy composed of Oloroti-
tan ararhensis Godefroit et al., 2003, Lambeosaurus
spp., Corythosaurus casuarius Brown, 1914, Hypacro-
saurus spp., and Velafrons coahuilensis Gates et al.,
2007.

MATERIAL AND METHODS
SELECTION OF TAXA AND EXEMPLARS

The present study included 12 outgroup and 41
ingroup (hadrosaurid) taxa. Outgroup taxa consisted
of two non-hadrosauroid iguanodontoideans and ten
non-hadrosaurid hadrosaurs (Table 1). The ingroup
taxa include all valid species of hadrosaurids, as well

as a few unnamed operational taxonomic units
(OTUs) from wusually poorly sampled geographical
areas (Table 2). Iguanodon bernissartensis Boulenger,
1881 and Mantellisaurus atherfieldensis Hooley, 1925,
which are iguanodontoideans distantly related to had-
rosaurids, were chosen to root the tree by outgroup
comparison (Wiley, 1981; Maddison, Donoghue &
Maddison, 1984). The majority of taxa included in
this analysis were scored from direct examination of
actual fossil material. The following species were not
accessible to the author for logistic reasons, and had
to be scored using anatomical descriptions from the
literature: Probactrosaurus gobiensis Rozhdest-
vensky, 1966 (see also Norman, 2002), Eolambia
caroljonesa Kirkland, 1998 (see also Head, 2001),
Wulagasaurus dongi Godefroit et al., 2008, Sahaliya-
nia elunchunorum Godefroit et al., 2008, Kerbero-
saurus manakini Bolotsky & Godefroit, 2004,
Aralosaurus tuberiferus (Godefroit et al., 2004b), and
some skeletal elements of Shantungosaurus giganteus
Hu, 1972 (see also Hu et al., 2001). Jaxartosaurus
aralensis and most of the adult material of Saurolo-
phus angustirostris were exclusively scored from
digital photographs and video footage provided by
Gregory M. Erickson and David C. Evans.

The taxonomy of several hadrosauroid taxa has
been contentious. Here I provide a brief dicussion of
my position regarding the taxonomic status of these
taxa. This is summarized in Tables 1 and 2.

I followed Godefroit et al. (1998) in the material
referred to Bactrosaurus johnsoni and Gilmoreosau-
rus mongoliensis. In particular, the bones from the
AMNH quarries (field numbers) 149 and 145, AMNH
6551, and the predentary AMNH 6369 were used to
score GG. mongoliensis. The material regarded here as
belonging to B. johnsoni included all the original
bones documented by Gilmore (1933) from AMNH
quarry 141, as well as the cranial remains of PIN
2549-1 and the more recently discovered cranial
and postcranial bones of the SBDE 95/E5 collection
(Godefroit et al., 1998).

Dalla Vecchia (2006, 2007) pointed out that
material referred to Telmatosaurus transsylvanicus
(Nopcsa, 1900, 1928; Weishampel et al., 1993; Ther-
rien, 2005) was collected from four different forma-
tions in the Hateg Basin, a combined sedimentary
sequence of at least 800 m. No data was recorded on
the specific stratigraphic provenance of the fossils.
Thus, material referable to this species was here
restricted to the type skull NHM R3386 and other
material that was regarded by Nopcsa (1900) as
belonging to that same specimen: NHM R3387,
R3388, and R3841. In addition, two maxillae, FGUUB
1010 and NHM R4911, were tentatively referred here
to T transsylvanicus for being morphologically indis-
tinct from that in NHM 3386.
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Horner (1992) and Williamson (2000) summarized
the evidence supporting the synonymy of Anasazisau-
rus horneri Hunt & Lucas, 1993 (Lucas et al., 2006)
and Naashoibitosaurus ostromi Hunt & Lucas, 1993
with Kritosaurus navajovius. In agreement with
Williamson (2000), the specimens BYU 12950 and
NMMNH P-16106 were referred to K. navajovius.

I also agree with Wagner (2001) in that Gryposau-
rus incurvimanus Parks, 1919 is a junior synonym
of Gryposaurus notabilis Lambe, 1914. Parks (1920)
originally distinguished G. incurvimanus on the basis
of its deep and narrow skull, the presence of a ‘prob-
able’ median protuberance, the ‘peculiarities’ of the
integument in ROM 764 with dermal callosities along
the median line of the vertebral column, two wedge-
shaped manual phalanges, four phalanges in the fifth
digit, and ‘peculiarities’ of mandibular teeth. None of
these characters allows distinction of G. incurvi-
manus (ROM 764 and TMP 80.22.1) from other had-
rosaurid taxa. Additional characters provided by
Parks (1920) to distinguish G. incurvimanus from G.
notabilis are not useful in this regard either. Thus,
the shape of the orbit is variable within G. notabilis,
and is not diagnostic to generic or specific level. The
more rostral position of the nasal protuberance in
ROM 764 and TMP 80.22.1 is probably a subadult
condition, as is the lack of emargination on the rostral
margin of the orbit (probably related to the immature
development of the nasal arch). That the G. incurvi-
manus specimens represent subadult individuals of
G. notabilis is supported by the smaller size of the
skulls of G. incurvimanus (58-60 cm in length, com-
pared with approximately 80 cm in length in G. nota-
bilis skulls). The greater separation between the jugal
and the quadrate varies among hadrosaurid speci-
mens depending on the circumstances of preservation
and articulation. Finally, the U- or V-shape of the
caudodorsal margin of the external naris is too vari-
able among specimens of G. notabilis to have diag-
nostic value: it is U-shaped in ROM 873, but more
V-shaped in CMN 2278 and MSNM V345.

More recently, Gates & Sampson (2007) regarded
G. incurvimanus as a distinct species and provided a
revised diagnosis. The new characters provided by
these authors as diagnostic for this species were:
dorsal premaxillary process that is more concave cau-
dally than in other species of the genus; jugal with a
small spur on the caudal margin of the caudoventral
flange; and slightly excavated ventral surface of the
nasal hump. The degree of excavation of the caudal
region of the dorsal process of the premaxilla could
only be observed in TMP 80.22.1 for G. incurvimanus,
as it was not preserved (and, unfortunately, entirely
reconstructed) in ROM 764. Comparison of TMP
80.22.1 with G. notabilis skulls (e.g. ROM 873 and
CMN 2278) showed no differences in the relief of

the caudal region of the premaxillary dorsal process
among these specimens. The slight excavation of the
ventral surface of the nasal hump or arch was present
in all G. notabilis specimens, as well as in TMP
80.22.1, and corresponded to the lightly incised cau-
dodorsal region of the circumnarial fossa. Examina-
tion of TMP 80.22.1 and ROM 764 revealed no spur
on the caudal margin of the caudoventral flange that
might allow distinction between the jugals of these
skulls and those of the G. notabilis specimens. Imma-
ture characters of G. notabilis that Gates & Sampson
(2007) considered as a unique combination to diag-
nose G. incurvimanus included: gracility, smaller pre-
maxillary lip, premaxillae angled more steeply, and
rostrocaudally shortened and deeper skull. Finally,
the infratemporal fenestra being larger than the orbit
was a character also present in G. notabilis, and the
straight ventral margin of the maxilla was too vari-
able intraspecifically to be of diagnostic value.

None of the characters used by Chapman & Brett-
Surman (1990) to diagnose Anatotitan copei were
unique or allowed distinction of this taxon from other
hadrosauids. Likewise, examination of the skull
of AMNH 5730 revealed several areas with signs
of postdepositional dorsoventral compression. For
example, each dentary had a longitudinal ridge pro-
truding laterally, probably produced by bending of
the lateral surface of the bone (the same deforma-
tion ridge was present in the right, but not the left,
dentary of the paratype specimen of Edmontosaurus
regalis Lambe, 1917b, CMN 2289) (Fig. 1); the dorsal
region of the left quadrate had a transverse fissure
(Fig. 2A); and the left postorbital ‘inflation’ of its
central body appeared crushed inwards (medioven-
trally) (Fig. 2B), with a nearly vertical indented line
on the lateral bone surface. Aside from the very
shallow skull, AMNH 5730 and 5886 were indistin-
guishable from any specimen of Edmontosaurus
annectens. Therefore, A. copei was regarded as a
junior synonym of E. annectens in the present study,
in agreement with Horner et al. (2004).

I also concluded that Edmontosaurus saskatchewan-
ensis Sternberg, 1926 (CMN 8509) was founded on
subadult material of E. annectens. Differences in skull
morphology between CMN 8509 and other specimens
of E. annectens and E. regalis, such as the poorly
developed lateral inflation of the central body of the
postorbital and the relatively gracile jugal, could be
attributed to the immature development of the speci-
men. Likewise, even at its relatively smaller size, CMN
8509 already had a preorbital region that was nearly
1.6 times the length of the quadrate, indicating that
later in ontogeny the skull of this animal would
probably reach the more elongated proportions of
E. annectens. Therefore, E. saskatchewanensis was
regarded as a junior synonym of E. annectens.

© 2010 The Linnean Society of London, Zoological Journal of the Linnean Society, 2010, 159, 435-502



PHYLOGENY OF HADROSAURID DINOSAURS 445

Figure 1. Dentaries of two specimens of Edmontosaurus
in lateral view, showing evidence of postdepositional
dorsoventral compression in the form of bending lines
(arrows). A, left dentary of Edmontosaurus regalis, CMN
2289. B, right dentary of CMN 2289. C, right dentary
of Edmontosaurus annectens, cast of AMNH 5730
(= ‘Anatotitan coper’).

Horner (1992) described Prosaurolophus black-
feetensis from the Upper Two Medicine Formation
of Montana. This species was diagnosed by the
exclusion of the prefrontal and premaxilla from
the lateral concavity of the nasal, as well as by the
greater caudal extension of the crest relative to that
of Prosaurolophus maximus Brown, 1916. However,
the dorsal surface of the prefrontal in P. blackfeeten-
sis (e.g. MOR 454-6-24-6-2) was actually concave
medial to the orbital rim (Fig. 3), as in P. maximus.
As for the length of the crest, this was variable
within the genus (e.g. longer in ROM 787 than in
the larger TMP 84.1.1) and actually not longer in
MOR 454 relative to that of other specimens within
the genus. Thus, I agree with Wagner (2001) in
regarding P. blackfeetensis as a junior synonym of
P. maximus.

Figure 2. Signs of postdepositional dorsoventral compres-
sion (rectangle and arrow) in a specimen of Edmontosau-
rus annectens, cast of AMNH 5730 (type of ‘Anatotitan
copel’), lateral view. A, dorsal region of the left quadrate.
B, left postorbital.

I regard Secernosaurus koerneri Brett-Surman,
1979 as a senior synonym of Kritosaurus australis
(Bonaparte et al., 1984). The type material of S.
koerneri (FMNH P13423) was found to be indistinct
from the type and other referred material of K. aus-
tralis (Bonaparte et al., 1984). The morphology of the
pubis of FMNH P13423 was nearly identical to that of
K. australis (MACN-RN 2), particularly the geometry
of the prebupic process, the length and width of the
proximal constriction, and the length of the ischial
peduncle. Likewise, the right ilium of FMNH P13423
(the left one is distorted) shared with those of the
MACN specimens a shallow proximal margin of
the preacetabular process, craniocaudally extensive
supra-acetabular process that did not project ven-
trally more than half the depth of the iliac central
plate, and a morphologically unique brevis shelf.

The hadrosaurid material from the Salitral Moreno
bone bed (Powell, 1987), Rio Negro, Argentina, was
also included as a single OTU to further document
the diversity of these animals in South America.
This material is currently under study by a team of
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Figure 3. Right prefrontal of Prosaurolophus maximus
(MOR 454-6-24-6-2), part of the holotype of Prosaurolo-
phus blackfeetensis, showing a concave surface (arrows)
dorsomedial to the orbital margin, in (A) dorsal and (B)
lateral views.

paleontologists from the Centro Paleontélogico Lago
Los Barreales, led by Jorge Calvo.

Two other unnamed hadrosaurids were also
included as OTUs to further represent the diversity
of hadrosaurids in southern North America. The
first OTU was a set of skeletal elements from
the UTEP collection at the University of Texas in
Austin, documented by Davies (1983) and regarded
by Wagner (2001) as a lambeosaurine hadrosaurid.
The ilium (UTEP P37.7.222) was particularly inter-
esting because it was the only hadrosaurid specimen
that I observed that shared a unique morphological
type of brevis shelf with the ilia of Secernosaurus
koerneri and those collected from Salitral Moreno.
The second OTU was a recently described large
skeleton collected near the Mexican town of
Sabinas, Coahuila, referred to Kritosaurus sp. by
Kirkland et al. (2006).

Finally, I followed Evans (2007b) in recognizing
Corythosaurus intermedius Parks, 1923 as a valid
species distinct from Corythosaurus casuarius,
whereas Koutalisaurus kohlerorum Prieto-Marquez
et al., 2006a was regarded as a junior synonym of
Pararhabdodon isonensis (A. Prieto-Méarquez, unpubl.
data; see also Prieto-Marquez, 2008).

CHARACTER DEFINITION AND CHARACTER
STATE DELIMITATION

The definition of morphological characters required
the reassessment of characters used in previous
analyses by other authors (some of which needed to
be redefined in face of the new data), as well as the
discovery of new ones based on analysis of variation
in the crania and postcrania of hadrosaurids. I fol-
lowed three approaches for discovering and evaluat-
ing characters from skeletal morphological variation:
qualitative comparative anatomy of specimens, analy-
sis of linear and angular measurements, and geomet-
ric morphometrics.

Qualitative osteological comparisons and linear

and angular data

Direct visual comparisons among hadrosaurid cranial
and postcranial structures allowed identification of
discrete primary homologies. In addition, linear and
angular measurements were taken from the actual
specimens and from high-resolution digital images of
the bones taken myself (for detailed information of
the landmarks used to conduct the measurements,
see the documentation of characters provided in
Morphbank; see the Appendix). In the latter case,
measurements were obtained using the Image J
program (Abramoff, Magelhaes & Ram, 2004). Linear
measurements were used to calculate ratios that
served to describe quantitatively a particular ana-
tomical character.

Geometric morphometrics: analysis of planar
shapes using geodesic paths
The analysis of planar shapes using geodesic paths
is a relatively new morphometric method developed
by Klassen et al. (2004): in its first implementation
for research within the biological sciences, Prieto-
Marquez et al. (2007) referred to this as geodesic
Distance Analysis (GDA). Prieto-Marquez et al. (2007)
used GDA to quantify differences in the geometry of
the pelvic canal of iguanids and crocodilian reptiles.
In GDA, dissimilarities between shapes are quan-
tified using geodesic distances within a Riemannian
(i.e. non-Euclidean) shape space. The term ‘geodesic’
refers to the shortest path between two points in a
curved space. GDA considers the shapes of planar
continuous curves in R?. Shapes are invariant to rigid
motions (translation and rotation), uniform scaling,
and to the placement of origin (or starting point) of
the parameterization. The objects of study are repre-
sented by the continuous curves of their boundaries.
The arc length of these contours is used as a param-
eter to model the shapes. The angle between the
tangent vector to the curve and the positive x-axis is
defined as a function of the arc length (Srivastava
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et al., 2005). In this way, shapes are compared and
represented using their angle functions. Then, geode-
sic paths (or geodesics) are constructed between them.
A geodesic between two shapes is the path that mini-
mizes the difference between their angle functions. I
implemented an updated version of the method,
called ‘elastic’ GDA (Mio, Srivastava & Joshi, 2007).
Although the original approach described in Klassen
et al. (2004) modelled shapes by ‘bending only’, in the
approach of Mio et al. (2007) curves along the geodesic
paths are transformed by bending, stretching, or com-
pressing segments non-uniformly along their lengths.
Thus, elastic GDA is a more appropiate method to
study local changes among shapes, quantifying only
those differences that are found in smaller, more
concrete regions of the curves. Likewise, elastic GDA
allows the modelling of open curves as well as closed
ones.

The benefit of GDA is that it allows for the quan-
tification of continuous curves that are very difficult
or impossible to discretize using landmarks. Thus, the
method was applied in searching for and defining
patterns of variation on skeletal elements where the
identification of homologous points is ambiguous. An
example is the lateral profile of the prepubic process
of the pubis, where it cannot be assumed that a given
point along its margin is homologous with that of
another exemplar. Landmark-based methods (Book-
stein et al., 1985; Dryden & Mardia, 1998; Zelditch,
Swiderski & Fink, 2000) are limited in scope because
they depend heavily on the chosen homologous points.
Several other methods of shape analysis represent
geometries by parametric splines using Fourier
descriptors (Persoon & Fu, 1986). However, a draw-
back of using splines is that Fourier descriptors
ignore the nonlinear geometry of the shape space of
closed curves. Although such representations can be
used to classify shapes, it is not possible to perform
statistical analyses that are intrinsic to the shape
space. This is because spline control points only rep-
resent a finite number of coefficients, and the conti-
nuity of the boundaries that connect those coefficients
are ignored: the space of all spline functions becomes
a finite dimensional shape space, unlike the infinite
space of shapes of continuous curves. Another statis-
tical approach, called active shape models (Cootes
et al., 1995), uses principal component analysis of
landmarks to model shape variability. Despite its
simplicity and efficacy, this approach is rather limited
because it ignores the nonlinear geometry of shape
space where the geometries of study are contained.

In practice, the continuous curves for input into the
GDA analysis were obtained by tracing the contour
of fossil bones with a Wacom Graphire graphic tablet
(Wacom Co., Ltd, Saltama, Japan) in Illustrator
CS2 (Adobe Systems Inc., San Jose, CA, USA). Each

drawing of a curve was saved as a vector file and
imported into Matlab 6.5 (The MathWorks, Natick,
MA, USA), the software used to run the GDA algo-
rithms. The GDA output consisted of a matrix of
pairwise geodesic distances among all the curves of
a collection of bone shapes. Because the application
of the method of cluster analysis implemented in this
study required that the data had a finite number
of dimensions, the next step consisted on reducing
the number of dimensions of the GDA dissimilarity
matrix. This was accomplished via non-metric multi-
dimensional scaling (or NMMDS; Young, 1985),
implemented in the R statistical package (Thaka &
Gentleman, 1996). NMMDS transforms an infinite,
non-euclidean space into a coordinate Euclidean
space with a limited number of dimensions. The
method uses Euclidean distance to model dissi-
milarity by means of a monotonic transformation
(Young, 1985).

Discretization of continuous data derived from
morphometric analyses

Whereas morphometric approaches were used to dis-
cover and evaluate patterns of variation contain-
ing phylogenetic information, other methods were
required to transform those patterns into discrete
character states. A model-based clustering method
(Mclust in the R statistical package; Fraley & Raftery,
2002, 2003, 2006) was applied to these quantitative
data in order to minimize the subjectivity in distin-
guishing clusters and deciding the number of charac-
ter states to be considered. Model-based clustering
attempts to describe the data as a mixture model with
a density distribution among a fixed number of com-
ponents (clusters). For simplicity, the technique used
here assumes a multivariate normal distribution
for each component with unknown parameters
(mean and variance) for each measured variable. The
parameters are then estimated by maximum likeli-
hood using an expectation-maximization (EM) algo-
rithm. Each EM iteration involves an E-step, which
computes the conditional probability that an object
belongs to a particular cluster given an estimate of
the cluster means, covariances, and mixing propor-
tions, and an M-step, which computes the cluster
parameters given the conditional probabilities. The
steps are iterated until convergence is achieved. One
potential drawback of this method is that the number
of components (clusters) and the nature of constraints
on parameterization (e.g. equality of variance among
clusters, covariance of variables) need to be specified.
The procedure used here increments the EM algo-
rithm over solutions incorporating between one and
ten clusters and a number of different parameter
constraints. For each solution, it calculates a Baye-
sian information criterion (BIC). The BIC is the value
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of the maximized log-likelihood with an additional
penalty based on the number of parameters in each
solution, thus allowing comparison of solutions with
different numbers of clusters and varying constraints
on the parameters. The solution with the highest BIC
is used to subdivide the continuous variable(s) into
discrete states.

The result of this type of analysis is summarized
in a bivariate plot (Fig. 4). For example, Figure 4A
shows a graphical output from Mclust, resulting from
cluster analysis of the angle between the acetabular
and articular margins of the iliac peduncle of the
ischium (character 276). The x-axis represents the
number of clusters into which the data may be clas-
sified, and the y-axis shows the values of the BIC. The
BIC is the value of the maximized log-likelihood with
a cost on the number of parameters of each model
(Fraley & Raftery, 2003). Each one of the two lines in
the plot represents a clustering model. Because the
data used in the analysis contains only one dimen-
sion, there are only two possible models (hence, only
two lines are shown in the plot). These models contain
ellipsoidal clusters that vary according to the value of
the BIC. Likewise, the BIC varies for each one of the
number of clusters considered for each model. These
two models differ depending on whether the variance
is equal or variable (abbreviated as ‘E’ and V’, respec-
tively, as shown in the lower right corner of the
graph). The method favours selecting the number of
clusters that correspond to the greater (i.e. less nega-
tive) BIC values. In the case of Figure 4A, the method
favoured grouping the data into two clusters of equal
variance because that model showed the greatest (less
negative) BIC value. Three clusters of equal variance
would be the next optimal grouping of the data, and
so forth.

In multidimensional data sets such as those
derived from the analysis of planar shapes using
geodesic paths, the method also considers the geomet-
ric characteristics of various clustering models, like
orientation, volume, or shape of the clusters. An
example is shown in Figure 4B, consisting of a model
clustering analysis of the shape of the postacetabular
process of the ilium (character 259). A total of eight
coloured lines are present in that bivariate plot, each
one representing a clustering model characterized by
a specific shape, volume and distribution of the clus-
ters. In the case of Figure 4B for character 259, the
method favoured clustering the data into two groups
of equal shape and equal volume, with data points
distributed diagonally (abbreviated EEI).

Boxplot distributions of the raw data were also
considered in deciding the number of clusters in
which each quantitative character was divided. These
graphs provided a visual representation of the varia-
tion of a ratio or an angle among the sampled taxa,
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Figure 4. Bayesian information criterion (BIC) plots
resulting from the clustering model analysis implemented
in Mclust (within the R statistical package). A, BIC plot of
two clustering models for a one-dimensional data set (i.e.
a character quantified with a linear measurement). B, BIC
plot for various clustering models of NMMDS derived from
a geodesic distance analysis (GDA) dissimilarity matrix.
Indentifiers of clustering models indicate the type of
distribution (spherical, diagonal, or ellipsoidal), volume
(equal or variable), shape (equal or variable), and orien-
tation (not applicable, coordinate axes, equal, or variable)
of the clusters: EEE = ellipsoidal, equal volume, shape
and orientation; EEI = diagonal, equal volume, variable
shape; EEV = ellipsoidal, equal volume and shape, vari-
able orientation; EII, spherical, equal volume and shape;
EVI = diagonal, equal volume, variable shape; VEI=
diagonal, variable volume, equal shape; VEV = ellipsoidal,
variable volume, equal shape; VII, spherical, variable
volume, equal shape; VVI = diagonal, variable volume and
shape; VVV =ellipsoidal, variable volume and shape
(Fraley & Raftery, 2003).
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as well as an insight into the variance within each
species. The information provided by the BIC and
boxplots was combined to help decide how many char-
acter states would be considered for a given character.
In a few cases, the data would be clearly separated in
the boxplot in a determinate number of clusters that
was not supported by the BIC plot. In such cases, I
favoured the pattern displayed in the boxplot in my
decision of establishing the number of states for the
characters.

Finally, K-means (R statistical package) clustering
analysis was used to assign each specimen of the data
to one of more of the character states (clusters) result-
ing from the analyses described above. K-means clus-
tering (similar to the EM procedure above) starts by
partitioning the objects randomly into % initial sets,
and then calculates the mean point, or centroid, of
each set. It then constructs a new partition by asso-
ciating each point with the closest centroid, and recal-
culates centroids for the new clusters, repeating until
convergence.

The value of the boundry delimiting two given
character states was calculated using the following
expression:

(my—my)[s:1/(s1+8)1+1,

where m; and m; are the means, and s; and s, are the
standard deviations, of clusters (states) 1 and 2,
respectively. m; and s; represent the mean and stan-
dard deviations of the cluster containing values closer
to 0.

Character state coding

A total of 286 characters (196 cranial and 90 postc-
ranial) were derived from the qualitative and quan-
titative (morphometric) studies, and are included in
this analysis. Of these, 136 characters were used for
the first time in a phylogenetic analysis, and 93 were
modified from those of other authors. The characters
of the present analysis are listed in the Appendix, and
are illustrated and documented online in Morphbank
(http://www.morphbank.net, 28 October 2008; Florida
State University, School of Computational Science,
Tallahassee, FL, USA). Specific web links to collec-
tions of characters (organized by anatomical region)
and also for each particular character are included in
the Appendix.

Polymorphic characters were coded by scoring all
states found in a given taxon in the same cell of the
character matrix (i.e. using the notation 0 & 1 & 2’
when states 0—2 are present in the same taxon).
Because fossil remains are often incompletely pre-
served, it is not uncommon to encounter uncertainty
in scoring characters. The shape of the quadratojugal
notch of the quadrate (character 127) will illustrate

this case. This character includes three states. In
Kerberosaurus manakini, the notch is partially pre-
served so that, although it is possible to rule out the
presence of state ‘0, it is uncertain which of the other
two states was present in this species. In those
instances I scored in the same cell of the data matrix
the state codes that were possible for the taxon (in the
example of K. manakini, using the notation 1/2°).
Inapplicable characters were coded as ‘~. This coding
was chosen because various studies have concluded
that this is the less problematic way of dealing with
inapplicable characters (Strong & Lipscomb, 1999;
Seitz, Garcia & Liston, 2000).

All characters were equally weighted. The only
ordered characters were the number of dentary and
maxillary alveoli (characters 1 and 16, respectively),
and the maximum number of teeth exposed on the
dentary and maxillary occlusal planes (characters
4 and 19, respectively). Justification for ordering
these four characters came from observing sequences
of changes among characters that were consistent
throughout ontogeny, and throughout the strati-
graphic succession of the fossil record of iguanodon-
toideans. For example, in the case of character 1,
there is a positve correlation between the number of
tooth families and specimen size (Prieto-Marquez,
2008: 265-267). At the same time, the oldest and
more basal taxa tend to show fewer teeth in their
dentaries than stratigraphically younger and rela-
tively more derived taxa. This same pattern was
observed for characters 4 (number of functional teeth
in the dentary occlusal plane), 16 (number of maxil-
lary tooth families), and 19 (number of functional
teeth in the maxillary occlusal plane). Although many
other cranial and postcranial elements are known in
subadult and adult specimens, in most cases these
were recorded only in a few taxa or in a few exem-
plars within a species. For example, although numer-
ous complete skulls document a growth series in the
lambeosaurine genera Corythosaurus and Lambeo-
saurus, similar cranial ontogentic series for other
taxa are wanting. Likewise, in spite of the completely
known cranial anatomy of Corythosaurus and Lam-
beosaurus throughout development, ontogenetic data
for the postcrania are lacking.

METHODS OF PHYLOGENETIC INFERENCE

A total of three analyses were conducted. The analy-
ses included maximum parsimony and Bayesian
inference with equal and variable rates of character
change. Given the substantial quantity of missing
data (36%) present in the character matrix, this was
subjected, prior to the phylogenetic analyses, to safe
taxonomic reduction (Wilkinson, 2003). In doing so, I
sought to identify taxa that could be pruned from the
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matrix to reduce the number of most parsimonious
trees (MPTs), improving the resolution of the result-
ing consensus topology. Safe taxonomic reduction was
implemented using the program TAXEQ3 (Wilkinson,
2001a). No taxon was found to be ‘safely’ removable
without leading to changes in the resulting topology
and, thus, no taxon was pruned from the matrix prior
to the analyses.

Parsimony analysis

The search for the optimal tree(s) using parsimony
was carried out in TNT 1.0 (Goloboff, Farris & Nixon,
2002). I conducted a heuristic search of 10 000 repli-
cates using random addition sequences, followed by
branch swapping by tree—bisection—reconnection
(TBR; holding ten trees per replicate) to minimize
algorithm ‘greediness’ and maximize the thorough-
ness of the search (Swofford et al., 1996). Posterior to
the analysis, the reduced consensus method of
Wilkinson (1995, 2003) was applied in order to iden-
tify unstable (i.e. ‘wild-card’) taxa, the deletion of
which produced a more resolved strict (reduced) con-
sensus tree. This technique was implemented using
the ‘strict’ program of the REDCON 3.0 package
(Wilkinson, 2001b). Bremer support (Bremer, 1988)
was assessed by computing decay indices (Donoghue
etal., 1992) with MacClade 4.0 (Maddison &
Maddison, 2003) and PAUP 4.0b10 (Swofford, 2002).
Bootstrap proportions (Felsenstein, 1985) were also
computed in PAUP. The bootstrap analysis was set
to 5000 replicates using heuristic searches, where
each search was conducted using random additional
sequences with branch-swapping by subtree pruning
and regrafting (SPR) and 25 replicates. Reconstruc-
tion of ancestral states was conducted using Fitch
(1971) parsimony in MacClade 4.0.

In order to assess the strength of the phylogenetic
signal of the data this was subjected to a permutation
tail probability test (PTP). The PTP test was run on
PAUP, using a heuristic search with random addition
sequences, branch-swapping by TBR, and 100 repli-
cates. This test was followed by topology-dependant
(T-PTP) tests on selected clades recovered in the strict
and strict reduced consensus trees of the MPTs
derived from the parsimony analysis. The T-PTP tests
were also set to run using random addition sequences,
branch-swapping by TBR, and 100 replicates.

Bayesian analyses

There have been relatively few Bayesian analyses of
morphological data (Lewis, 2001; Nylander et al.,
2004; Lee, 2005; Wiens, Bonett & Chippindale, 2005).
Furthermore, in only a few cases have Bayesian
methods been used to reconstruct the phylogeny of
fossil groups (Snively, Russell & Powell, 2004; Miiller
& Reisz, 2006). Notably, these included one on had-

rosaurids (Evans, 2007a). Here, I used the maximum-
likelihood model of Lewis (2001) (Markov k or Mk) for
discrete morphological data, implemented in MrBayes
3.1.2 (Huelsenbeck & Ronquist, 2001). Miiller & Reisz
(2006) showed that the implementation of the Mk
model appears to be appropriate only if autapomor-
phies are included. Thus, a total of 84 autapomorphic
characters (nearly all of them culled from the litera-
ture) were added to the data set (see the Appendix).
Two different variations of the Mk model were
applied. In a first model, I assumed equal rates of
character change. In the second model, I incorporated
the gamma shape parameter to allow for variable
rates of character change, as in Nylander et al. (2004).
Priors other than the default for the models were not
specified for all the analyses. The analysis without
gamma used four chains and ran for 14 000 000 gen-
erations, sampled every 100 generations. Stationarity
was achieved with a standard deviation of split fre-
quencies of 0.004. Trees generated during the first
140 000 generations were discarded as ‘burn in’. This
was further assessed by visual examination of plots
generated with the ‘sump’ command of MrBayes. The
analysis with gamma used four chains and 10 000 000
generations sampled every 100 generations, reaching
stationarity with a 0.005 standard deviation of split
frequencies. Trees generated during the first 100 000
generations were also discarded as ‘burn in’.

Criteria for comparing phylogenies

The preferred Bayesian topology was selected by com-
paring the harmonic mean of the log-likelihood of
each of the two analyses. The analysis with the har-
monic mean closest to 0 is preferred. This allowed the
determination of whether the addition of the gamma
parameter to the model improved its fit to the data
(Wiens et al., 2005). Furthermore, I also calculated
the Bayes factor for the two Bayesian analyses. The
Bayes factor is twice the difference between the two
harmonic means of the two Bayesian analyses (Miiller
& Reisz, 2006). This factor assesses the significance of
the difference between two harmonic means. Usually,
a Bayes factor of greater than ten indicates strong
support (Kass & Raftery, 1995).

Preference between the parsimony strict reduced
consensus tree and the chosen Bayesian topology was
evaluated using the fit between the stratigraphic ages
of hadrosaurid taxa and the order of branching events
for each of these two phylogenies. This was accom-
plished by implementing the Manhattan stratigraphic
measure (Siddall, 1998), as modified by Pol & Norell
(2001; MSM*). The MSM* has the advantage of not
being affected by tree shape and being much more
sensitive to the age differences among taxa than
other measures, such the Spearman Rank-order
Correlation (SRC) (Norell & Novacek, 1992) and
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Stratigraphic Consistency Index (SCI) (Huelsenbeck,
1994). Conceptually, the MSM* is analogous with the
consistency index (Kluge & Farris, 1969). Calculation
of the MSM* is based on the optimization of an age
character using a symmetrical Sankoff step matrix of
absolute age differences (Tables 3 and 4).

RESULTS

The maximum parsimony analysis resulted in 160
equally most parsimonious trees of 906 steps each.
The best score was hit 124 times out of the 10 000
replicates. The consistency index was 0.54 and the
retention index was 0.81. Such a relatively low con-
sistency index reflected the high degree of homoplasy
present in these data, a fact previously noticed by
other authors in, for example, the case of hadrosau-
rine hadrosaurids (Horner et al., 2004). Implementa-
tion of the reduced consensus method (Wilkinson,
2001b) identified a profile of five strict reduced con-
sensus trees, the first of which includes all taxa and
corresponds to the strict consensus tree presented
in Figure 5. The other four strict reduced consensus
trees pruned one taxon in each case (Claosaurus
agilis, Barsboldia sicinskii Maryanska & Osmolska,
1981, Nipponosaurus sachalinensis Nagao, 1936, and
Kerberosaurus manakini). Exclusion of C. agilis,
B. sicinskii, and N. sachalinensis produced a nearly
completely resolved strict consensus tree (Fig. 6).
Most clades were weakly supported, as shown by the
low bootstrap proportions and decay indices (Figs 5,
6). The groupings with greater bootstrap proportions
were found among the most inclusive clades outside
hadrosaurids, and also among those hadrosaurid
clades consisting of multispecific genera. A similar
pattern of support was shown by the posterior prob-
abilities in the Bayesian consensus trees (Figs 7, 8).
The data matrix was subjected to a PTP test imple-
mented in PAUP. This test resulted in a P value of
0.01, indicating that, although weak, given those low
support measures, the phylogenetic signal present in
the data is significant.

The value of the harmonic mean of the Baye-
sian analysis without the gamma parameter was
—4367.57, whereas that of the analysis with the
gamma parameter was —4229.19. Because the latter
value is closer to 0, the tree derived from the Baye-
sian analysis with gamma was preferred. The Bayes
factor was 276 (i.e. two times the difference between
4229.19 and 4367.57), which means that the differ-
ence between the harmonic means of the two analyses
was significant.

Application of the MSM* to the strict reduced con-
sensus derived from the parsimony analysis, and to
the tree summarizing the results from the Bayesian
analysis with the gamma parameter, produced

the following results. For the clade Hadrosauroidea,
MSM* was 0.97 (P =0.001) for the parsimony phylog-
eny, whereas it had a value of 0.91 (P value = 0.015)
for the Bayesian tree. When applied to Hadro-
sauridae, MSM* was 0.91 (P value = 0.008) for the
parsimony tree and 0.87 (P value =0.017) for the
Bayesian phylogeny. These figures indicate a greater
stratigraphic fit for the parsimony phylogeny. There-
fore, the strict reduced consensus tree was used as
the framework for the taxonomy and character opti-
mization discussed below (Fig.9). A time-calibrated
tree of this phylogenetic hypothesis can be found in
Figure 10.

SUMMARY OF HADROSAURID RELATIONSHIPS

All the analyses resulted in unbalanced consensus
trees showing a series of outgroup taxa to Hadrosau-
ridae (Figs 5-8). The clades stemming from the most
distant outgroup taxa to hadrosaurids were well
supported in the parsimony and Bayesian analyses,
with bootstrap proportions approaching 90 or 100,
and posterior probabilities equal or very close to 1,
respectively.

In the following sections, characters will be referred
to by a number followed by the character state
number in brackets. These numbers can be used to
find the definition and documentation of the character
in the Appendix and in the Morphbank web links.
Clade definitions followed the requirements for estab-
lishing clade names stated in Article 9 of the Phylo-
Code (Cantino & de Queiroz, 2007).

In contrast to previous studies implementing parsi-
mony and Bayesian methods on fossil data (Miiller &
Reisz, 2006; Evans, 2007b), important differences
were found among the inferred phylogenies. This was
particularly evident when comparing the tree from the
Bayesian analysis including gamma and those from
the other two analyses. In the phylogenies resulting
from the parsimony and Bayesian analysis without
gamma (Figs 5-7), hadrosaurids were composed of two
major clades. This general pattern is congruent with
the most accepted cladistic hypothesis of the relation-
ships of these animals derived from numerous studies
over the last two decades (Sereno, 1986; Weishampel
& Horner, 1990; Forster, 1997b; Horner et al., 2004).
On the other hand, the topology inferred in the Baye-
sian analysis with gamma (Fig. 8) showed an unbal-
anced tree with a paraphyletic Hadrosaurinae
(Saurolophinae in this paper; see below). This topology
is more congruent with the phylogenetic hypotheses of
Hopson (1975: 39) and Wagner (2001: 176), suggestive
of the derivation of the enclosed nasal passages in
lambeosaurines from a common ancestor of Edmonto-
saurus or edmontosaur-like saurolophines.

In all consensus trees presented here the most
basal members of Lambeosaurinae were species
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Table 3. Coding of the Sankoff age character used in the calculation of the Manhattan Stratigraphic Measure (MSM*;

Siddall 1998; Pol & Norell 2001)

Taxa

Age (million years)

State code

Geochronological stage

Edmontosaurus annectens
Edmontosaurus regalis
Kerberosaurus manakini
Wulagasaurus dongi
Pararhabdodon isonensis
Charonosaurus jiayinensis
Olorotitan ararhensis
Amurosaurus riabinini
Sahaliyania elunchunorum
Telmatosaurus transsylvanicus
Saurolophus osborni
Saurolophus angustirostris
Barsboldia sicinskii
Hypacrosaurus altispinus
Bactrosaurus johnsoni
Gilmoreosaurus mongoliensis
Kritosaurus navajovius
Salitral Moreno OTU
Secernosaurus koerneri
Hadrosaurus foulkii

Two Medicine OTU
Maiasaura peeblesorum
Brachylophosaurus canadensis
Sabinas OTU

Prosurolophus maximus

Big Bend UTEP OTU
Gryposaurus notabilis
Gryposaurus monumentensis
Parasaurolophus walkeri
Parasaurolophus tubicen
Parasaurolophus cyrtocristatus
Lambeosaurus magnicristatus
Lambeosaurus lambei
Hypacrosaurus stebingeri
Corythosaurus casuarius
Corythosaurus intermedius
Velafrons coahuilensis
Lambeosaurus laticaudus
Tanius sinensis
Shantungosaurus giganteus
Gryposaurus latidens
Tsintaosaurus spinorhinus
Lophorhothon atopus
Aralosaurus tuberiferus
Nipponosaurus sachalinensis
Jaxartosaurus aralensis
Claosaurus agilis
Protohadros byrdi

Eolambia caroljonesa
Probactrosaurus gobiensis
Equijubus normani
Mantellisaurus atherfieldensis
Iguanodon bernissartensis

65
65
65
65
65
65
65
65
65
68
68
68
68
68
70
70
70
70
70
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
80
80
80
80
83
83
83
84
86
95
98
110
125
125
127

g’_"_'W”_"’"'U‘UQ TR0 000 R0 0000 DT TTT DO

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Late Maastrichtian

Early Maastrichtian

Early Maastrichtian

Early Maastrichtian

Early Maastrichtian

Early Maastrichtian

Late Campanian—early Maastrichtian
Late Campanian—early Maastrichtian
Late Campanian—early Maastrichtian
Late Campanian—early Maastrichtian
Late Campanian—early Maastrichtian
Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Late Campanian

Early Campanian

Early Campanian

Early Campanian

Early Campanian

Late Santonian—early Campanian
Late Santonian—early Campanian
Late Santonian—early Campanian
Santonian

Late Coniacian

Middle Cenomanian

Early Cenomanian

Albian

Early Aptian

Early Aptian

Barremian—early Aptian
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Table 4. Sankoff step matrix of the age character used in the calculation of the Manhattan Stratigraphic Measure (MSM*)

a b c d E f g h i dJ k 1 m
a 0 3 5 9 15 18 19 21 30 33 45 60 62
b i 0 2 6 12 15 16 18 27 30 42 57 59
c i i 0 4 10 13 14 16 25 28 40 55 57
d i i i 0 6 9 10 12 21 24 36 51 53
e i i i i 0 3 4 6 15 18 30 45 47
f i i i i 1 0 1 3 12 15 27 42 44
g i i i i I i 0 2 11 14 26 41 43
h i i i i I i i 0 9 12 24 39 41
i i i i i 1 i i i 0 3 15 30 32
] i i i i 1 i i i i 0 12 27 29
k i i i i I i i i i I 0 15 17
1 i i i i I i i i i I i 0 2
m i i i i 1 i i i i 1 i i 0

from FEurasia, such as Aralosaurus tuberiferus,
Jaxartosaurus aralensis, Tsintaosaurus spinorhinus
Young, 1958, and Pararhabdodon isonensis (Figs 5—
8). Aralosaurus tuberiferus was inferred to be the
most basal lambeosaurine, in agreement with recent
studies (Evans & Reisz, 2007; Gates et al., 2007;
Godefroit et al., 2008). The following more exclusive
clades were present in all phylogenies resulting from
parsimony and Bayesian analyses: the Sahaliyania—
Amurosaurus clade, the Charonosaurus—Para-
saurolophus clade, the Pararhabdodon-Tsintaosaurus
clade, and the Corythosaurus-Lambeosaurus clade
(with or without a monophyletic Hypacrosaurus as
sister taxon).

Parsimony and Bayesian analysis with no gamma
parameter recovered a monophyletic Saurolophinae
(Figs 6, 7). Likewise, two clades were always present:
one composed of Kritosaurus, Gryposaurus, Secerno-
saurus, and the Salitral Moreno and Big Bend UTEP
OTUs; and another containing Prosaurolophus, Sau-
rolophus, and the Sabinas OTU. These two clades
were united to form a larger clade. Edmontosaurus
was placed as sister taxon to the clade including
Gryposaurus and Prosaurolophus. In contrast, the
consensus tree derived from the Bayesian analysis
with gamma recovered a paraphyletic Saurolophinae
(Fig. 8). Following that analysis, the Prosaurolophus—
Saurolophus clade, Edmontosaurus, Shantungosau-
rus, and Barsboldia were part of an unbalanced tree
leading to Lambeosaurinae.

DISCUSSION
THE INTERRELATIONSHIPS OF
NON-HADROSAURID HADROSAUROIDS

The most inclusive clade considered here was Hadro-
sauroidea (Sereno, 1986), redefined as Hadrosaurus

foulkii Leidy, 1858 and all taxa more closely related
to it than to Iguanodon bernissartensis Boulenger,
1881. Hadrosauroidea was supported by the following
unambiguous synapomorphies: at least three teeth
per alveoli arranged dorsoventrally at mid-length of
the dental battery [2(1)]; ventral deflection of the
dentary ocurring rostrally, between 66 and 78% of
approximately the length of the dental battery [37(1)];
absence of accessory foramen in the surangular
[63(1)]; the rostral end of the rostrodorsal process of
the nasal reaching the rostral margin of the narial
foramen [79(1)]; centrally located dorsolateral maxil-
lary promontory, base of dorsal process positioned
slightly caudal to the mid-length of the maxilla
[90(1)]; jugal with orbital and infratemporal margins
nearly equal in width [115(1)]; articulation margin of
the occipital condyle facing caudally, and divided from
the caudal border of the basioccipital by a shallow
cleft [152(1)]; absence of supraorbital bone [187(0)];
and ilium with a ratio between the dorsoventral
depth of the central plate and the distance between
the pubic peduncle and the caudodorsal prominence
of the ischial peduncle of 0.8 or greater [234(0)].
Outgroup taxa to Hadrosauridae formed an unbal-
anced tree of Asian and North American species in
both parsimony and Bayesian phylogenies (Figs 5-8).
Closer to Hadrosauridae we find a sequence of Eur-
asian species, Bactrosaurus johnsoni, Gilmoreosaurus
mongoiliensis, and Telmatosaurus transsylvanicus,
in this order. This result, recovered in of all the
phylogenies, is in conflict with previous hypotheses
that placed 7. transsylvanicus as the sister taxon
(Weishampel & Horner, 1990; Weishampel et al.,
1993; Kirkland, 1998; Horner et al., 2004; Suzuki
et al., 2004; Prieto-Méarquez et al., 2006a) or among
the closest sister taxa (Head, 1998; Hu et al., 2001) to
Euhadrosauria. These findings are, however, more
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—— Wulagasaurus dongi
—— Edmontosaurus annectens
—— Edmontosaurus regalis
—— Kerberosaurus manakini
—— Kritosaurus navajovius
4/83 Gryposaurus notabilis
4/68 Gryposaurus monumentensis
Gryposaurus latidens
o] oo 4/95 Segernosaurus koerneri
3 Salitral Moreno OTU
Big Bend UTEP OTU
3/97 Saurolophus osborni
SAUROLOPHINAE 2/56 Saurolophus angustirostris
L 0.01 Prosaurolophus maximus
0.01 | Shantungosaurus giganteus
Sabinas OTU
L—— Barsboldia sicinskii
2/69 Brachylophosaurus canadensis
4/90 Maiasaura peeblesorum
Two Medicine OTU

i: Sahaliyania elunchunorum
Amurosaurus riabinini

4/83 Parasaurolophus walkeri
ﬂl_: Parasaurolophus tubicen
SAUROLOPHIDAE 3/69 Parasaurolophus cyrtocristatus
7 74; 00TL__ Charonosaurus jiayinensis
001 ﬂ: Corythosaurus casuarius

2/ 1/- Corythosaurus intermedius
0011 1 4/93 Lambeosaurus Iambe'l .
0.04 Lambeosaurus magnicristatus
L—— Hypacrosaurus stebingeri
—— Hypacrosaurus altispinus
Nipponosaurus sachalinensis
—— Lambeosaurus laticaudus
3/68 . ;
W‘ —— Velafrons coahuilensis

L AMBEOSAURINAE L—— Olorotitan ararhensis

3 4/93 Pararhabdodon isonensis
oo Tsintaosaurus spinorhinus

L—— Jaxartosaurus aralensis
L—— Aralosaurus tuberiferus
Hadrosaurus foulkii ] HADROSAURINAE
Claosaurus agilis
Lophorhothon atopus
HADROSAUROIDEA L—— Telmatosaurus transsylvanicus
367 Gilmoreosaurus mongoliensis
5/92 —— Bactrosaurus johnsoni
L—— Tanius sinensis
4181 2/51—— Eolambia caroljonesa
8/99 | L— Protohadros byrdi
v —— Probactrosaurus gobiensis
—— Equijubus normani
—— I/guanodon bernissartensis
L—— Mantellisaurus atherfieldensis

41-

2/-

Figure 5. Strict consensus tree of the 160 most parsimonious trees resulting from the parsimony analysis of 53
iguanodontian taxa. At each node, the pair of numbers separated by a slash above a branch represents, from left to right,
a decay index and a bootstrap proportion. Bootstrap proportions lower than 50 are indicted by a hyphen. The decimal
number in italics that appears below a branch represents the P value of topology-dependant permutation tail probability
(T-PTP) analysis.
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3/83 Gryposaurus notabilis
Gryposaurus monumentensis
Gryposaurus latidens
Secernosaurus koerneri
Salitral Moreno OTU

Big Bend UTEP OTU
Kritosaurus navajovius

— Wulagasaurus dongi

— Kerberosaurus manakini

1/-f— Sabinas OTU

3/97, Saurolophus osborni
_l:E Saurolophus angustirostris
2156 Prosaurolophus maximus

Edmontosaurus annectens
Edmontosaurus regalis
—— Shantungosaurus giganteus
2/69 Brachylophosaurus canadensis
_|: Maiasaura peeblesorum
— Two Medicine OTU

2/- Sahaliyania elunchunorum
Amurosaurus riabinini
Hypacrosaurus altispinus
Lambeosaurus laticaudus
Velafrons coahuilensis
Corythosaurus casuarius
Corythosaurus intermedius
Lambeosaurus lambei
Lambeosaurus magnicristatus
Hypacrosaurus stebingeri
Parasaurolophus walkeri
Parasaurolophus tubicen
Parasaurolophus cyrtocristatus
Charonosaurus jiayinensis
Olorotitan ararhensis

LAMBEOSAURINAE — Pararhabdodon isonensis
1/56

SAUROLOPHINAE 3/80
1/-

.01

3/90

SAUROLOPHIDAE
1&1‘_
.01

4/93

HADROSAURIDAE
1/-
o]

Tsintaosaurus spinorhinus
Jaxartosaurus aralensis
Aralosaurus tuberiferus

—— Hadrosaurus foulkii] HADROSAURINAE
— | ophorhothon atopus

Telmatosaurus transsylvanicus

Gilmoreosaurus mongoliensis

Bactrosaurus johnsoni

Tanius sinensis

Eolambia caroljonesa

8/99 Protohadros byrdi

Probactrosaurus gobiensis

Equijubus normani

Mantellisaurus atherfieldensis

Iguanodon bernissartensis

Figure 6. Strict reduced consensus tree of the 160 most parsimonious trees resulting from the parsimony analysis of
53 iguanodontian taxa. Posterior to the analysis, Claosaurus agilis, Barsboldia sicinskii, and Nipponosaurus sachalin-
ensis were pruned from the data after implementation of REDCON 3.0 (Wilkinson, 2001b). At each node, the pair of
numbers separated by a slash above or below a branch represents, from left to right, a decay index and a bootstrap
proportion. Bootstrap proportions lower than 50 are indicted by a hyphen. The decimal number in italics that appears
below a branch represents the P value of topology-dependant permutation tail probability (T-PTP) analysis.
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Figure 7. Bayesian consensus tree of the analysis with equal rates of character change showing the phylogenetic
relationships of 53 iguanodontians. At each node, the decimal number above a branch indicates a posterior probability,
and the decimal number below represents a P value of topology-dependant permutation tail probability (T-PTP) analysis.

congruent with the hypothesis of Wagner (2001), who
placed T. transsylvanicus as a more distantly related
species to hadrosaurids. Likewise, in all the analyses
the most closely related taxa to Hadrosauridae were
two North American species, Lophorhothon atopus
Langston, 1960 and Claosaurus agilis (Figs 5-8).

EUHADROSAURIA

Euhadrosauria was a name erected by Weishampel
et al. (1993). However, these authors did not provide
a definition of this taxon. In published phylogenies,
Euhadrosauria has been applied to the clade com-
posed of Hadrosaurinae (Saurolophinae in this
paper) + Lambeosaurinae (Weishampel et al., 1993;
Kirkland, 1998; Casanovas etal., 1999; Horner
et al., 2004; Prieto-Marquez et al., 2006a) or to a more
inclusive clade than Lambeosurinae + Saurolophinae
(Casanovas etal., 1999; Wagner, 2001; Norman,

2002). Thus, without a definition, what Euhadro-
sauria is remains open to interpretation: it is
either equivalent in its content to Saurolophidae
or it may refer to a clade closer to Saurolophidae
than to Telmatosaurus. For the clade composed of
Saurolophinae + Lambeosaurinae 1 preferred the
use of a new name, Saurolophidae (a derivation of
Saurolophinae Brown, 1914), rather than defining
Euhadrosauria and applying it for that clade. Under
the International Code of Zoological Nomenclature
(ICZN; International Commission on Zoological
Nomenclature, 1999), any taxon less inclusive than a
taxon in the family rank group is a subfamily, tribe,
subtribe, genus, or species (Article 35.1). In addition,
a taxon name in the family-group rank must be made
by adding to the stem or to the entire name of its type
genus (ICZN Article 29.1), using a standard sufix
(whether subfamily, tribe, or subtribe, as specified in
Article 29.2). Euhadrosauria fails on both accounts
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Figure 8. Bayesian consensus tree of the analysis with variable rates of character change showing the phylogenetic
relationships of 53 iguanodontians. At each node, the decimal number above a branch indicates a posterior probability,
whereas the decimal number below represents a P value of topology-dependant permutation tail probability (T-PTP)
analysis.

(for example, there is no genus ‘Euhadrosaurus’, and According to the time-calibrated phylogram based on
thus, Euhadrosauria cannot be ranked as any family- the strict reduced consensus tree derived from the
group name). In this situation, I considered it more parsimony analysis, hadrosaurids appeared no later
preferable to stretch the ICZN rules by nesting a than the Santonian (Fig. 10). Hadrosauridae was sup-
family name within a family name rather than violt- ported by four unambiguous synapomorphies: loss of
ing them by using an unranked taxon within a family. all but the primary ridge of dentary tooth crowns
[5(3), convergent in Eolambia caroljonesa]; ilium with
ventralmost margin of the supra-acetabular process
located anterodorsally relative to the caudoventral
This study followed Cope’s (1870) original concept margin of the lateral ridge of the caudal protuberance
of Hadrosauridae, where Hadrosaurus foulkii is the of the ischial peduncle [235(1)]; short supra-

HADROSAURIDAE

type genus and species of the family. Thus, Hadro- acetabular process of the ilium, ratio between the
sauridae was here redefined as the last common breadth of the process across its dorsal region, and
ancestor of Hadrosaurus foulkii Leidy, 1858, Edmon- the craniocaudal length of the central iliac blade less

tosaurus regalis Lambe, 1917b, Saurolophus osborni than 0.55 [237(3), reversed in Gryposaurus, the Secer-
Brown, 1913, and Lambeosaurus lambei Parks, 1923, nosaurus clade, the Sabinas saurolophine, the Pro-
and all of its descendants (definition emended from saurolophus clade, Brachylophosaurus canadensis
Sereno, 1998; Wagner, 2001; Prieto-Marquez, 2008). Sternberg, 1953, and Maiasaura peeblesorum Horner
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& Makela, 1979]; and ilium with lateral margin of the
iliac peduncle progressively disappearing ventrally

Because the cranium of Hadrosaurus foulkii
remains unknown (aside from a handful of teeth and

into the lateral surface of the region adjacent to the
acetabular margin [257(1)].

a pair of poorly preserved maxillary fragments),
numerous additional synapomorphies that might also
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Figure 9. Strict reduced consensus tree of the 160 most parsimonious trees derived from maximium parsimony analysis,
showing numbers for referring to the different clades of the phylogeny. The following list contains the synapomorphies
supporting each clade, which are indicated by a pair of numbers. The number to the left of the dash is the character
number corresponding to the list in the Appendix, whereas the number between brackets represents the character state.
All the characters represent unambiguous synapomorphies, unless asterisks are present. An asterisk indicates an
ambiguous synapomorphy under ACCTRAN. Two asterisks indicate an ambiguous synapomorphy under DELTRAN.
Hadrosauroidea: 2(1), 37(1), 53(1), 79(1), 90(1), 115(1), 152(1), 187(0), 234(0). Clade 2: 5(1), 30(1), 41(2), 195(1). Clade 3:
60(1), 85(1), 92(1), 99(1), 232(1), 241(1), 264 (1), 266(1). Clade 4: 4(1), 34(1), 132(0), 257(1). Clade 5: 167(1), 220(1), 237(1),
239(1). Clade 6: 111(1), 161(1), 216(1), 236(1). Clade 7: 38(0), 90(2), 98(1), 242(2). Clade 8: 48(1), 97(2), 121(1), 198(1).
Clade 9: 6(1), 89(0). Hadrosauridae: 5(3), 235(1), 237(3), 257(1). Saurolophidae: 7(1), 219(2), 221(1), 248(1). Saurolophinae:
32(1), 60(2), 64(1), 119(2), 191(1), 240(1), 267(2), 269(1). Clade 13: 35(2), 87(1), 98(2), 105(1), 110(2), 112(1), 143(1), 155(1),
158(2), 195(0). Clade 14: 126(1). Clade 15: 1(2), 15(2), 34(1), 220(1), 234(1), 238(1), 265(2), 282(0). Clade 16: 7(0), 123(1),
136(1), 200(0), 260(0), 270(0). Clade 17 (Edmontosaurus): 10(2), 29(1), 41(3), 65(1), 67(1), 77(2), 113(2), 130(2), 131(0),
160(1), 166(1), 168(0), 195(0). Clade 18: 33(1), 62(2), 85(0), 96(0), 109(0), 217(1), 253(4), 259(2), 284(1). Clade 19: 108(1)*,
158(0)*. Clade 20: 8(1)**, 41(3)**, 77(2)**, 78(2)**, 102(1)**, 113(0)**, 119(1)**, 120(0)**, 125(1)**, 170(2)**, 172(2)**,
180(1)**, 243(2)**. Clade 21 (Saurolophus): 60(1), 70(1), 123(0), 128(1), 131(2), 135(1), 136(2), 141(1), 143(2), 184(3),
201(1), 217(0), 220(2), 223(X), 262(1). Clade 22: 1(1), 35(1), 213(0). Clade 23: 33(0), 34(0), 36(2). Clade 24: 15(2), 35(2),
90(3). Clade 25: 206(1), 244(1), 245(3), 246(1). Clade 26: 200(1), 207(0), 238(0), 240(0), 270(2). Clade 27 (Gryposaurus):
33(2), 184(1), 243(2). Clade 28: 60 (1), 83(1). Lambeosaurinae: 84(1), 91(1), 193(1). Clade 30: 144(1), 147(0). Clade 31:
145(1), 150(1). Clade 32: 37(2), 40(0), 92(3). Clade 33: 5(3), 23(1), 24(3), 27(1), 35(1), 55(1), 56(1), 62(1), 73(2), 88(1), 122(2),
238(1). Clade 34: 103(2), 192(2). Clade 35: 115(0), 141(1), 145(2), 228(0), 243(0), 272(1), 274(1). Clade 36 (Parasaurolo-
phus): 2(2), 218(1), 223(0), 236(3). Clade 37: 129(2), 131(0). Clade 38: 69(1), 80(1), 90(2), 131(0), 140(1), 173(1). Clade 39:
11(1), 22(0), 73(1). Clade 40: 34(1), 171(0), 262(1). Clade 41 (Corythosaurus): 214(1). Clade 42 (Lambeosaurus): 27(0), 72(1),
77(3), 80(0), 127(1), 159(1), 183(2). Clade 43: 9(2), 156(0), 278(0). Clade 44: 34(1), 244(1), 245(2). Clade 45: 270(2). Clade

46: 33(2), 36(2), 37(2), 150(2).

be diagnostic for hadrosaurids could only be ambi-
guously reconstructed. When the accelerated trans-
formation option (ACCTRAN) was applied to the
ancestral state reconstructions the following charac-
ters also became synapomorphic for Hadrosauridae:
up to 32 tooth positions in the maxillary tooth row
[15(1), convergent in Protohadros byrdil; relatively
elevated lateral surface of the rostrodorsal region of
the maxilla [89(1), reversed in the Brachylophosaurus
clade]; anterior apex of the rostral process of the jugal
wedge-shaped, pointed, but not excessively elongated,
with the dorsal magin of the apex forming a relatively
steep angle with the horizontal [103(1), reversed in
the Brachylophosaurus clade]; caudodorsal margin
of the rostral process of the jugal that is 60-90% as
deep as the rostral jugal constriction, and dorsally or
slightly recurved caudodorsally, forming the rostro-
ventral corner of the orbital rim [104(1)]; caudoven-
tral apex of the rostral jugal process located ventral to
the caudal margin of the lacrimal process (106[1],
reversed in all saurolophines except the Brachylopho-
saurus clade); medial articular surface of the rostral
process of the jugal facing medially, the articular
surface is bounded only caudally by a rim of bone
[107(1)]; squamosal buttress on the caudal margin of
the dorsal end of the quadrate absent or poorly devel-
oped as a gentle convexity [120(0)]; extensive inter-
squamosal joint present at the midline, parietal
completely excluded from the sagittal plane of the

skull at that particular spot (in adults) [136(2)];
absence of frontal fontanelle [139(0), convergent in
Iguanodon bernissartensis, Mantellisaurus atherfield-
ensis, and Equijubus normani]; coracoid reduced in
size relative to the scapula [205(1)]; angle between
the lateral margins of the facet for scapular articula-
tion and the glenoid up to 115° [207(1), reversed in
Secernosaurus koerneri, the Salitral Moreno OTU,
Tsintaosaurus spinorhinus, and Pararhabdodon ison-
ensis); concave anteromedial margin of the coracoid,
associated with a relatively large and lateroventrally-
projected biceps tubercle [208(1)]; moderately long
‘hook-like’ ventral process of the coracoid, ratio
between the dorsoventral depth and the breadth of
the process between 0.65 and 0.80 [209(1)]; recurved
and caudoventrally directed ventral process of the
coracoid [210(1), reversed in Shantungosaurus gigan-
teus); curved and dorsally convex dorsal margin of
the scapula, curvature originating at the level of
the dorsal margin of the pseudoacromion process,
and being most pronounced over the dorsoventral
constriction [211(1), convergent in Tanius sinensis
Wiman, 1929, and reversed in the Sabinas OTU]J;
relatively long scapula, ratio between its anteropos-
terior length and the dorsoventral depth of its proxi-
mal end greater than 4 [212(1), reversed in the
Kritosaurus navajovius clade and S. giganteus); elon-
gation of metacarpal V, so that it is more than twice
as long as it is proximally wide [228(1), reversed in
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Figure 10. Time-calibrated phylogram based on the strict reduced consensus tree derived from maximum parsimony
analysis of hadrosaurid relationships. The geochronological ages are taken from Gradstein, Ogg & Smith (2004).
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Charonosaurus jiayinensis Godefroit et al., 2000
and Parasaurolophus]; and mediolaterally broad and
proximodistally shortened pedal unguals, rounded
shield or hoof-like shaped, with reduced or absent
claw grooves [285(1), convergent in Bactrosaurus
Jjohnsoni). On the other hand, the following ambigu-
ous synapomorphy also supported Hadrosauridae
when the delayed transformation option (DELTRAN)
was applied to the ancestral state reconstructions:
dorsoventrally thick and continuous lateral emargin-
ation of the ectopterygoid shelf, gradually thicker
caudally than rostrally [99(2)].

SAUROLOPHIDAE

This clade is defined as the last common ancestor
of Saurolophus osborni Brown, 1913, Lambeosaurus
lambei Parks, 1923, and all of its descendants (defi-
nition emended from Wagner, 2001; Prieto-Marquez,
2008). This clade represents the major split within
Hadrosauridae into the hollow-crested lambeosau-
rines and all other forms that include flat-headed and
solid-crested species. This split occurred no later than
the Santonian, according to the time-calibrated phy-
logram based on the strict reduced consensus tree
derived from the parsimony analysis (Fig. 10). Sau-
rolophidae was supported by four unambiguous syna-
pomorphies: presence of sinuous primary ridge in
dentary tooth crowns [7(1), reversed in saurolophines
except in the Brachylophosaurus clade and Gryposau-
rus latidens Horner, 1992]; long deltopectoral crest,
with the ratio between the proximodistal length of
the crest and the proximodistal length of the humerus
greater than 0.55 [219(2), reversed in saurolo-
phines except the Salitral Moreno OTU, Sauro-
lophus, Edmontosaurus, and Shantungosaurus gigan-
teus]; deltopectoral crest of the humerus extending
abruptly from the humeral shaft to give a distinct
angular profile [221(1)]; and caudodorsally oriented
dorsal margin of the postacetabular proces of the
ilium, rising dorsally relative to the acetabular
margin [248(1), reversed in the Big Bend UTEP
saurolophine].

Numerous ambiguous synapomorphies also sup-
ported Saurolophidae under DELTRAN, which are
not documented because of poor preservation in the
most immediate outgroup taxa, Claosaurus agilis,
Lophorhothon atopus, and Hadrosaurus foulkii: three
functional teeth throughout most of the dental
battery, gradually decreasing to two near the rostral
and caudal ends of the dentary [3(2)]; 33—44 tooth
positions in the maxilla [15(1), convergent in Proto-
hadros byrdi]; two functional teeth throughout most
of the dental battery length, gradually changing to
one near the rostral and caudal ends of the maxilla
[17(2)]; predentary with an angle between its rostral

surface and the dorsal margin of the lateral process of
40-55° [24(2), reversed in Gryposaurus monumenten-
sis Gates & Sampson, 2007, Kritosaurus navajovius,
and Edmontosaurus); subrectangular to rectangular
predentary denticles [25(1), reversed in Gryposaurus
notabilis]; predentary denticles limited to the rostral
margin [28(1), convergent in Bactrosaurus johnsoni];
dorsal keel-like process of the predentary with well-
developed ridge on the lingual surface of the rostral
segment of the predentary, from which the former
extends further caudally to lie dorsal to the dentary
symphysis [31(1), convergent in Protohadros byrdil;
angle between the dentary symphysis and the lateral
side of the rostral half of the dentary up to 15° [39(1),
convergent in P. byrdi); dentary coronoid process
rostrally inclined with an angle up to 68° [42(2)];
well-developed expansion of both the caudal and,
especially, the rostral margin of the dorsal region of
the coronoid process of the dentary [43(1)]; well-
developed expansion of the lateral side of the dentary
ventral to the coronoid process, with an angle
between the lateral surface of the dentary and that of
the region caudoventral to the coronoid process up to
165° [46(1)]; longitudinal axis of the dentary occlusal
plane axis parallel with the lateral side of the dentary
[47(1)]; caudal end of the dental battery located
posterior to the caudal edge of the coronoid process
[49(2)]; rostrodorsal process of the surangular
reduced in thickness rostrocaudally, strap-like, and
wedging dorsally into a thin sliver that becomes con-
cealed in lateral view by the dorsal half of the caudal
margin of the coronoid process [51(1)]; convex side of
the lateral lap and the lateroventral surface of the
main body of the surangular facing more ventrally
than laterally [54(1)]; premaxillary oral margin very
strongly deflected ventrally, so that, approximately,
the dorsoventral distance between the occlusal plane
and the level of the premaxillary oral margin is equal
to or larger than the mean depth of the dentary
[61(1), convergent in P. byrdi]; premaxillary oral
margin with a ‘double layer’ morphology consisting of
an external denticle-bearing layer and an internal
layer of thickened bone set back slightly from the oral
margin, and separated from the denticular layer
by a deep sulcus bearing vascular foramina [63(1),
convergent in Bactrosaurus johnsoni]; subtriangular
articular surface for the jugal that is more laterally
than dorsally facing, with a lateroventrally-directed
pointed corner that is located adjacent and slightly
dorsal to the proximal end of the lateral ridge of the
ectopterygoid shelf [92(2)]; six or less maxillary
foramina ventral and rostral to the jugal articulation
(excluding large rostrodorsal or rostrolateral foramen)
[94(1)]; dorsoventrally deep, with the caudodorsal
margin of the rostral process of the jugal about
60-90% as deep as the rostral jugal constriction,
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dorsally or slightly recurved caudodorsally, and
forming the rostroventral corner of the orbital rim
[104(1), convergent in P. byrdi]; medial articular
surface of the rostral process of the jugal facing medi-
ally, being bounded only caudally by a rim of bone
[107(1)]; elongated orbit, dorsoventrally deeper than
it is wide [188(1)]; subtriangular occiput, with the
quadrates laterally splayed distally [196(1)]; 12 or
more cervical vertebrae [199(1)]; eight or more
co-ossified vertebrae in the sacrum [202(1), conver-
gent in Iguanodon bernissartensis]; coracoid reduced
in size relative to the scapula [205(1)]; concave crani-
omedial margin of the coracoid, with a relatively large
and lateroventrally-projected biceps tubercle [208(1)];
recurved ventral process of the coracoid, so that it is
caudoventrally directed [210(1), reversed in Shantun-
gosaurus giganteus]; curved dorsal margin of the
scapula, dorsally convex, with the curvature originat-
ing at the level of the dorsal margin of the pseu-
doacromion process, most pronounced over the
dorsoventral constriction [211(1), convergent in
Tanius sinensis and reversed in the Sabinas saurolo-
phine]; relatively long scapula, ratio between its
anteroposterior length and the depth of the proximal
region greater than 4 [212(1), reversed in the
Secernosaurus—Gryposaurus clade and in S. gigan-
teus]; ratio between the depth of the distal end of
the scapular blade and the depth of the proximal
region of the scapula, 1 or greater [213(1), convergent
in B. johnsoni and reversed in the Secernosaurus—
Gryposaurus clade and S. giganteus]; number of
carpal bones reduced to a maximum of two unfused
elements [225(1)]; absence of manual digit I [226(1)];
elongation of metacarpal V, so that it is more than
twice as long as it is proximally wide [228(1), reversed
in the Charonosaurus—Parasaurolophus clade]; and
absence of distal tarsals II and III [280(1)]. Under
ACCTRAN, Saurolophidae was also supported by an
ambiguous synapomorphy: the presence of dentary
marginal denticles with three or more indentations at
the apex [10(0)].

SAUROLOPHINAE AND A REVISED HADROSAURINAE

As explained before, historically, one of the two major
subclades of hadrosaurids, Hadrosaurinae, included
all forms with or without solid crests, and hypertro-
phied nasal passages with more or less developed
circumnarial fossae exposed on the lateral side of the
skull (Lull & Wright, 1942; Weishampel & Horner,
1990; Horner et al., 2004). The clade was recovered in
the consensus trees derived from all analyses except
the Bayesian analysis with gamma. However, in all
the phylogenies inferred in this study the name-
bearing type of Hadrosaurinae, Hadrosaurus foulkii,
was excluded from this clade. Articles 29.3 and 63

state that the stem of the family-group names must
be based on the name of its type genus. Consequently,
Hadrosaurinae must include the genus Hadrosaurus.
Given the phylogenetic results of this study (Figs 5—
8), this restricts the use of Hadrosaurinae to the
lineage formed by H. foulkii. The sister clade to
Lambeosaurinae was here given the name Saurol-
ophinae, a term originally coined by Brown (1914).
Saurolophinae is here defined as Saurolophus osborni
and all taxa more closely related to it than to Lam-
beosaurus lambei or Hadrosaurus foulkii (definition
emended from Wagner, 2001; Prieto-Marquez, 2008)
(Fig. 9). According to the time-calibrated phylogram
based on the strict reduced consensus tree derived
from the parsimony analysis, saurolophine hadrosau-
rids appeared no later than the Lower Campanian
(Fig. 10).

Numerous unambiguous synapomorpies supported
Saurolophinae: predentary ventral process with long
indentation and shallow undivided portion, with the
splitting originating at a distance from the preden-
tary ventral margin that is less than the mediolateral
width of the process [32(1), reversed in Grypo-
saurus notabilis and Gryposaurus monumentensis];
very wide premaxilla, ratio between the maximum
mediolateral width of the element and the minimum
width at its narrowest point (post-oral constriction)
greater than 2 [60(2), reversed in G. notabilis and
G. monumentensis, and in Saurolophus]; presence of
premaxillary foramen located rostrally and ventrolat-
erally to the anterior margin of the external naris
[64(1)]; quadrate with wide arcuate and symmetrical
quadratojugal notch, the ventral half of the notch
being rostroventrally-directed and nearly straight,
as it is the dorsal half [119(2), reversed in the
Prosaurolophus—Saurolophus clade]; subtriangular
infratemporal fenestra, with a dorsal margin that
is narrower than the ventral one [191(1), reversed in
the Kritosaurus clade]; supra-acetabular process of
the ilium with a caudodorsal margin that is poorly
defined and appears discontinuous with the dorsal
margin of the proximal region of the postacetabular
process because of the lack of a well-demarcated cau-
dodorsal ridge [240(1), reversed in Gryposaurus lati-
dens, Secernosaurus koerneri, the Salitral Moreno
saurolophine, and Prosaurolophus maximus]; pubic
peduncle of the ischium oriented parallel with the
ischial shaft [267(2), reversed in Saurolophus]; and
ischium with dorsal acetabular margin of the pubic
peduncle set dorsal to the dorsal margin of the ischial
shaft [269(1), reversed in Saurolophus angustiro-
stris Rozhdestvensky, 1952 and the Salitral Moreno
saurolophine].

In addition, the following ambiguous synapomor-
phies supported Saurolophinae under ACCTRAN:
dentary marginal denticles absent or reduced to small
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papillae along the apical half of the dorsal half of
the tooth crown [9(2), convergent in Bactrosaurus
Jjohnsonil; rostrocaudally constricted dorsal region of
the infratemporal fenestra, caused by the presence
of a nearly straight and oblique caudoventral margin
of the caudodorsal region of the postorbital (dorsal
region of infratemporal fenestra typically subtriangu-
lar) [129(1), reversed in the Kritosaurus—Gryposaurus
cladel]; relatively long parietal, maximum length/
minimum width ratio greater than 2.35 [147(2)];
proximal caudal vertebrae with chevrons longer than
the neural spines [203(1)]; and scapula with dorsoven-
trally deep and craniocaudally long deltoid ridge, with
a well-demarcated ventral margin of the deltoid ridge
[218(1), convergent in B. johnsoni, Gilmoreosaurus
mongoliensis, Parasaurolophus, and reversed in
Shantungosaurus giganteus).

Under DELTRAN, Saurolophinae was supported by
the following ambiguous synapomorphies: predentary
where the separation between two consecutive den-
ticles is smaller than the basal width of each indi-
vidual denticle, but larger than 25% of its basal
breadth [26(1)]; presence of premaxillary foramen
located rostrally and ventrolaterally to the rostral
margin of the external naris [64(1), convergent in
Tsintaosaurus spinorhinus and reversed in the Sali-
tral Moreno saurolophine]; large rostral maxillary
foramen opening on the rostrolateral body of the
maxilla, within the dorsal half of the rostrodorsal
margin of the element, and exposed in lateral view
[95(1)]; angle between the ventral margins of the
basispterygoid processes of the basisphenoid, 100°
or greater [154(1), convergent in Tanius sinensis,
T. spinorhinus, and reversed in Kerberosaurus mana-
kini]; caudal margin of the functional external naris
composed entirely by the nasal [177(1)]; pseudoacro-
mion process of the scapula horizontal, occasionally
with minor and subtle dorsal or ventral curvatures, so
that the cranial region is cranially or mostly cranially
directed [215(1), convergent in Lophorhothon atopus];
and relatively long ulna, up to 20% longer than the
humerus [224(1), convergent in the Charonosaurus—
Parasaurolophus clade].

The position of the Brachylophosaurus clade

Previous analyses have regarded the clade includ-
ing Brachylophosaurus canadensis and Maiasaura
peeblesorum as most closely related to Gryposaurus
(Weishampel & Horner, 1990; Weishampel et al.,
1993; Kirkland, 1998; Hu etal., 2001; Gates &
Sampson, 2007), as sister clade to Edmontosaurus
(Horner et al., 2004), as sister clade to a monophyletic
group composed of Gryposaurus, Saurolophus,
and Prosaurolophus (Prieto-Marquez, 2005; Prieto-
Marquez et al., 2006a), or as a basal saurolophine
(Horner, 1992; Godefroit et al., 2008). A close relation-

ship between the Brachylophosaurus clade and
Gryposaurus was only supported in the phylogeny
derived from the Bayesian analysis without the
gamma parameter (Fig. 7). The other two analyses
(Bayesian with gamma and parsimony) supported a
basal position of the Brachylophosaurus clade within
Saurolophinae. In particular, both the strict (Fig. 5)
and reduced strict (Fig.6) consensus trees of
the preferred (parsimony) phylogeny recovered the
Brachylophosaurus clade as the sister clade to all
other saurolophines. Unambiguous synapomorphies
present in all saurolophines, with the exception of the
Brachylophosaurus clade, include: more than 42 tooth
positions in the dentary dental battery [1(2)]; 45 or
more tooth positions in the maxillary dental battery
[15(2)]; angle between the dentary proximalmost
edentulous slope and the occlusal plane of 150° or
more [34(1)]; moderately expanded deltopectoral crest
of the humerus, with ratio between the width of the
humerus across the distal fourth of the deltopectoral
crest and the width of the distal shaft at the point of
maximum curvature between 1.65 and 1.90 [220(1)];
ratio between the depth of the central plate of the
ilium and the distance between the pubic peduncle
and the caudodorsal prominence of the ischial
peduncle less than 0.8 [234(1)]; long iliac peduncle of
the ischium, ratio between the proximodistal length
and the craniocaudal width of the distal margin
greater than 2 [265(2)]; and length/width ratio of
metatarsal IIT less than 4.5 [282(0)].

The position of the Prosaurolophus—

Saurolophus clade

The relationship of Prosaurolophus and Saurolophus
within saurolophines represents one of the most
notable cases of character conflict among hadrosau-
rids. On one hand, the facial anatomy of Prosaurolo-
phus and Saurolophus shares a number of characters
with Edmontosaurus, such as the elongated mandible
with more than 50 alveolar positions per tooth row,
and the deeply excavated caudal region of the circum-
narial fossa. On the other hand, several other char-
acters are shared between the Prosaurolophus—
Saurolophus clade and Gryposaurus, such as a thin
and reflected premaxillary oral margin and a prepu-
bic blade with a squared dorsal margin. Thus, previ-
ous analyses have shown that the Prosaurolophus—
Saurolophus clade was either closely related
to Edmontosaurus (Weishampel & Horner, 1990;
Weishampel et al., 1993; Kirkland, 1998; Gates &
Sampson, 2007; Godefroit et al., 2008) or to Grypo-
saurus  (Prieto-Marquez, 2005; Prieto-Marquez
et al., 2006a). None of the phylogenetic analyses of
this study supported the close relationship of the
Prosaurolophus—Saurolophus clade with Edmonto-
saurus. Instead, all but the Bayesian analysis with
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gamma recovered Prosaurolophus and Saurolophus
as being most closely related to a clade including
Gryposaurus and Kritosaurus (Figs 5-7). In the pre-
ferred phylogeny (Fig. 6), unambiguous synapomor-
phies uniting the Prosaurolophus—Saurolophus clade
with the clade including Gryposaurus are: ratio
between the length of the proximal edentulous slope
of the dentary and the distance between the rostral-
most tooth position and the caudal margin of the
coronoid process between 0.20 and 0.31 [33(1)]; oral
premaxillary margin folded caudodorsally into a thin
recurved edge [62(2)]; lack of lateral exposure of the
rostrodorsal process of the maxilla through the narial
foramen [85(0)]; maxilla—lacrimal contact present
externally [96(0)]; wide and shallow embayment
forming the ventral margin of the jugal, between the
caudoventral flange and the rostral process [109(0)];
relatively short craniodorsal region of the scapula
[217(1)]; rectangular to subrectangular prepubic
process of the pubis, craniocaudally longer than dor-
soventrally tall, nearly straight profiles of the dorsal
and ventral proximal margins [253(4)]; pubis with
proximal constriction and distal expansion of approxi-
mately the same length [255(1)]; length/width ratio of
the ischial peduncle of the pubis, 3 or more [259(2)];
and disc-shaped pedal phalanges III2 and III3 being
more than three times wider than they are proximo-
distally long [284(1)].

The position of Barsboldia sicinskii

This poorly known hadrosaurid from the Nemegt
Formation of Mongolia has long been considered
a lambeosaurine (Maryanska & Osmolska, 1981;
Weishampel & Horner, 1990; Horner et al., 2004),
based on the great elongation of the neural spines of
the sacral and anterior caudal vertebrae (Maryanska
& Osmolska, 1981). However, the lambeosaurine
affinities of Barsboldia sicinskii were not supported in
the present study. In contrast, in both the Bayesian
and parsimony consensus trees, this species was
recovered as a member of Saurolophinae (Figs 5, 7, 8).
Unambiguous synapomorphies supporting the inclu-
sion of B. sicinskii within Saurolophinae in the strict
consensus tree of the parsimony analysis include an
ilium with caudodorsal margin that is poorly defined
and appears discontinuous with the dorsal margin of
the proximal region of the postacetabular process,
because of the lack of a well-demarcated caudodorsal
ridge [240(1)].

LAMBEOSAURINAE

The clade of ‘hollow-crested’ hadrosaurids was rede-
fined here as Lambeosaurus lambei Parks, 1923 and
all taxa more closely related to it than to Hadrosau-
rus foulkii Leidy, 1858, Saurolophus osborni Brown,

1913, or Edmontosaurus regalis Lambe, 1917b
(definition emended from Sereno, 1998; Wagner,
2001; Prieto-Marquez, 2008). According to the time-
calibrated phylogram based on the strict reduced con-
sensus tree derived from the parsimony analysis,
lambeosaurine hadrosaurids appeared no later than
the Santonian (Fig. 10). Lambeosaurine monophyly
was supported by the following unambiguous synapo-
morphies: absence of rostrodorsal process of the
maxilla, so that the rostral end of the element forms
a ventrally sloping rostrodorsal shelf that underlies
the premaxilla [84(1)]; dorsal process of the maxilla
dorsoventrally taller than it is wide, with a peaked
and caudally inclined apex [91(1)]; and oval
supratemporal fenestra, with the long axis directed
rostrolaterally [193(1)].

The incompletely known Aralosaurus tuberiferus
caused the following characters to be ambiguous
synapomorphies, and these characters also supported
Lambeosaurinae when ACCTRAN was applied to the
ancestral state reconstructions: subsquared rostrolat-
eral corner of the predentary [29(1), convergent
in Protohadros byrdi, Eolambia caroljonesa, and
Edmontosaurus); elongate caudodorsal process of
the premaxilla that extends caudally to meet the
caudoventral process, forming the caudal margin of
the external naris [68(1)]; large rostral maxillary
foramen opening on the dorsal surface of the maxilla
along the maxilla—premaxilla contact, not exposed
laterally [95(2)]; triangular adult lacrimal, rostro-
caudally abbreviated with a relatively shorter and
thinner rostral process [101(1)]; ventrally projected,
triangular, and narrow caudoventral margin of the
rostral process of the jugal, at least twice as deep as
it is wide, sharply pointed and often recurved cau-
dally [105(2)]; caudal margin of the dorsal half or
third of the quadrate that is strongly curved caudally
relative to the ventral half of the element, showing
an angle of less than 150° [116(1), convergent in
Iguanodon bernissartensis and Shantungosaurus
giganteus]; midpoint of the quadratojugal notch of
the quadrate located near the mid-length of the
element, ratio between the distance from the mid-
length of the notch to the qudadrate head and the
dorsoventral length of the element less than 0.60
[117(0), convergent in Iguanodon bernissartensis,
Mantellisaurus atherfieldensis, Equijubus normani,
and Eolambia caroljonesa); frontal completely
excluded from the orbital margin by an extensive
articulation between the prefrontal and postorbital
[143(2), convergent in Saurolophus]; sharp annular
ridge of the frontal [146(1)], [148(1), convergent in
Saurolophus osborni]; nasal passage nearly or com-
pletely enclosed by bone and formation of internal
cavities and passages (such as lateral diverticula and
a common median chamber) [169(1)]; nasal passage
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not extending caudally to the occiput, with a nasal
vestibule that flanks a common median chamber
[176(1)]; caudal margin of the functional external
naris composed entirely by the premaxilla [177(2)];
absence of circumnarial fossa on the lateral surface
of the facial region of the skull, circumnarial fossa
entirely enclosed [178(0)]; slightly elongated neural
spines in the cranial dorsal vertebrae, forming a
‘wither-like’ region above the pectoral girdle [201(1),
convergent in Saurolophus and Saurolophus gigan-
teus]; recurved pseudoacromion process of the
scapula, so that the cranial region is dorsally or
craniodorsally directed [215(0), convergent in I. ber-
nissartensis, M. atherfieldensis, E. normani, E. car-
oljonesa, P. byrdi, Tanius sinensis, Bactrosaurus
Jjohnsoni, and Gilmoreosaurus mongoliensis]; greatly
expanded deltopectoral crest of the humerus, ratio
between the width of the humerus across the distal
fourth of the deltopectoral crest and the width of the
distal shaft greater than 1.90 [220(2), convergent in
Wulagasaurus dongi and Saurolophus]; ulna more
than 20% longer than the humerus [224(2), reversed
in the Charonosaurus-Parasaurolophus clade and
Brachylophosaurus canadensis]; prepubic process
of the pubis with subsquared distal dorsal margin,
expansion dorsoventrally taller than cranioventrally
long, very pronounced proximal dorsal concavity and
nearly straight distal ventral margin [253(1)]; pres-
ence of a well-developed curvature in the posterodor-
sal corner of the distal margin of the iliac peduncle of
the ischium, so that the peduncle appears ‘thumb-
like’ in lateral and medial profiles [263(2)]; ventrally
expanded distal end of the ischial shaft, forming a
large ‘foot’ or ‘boot-like’ process [271(1), convergent
in I. bernissartensis, M. atherfieldensis, E. normani,
E. caroljonesa, P. byrdi, T. sinensis, B. johnsoni, and
G. mongoliensis); club-shaped distal end of the fibula,
with a concave cranial margin and prominent
cranial expansion [278(1), convergent in T. sinensis
and reversed in the Hypacrosaurus altispinus—
Amurosaurus clade]; short medial platform of the
astragalus, wedging laterally, underlying only part of
the medial malleolus of the tibia [279(1)]; pedal pha-
langes III2 and III3 more than three times wider
than they are proximodistally long [284(1), conver-
gent in saurolophines except the Brachylophosaurus
clade, Shantungosaurus giganteus, and Edmontosau-
rus). No ambiguous synapomorphies were found
under DELTRAN.

The position of Olorotitan ararhensis

This species of lambeosaurine was described by
Godefroit et al. (2003) from material collected in
Maastrichtian strata near Kundur, in the Amur
region of Far Eastern Russia. Previous phylogenies
have shown Olorotitan ararhensis as most closely

allied to the Corythosaurus clade (Godefroit et al.,
2003; Evans & Reisz, 2007; Gates etal., 2007;
Godefroit et al., 2008). In this study, this hypothesis
was supported in both Bayesian analyses, where O.
ararhansis was recovered as the sister taxon to a
clade composed of Corythosaurus, Lambeosaurus,
and Hypacrosaurus (Figs 7, 8). In contrast, the strict
reduced consensus tree of the parsimony analysis
recovered O. ararhensis as a basal species, the sister
taxon to a clade including all lambeosaurines except
Tsintaosaurus spinorhinus, Pararhabdodon isonen-
sis, Jaxartosaurus aralensis, and Aralosaurus tuber-
iferus. Unambiguous synapomorphies uniting O.
ararhensis to the clade composed of all lambeosau-
rines except T. spinorhinus, P. isonensis, J. aralensis,
and A. tuberiferus include: dentary tooth crowns
with a primary ridge and one or two faint and
shorter ridges [5(2)]; ratio between the dorsoventral
depth of the predentary rostral face (excluding the
median ventral process) and the length of the lateral
process of 0.38 or less [23(1)]; angle of the preden-
tary rostral surface relative to the dorsal margin
of the lateral process of 40° or less, gently rounded
rostral surface [24(3)]; presence of six predentary
denticles in adult individuals lateral to the median
denticle [27(1)]; angle between the proximal slope
of the edentulous margin of the dentary that arti-
culates with the predentary and the horizontal
between 113° and 128° [35(1)]; presence of lateral
curvature of the caudal process of the surangular
[55(1)]; angle between the medial margin of the
proximal region of the surangular and the medial
margin of the proximal region of the caudal process
of the element up to 148° [56(1)]; premaxilla with
moderately expanded oral margin, becoming thinner
towards the parasagittal plane of the snout [62(1)];
triangular and rostrocaudally compressed lateral
surface of the rostrodorsal region of the maxilla
[88(1)]; dorsomedial margin of the prefrontal devel-
oped into a caudodorsally oriented crest, which
extends caudally over the dorsal surface of the
frontal and above the prefrontal-postorbital articu-
lation in lateral view in adults [122(2)]; and iliac
supra-acetabular process symmetrical or with a
slightly caudally skewed profile [238(1)]. Likewise,
the following two unambiguous synapomorphies
are lacking in O. ararhensis, but are present in all
lambeosaurines except 7. spinorhinus, P. isonensis,
J. aralensis Riabinin, 1939, and A. tuberiferus:
rostral apex of the rostral process of the jugal
greatly reduced to a blunt convexity [103(2)]; and
dorsal margin of the infratemporal fenestra lying
slightly or substantially below the level of the dorsal
margin of the orbit, with the caudal region of the
skull roof being subhorizontal or slightly sloping cau-
doventrally relative to the frontal plane [192(2)].
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The position of Hypacrosaurus stebingeri

Horner, Varricchio & Goodwin (1992) originally
regarded this species from the late Campanian of the
Two Medicine Formation of Montana, USA, and the
Oldman Formation of Alberta, Canada, as having
evolved anagenetically from a taxon closely related to
Lambeosaurus spp. These authors pointed out that
Hypacrosaurus stebingeri had a cranial crest mostly
composed of premaxillae, as in Lambeosaurus, and a
reduced narial opening, as in Hypacrosaurus altispi-
nus. From this, they deduced that H. stebingeri was
a metaspecies, a taxon that had evolved through
anagenesis from a species of Lambeosaurus. However,
examination of the type skull of H. stebingeri, MOR
549, supports Evans, Forster & Reisz (2005) and
Evans & Reisz (2007) in that the narial opening
is very elongated and not restricted, as in species
of Lambeosaurus and Corythosaurus. Furthermore,
although the premaxilla forms a large part of the
crest in H. stebingeri, its contribution in no way
approaches the condition in Lambeosaurus. Neverthe-
less, H. stebingeri also have greatly elongated dorsal
vertebral neural spines, as in H. altispinus.

Two recent phylogenetic analyses inferred the
position of H. stebingeri as the sister taxon to H.
altispinus (Evans & Reisz, 2007; Gates et al., 2007),
whereas other studies could not resolve its position
beyond its being a lambeosaurine hadrosaurid
(Suzuki et al., 2004; Prieto-Marquez et al., 2006a).
In the present study, all the analyses supported
H. stebingeri as being closely related to the
Lambeosaurus—Corythosaurus clade. However, the
parsimony analysis recovered a paraphyletic Hypac-
rosaurus, with H. stebingeri as the sister taxon to
the Lambeosaurus—Corythosaurus clade (Figs 5, 6).
Unambiguous synapomorphies supporting H. stebin-
geri as the sister taxon to the Lambeosaurus—
Corythosaurus clade in the preferred parsimony strict
reduced consensus tree are: dentary tooth crowns
with mesial margin having larger denticles than the
distal one [11(1)]; ratio between the predentary
maximum mediolateral width and the maximum ros-
trocaudal length along the lateral process less than
1.2 [22(0)]; and triangular and very long external
naris (length/width ratio greater than 2.85), with a
caudal constriction gradually closing caudodorsally
[73(1)]. In contrast, both Bayesian analyses showed
a monophyletic Hypacrosaurus (composed of H.
altispinus and H. stebingeri) as the sister clade to the
Lambeosaurus—Corythosaurus clade (Figs7, 8).
Unambiguous synapomorphies supporting the mono-
phyly of Hypacrosaurus, shared by H. altispinus and
H. stebingeri in both Bayesian trees, are: height/width
ratio of the dentary tooth crowns greater than 3.3
[4(3)]; very long dorsal and sacral neural spines, ratio
of the height of the neural spine relative to that of the

centrum of the tallest posterior dorsal or sacral ver-
tebrae greater than 3.25 [200(2)]; and length/width
ratio of metatarsal III less than 4.5 [282(0)].

The position of Nipponosaurus sachalinensis

This taxon is known from a partially preserved juve-
nile specimen collected from the Late Santonian—
Early Campanian Upper Yezo Group of South
Sackhalin, Russia (Nagao, 1936; Suzuki et al., 2004).
Previous analyses have hypothesized a close relation-
ship between Nipponosaurus sachalinensis and
Hypacrosaurus altispinus (Suzuki et al., 2004) or
positioned the former species as the sister taxon to a
clade formed by Corythosaurus, Lambeosaurus, and
Hypacrosaurus (Evans & Reisz, 2007). In contrast
to Suzuki et al. (2004) and Evans & Reisz (2007), I
did not score N. sachalinensis as having an angular
ventral flange of the jugal (character 21 in Suzuki
et al., 2004). This is because the presence of such a
character in N. sachalinensis is ambiguous at best, as
previously noted by Evans (2007b). Figure 3 of Suzuki
et al. (2004) shows that the ventral flange of the jugal
in UHR 6590 is incomplete. Reconstruction of the
ventral margin of the flange as angular is only one of
the many possible profiles that this region of the jugal
may have had. A more rounded ventral margin is also
possible, given the amount of bone missing in the
jugal flange in this exemplar. Thus, an angular
ventral flange of the jugal was only observed with
certainty in specimens of H. altispinus (e.g. ROM
702), and thus constitutes an autapomorphy of this
species. In this study, the position of N. sachalinensis
could not be resolved using parsimony, reflecting the
labile phylogenetic placement of this taxon recognized
by Evans & Reisz (2007). The strict consensus tree of
the parsimony analysis showed N. sachalinensis as
part of a clade including all lambeosaurines, to the
exception of Tsintaosaurus spinorhinus, Pararhabdo-
don isonensis, Jaxartosaurus aralensis, and Aralosau-
rus tuberiferus (Fig. 5). In contrast, the position of V.
sachalinensis could be resolved in the two Bayesian
analyses, although it differed between the two Baye-
sian analyses. Thus, in the tree summarizing the
results of the Bayesian analysis without gamma,
N. sachalinensis was positioned outside the clade
including  Corythosaurus and Parasaurolophus
(Fig. 7). This position was unambiguously supported
by the presence of sinuous primary ridges on maxil-
lary tooth crowns [20(1)]. Finally, the tree derived
from the Bayesian analysis without gamma recovered
N. sachalinensis as the sister taxon to Velafrons
coahuilensis, with both taxa forming a basal clade
within the Corythosaurus clade. This position of the
N. sachalinensis—V. coahuilensis clade was unambigu-
ously supported by an angle between the dentary
proximalmost edentulous slope and the tooth row of
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150° or greater [34(1)], and subrectangular dorsal
margin of the infratemporal fenestra, with a dorsal
infratemporal margin that is approximately as wide
as the ventral margin [191(0)].

The status of Lambeosaurus laticaudus

Morris, 1981

This lambeosaurine was described from partial
cranial and postcranial elements collected in Campa-
nian deposits of El Gallo Formation in Baja Califor-
nia, Mexico (Morris, 1981). None of the phylogenetic
analyses conducted in the present study supported
the inclusion of Lambeosaurus laticaudus in the
genus Lambeosaurus. However, no consensus was
found regarding the phylogenetic position of this
taxon among all the phylogenies resulting from this
study. Thus, L. laticaudus was recovered as a member
of the Hypacrosaurus clade in the strict reduced con-
sensus of the parsimony analysis (Fig. 6), as a rela-
tively basal lambeosaurine in the Bayesian analysis
without gamma (Fig. 7), and as a basal member of the
Parsaurolophus clade in the Bayesian analysis with
gamma (Fig. 8). In the strict reduced consensus tree
of the preferred parsimony, unambiguous synapomor-
phies supporting the inclusion of L. laticaudus in a
clade with Velafrons coahuilensis and Hypacrosaurus
altispinus are: angle between the dentary proximal-
most edentulous slope and the horizontal of between
113° and 128° [34(1)]; presence of brevis shelf at the
base of the postacetabular process of the ilium
[244(1)]; and presence of a well-defined ridge on the
medial side of the postacetabular process, forming
the medial margin of a medioventrally-facing shelf,
with a postacetabular process that is progressively
expanded mediolaterally towards the caudal end
[245(2)]. Likewise, a single unambiguous synapomor-
phy supported L. laticaudus as the sister taxon to
H. altispinus: a very thick ischial shaft, of thickness
greater than 7.5% the length of the shaft [270(2)].

CONCLUSIONS

Parsimony and Bayesian analyses (Mk model with
and without the gamma parameter) were conducted
on a complete taxonomic sample of hadrosaurid
species. Hadrosauridae was redefined as the clade
stemming from the most recent common ancestor of
Hadrosaurus foulkii and Parasaurolophus walkeri.
Parsimony and Bayesian analysis using the Mk
model without the gamma parameter confirmed the
evolution of hadrosaurids into Saurolophinae (Hadro-
saurinae of most previous authors) and Lambeo-
saurinae. Saurolophines consisted of Edmontosaurus,
Shantungosaurus giganteus, Barsboldia sicinskii,
and a speciose clade composed of the Prosaurolophus—
Saurolophus and the Kritosaurus—Gryposaurus—

Secernosaurus subclades. Lambeosaurines consisted
of a succession of Eurasian taxa leading to a speciose
clade composed of the Parasaurolophus and the
Hypacrosaurus altispinus—Corythosaurus subclade.
The Brachylophosaurus clade was recovered as the
most basal saurolophine clade in the strict and strict
reduced consensus trees derived from parsimony
analysis, whereas it was positioned as a sister clade
to the Kritosaurus—Gryposaurus—Secernosaurus clade
in the consensus tree derived from the Bayesian
analysis without gamma. In contrast, the topology
derived from the Bayesian analysis using the Mk
model with the gamma parameter resulted in an
unbalanced hadrosauroid tree containing a paraphyl-
etic Saurolophinae. Saurolophines such as Edmonto-
saurus, Shantungosaurus giganteus, and Barsboldia
sicinskii were recovered as successively closer sister
taxa to Lambeosaurinae. In general, the interrela-
tionships among lambeosaurine taxa did not differ
substantially in the latter analysis, with the recovery
of a speciose clade composed of the Parasaurolophus
and Corythosaurus subclades.
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APPENDIX

List of the characters used for inferring the phyloge-
netic relationships of hadrosaurid dinosaurs. The list
is organized by anatomical region. Characters are
illustrated and documented online using graphs and
photographs deposited in http:/www.morphbank.net.
There are two ways to access the images. On one
hand, a link is provided for an entire anatomical
region to a collection of images documenting its entire
set of characters. One can then browse among these
images representing all the characters for a given
anatomical region. On the other hand, I have pro-
vided direct links for each individual character. Each
one of these links will display a window with the
image record for a particular character in Morph-
bank. Figure captions, including specimen numbers
for each illustrated example, were included as anno-
tations: these are revealed by clicking on ‘Display
Information’ at the bottom left corner of the Annota-
tion Record window. Taxon abbreviations in the box-
plots documenting various quantitative characters in
Morphbank are as follows: Am, Amurosaurus riabi-
nini; Ar, Aralosaurus tuberiferus; Ba, Bactrosaurus
Jjohnsoni; Bb, Barsboldia sicinskii; Br, Brachylo-
phosaurus canadensis; Ch, Charonosaurus jiayinen-

sis; Cl, Claosaurus agilis; Co, Corythosaurus sp.;
Coi, Corythosaurus intermedius; Cos, Corythosaurus
casuarius; Ed, Edmontosaurus sp.; Eda, Edmonto-
saurus annectens; Edr, Edmontosaurus regalis; Eo,
Eolambia caroljonesa; Eqn, Equijubus normani; Gi,
Gilmoreosaurus mongoliensis; Gr, Gryposaurus sp.;
Grl, Gryposaurus latidens; Grm, Gryposaurus monu-
mentensis; Grn, Gryposaurus notabilis; Hd, Hadro-
saurus foulkii; Hy, Hypacrosaurus altispinus; Hys,
Hypacrosaurus stebingeri; 1g, Iguanodon sp.; Iga,
Mantellosaurus atherfieldensis; Igb, Iguanodon ber-
nissartensis; Jx, Jaxartosaurus aralensis; Kb, Kerbe-
rosaurus manakini; Kr, Kritosaurus navajovius; Lc,
Lambeosaurus laticaudus; Lh, Lophorhothon atopus;
Lm, Lambeosaurus lambei; Lmm, Lambeosaurus
magnicristatus; Ma, Maiasaura peeblesorum; Ol,
Olorotitan ararhensis; Ou, Ouranosaurus nigeriensis;
Pa, Parasaurolophus sp.; Pac, Parasaurolophus
walkeri; Pat, Parasaurolophus tubicen; Paw, Para-
saurolophus walkeri; Pb, Probactrosaurus gobiensis;
Ph, Pararhabdodon isonensis; Pr, Prosaurolophus
maximus; Pt, Protohadros byrdi; Saa, Saurolophus
angustirostris; Sal, Salitral Moreno OTU; Sao, Sau-
rolophus osborni; Sh, Shantungosaurus giganteus; Sy,
Sahaliyania elunchunorum; Se, Secernosaurus koern-
eri; Ta, Tanius sinensis; Te, Telmatosaurus transsyl-
vanicus; Ts, Tsintaosaurus spinorhinus; Ve, Velafrons
coahuilensis; Wu, Wulagasaurus dongi; x, Hadrosau-
ridae indeterminate. In the list below, the codes in
capital letters (e.g. DTTH1, MXZ7, etc.) are labels that
designate characters documented in Morphbank and
also in Prieto-Marquez (2008).

DENTAL CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461022)

1. Maximum number of tooth positions in the
dentary dental battery (DTTH1, http:/www.
morphbank.net/Show/?1d=460667; modified from
Horner et al., 2004: character 1): 30 or less
(sample mean of 22 alveolar positions) (0); 31-42
(sample mean of 37 alveolar positions) (1); more
than 42 (sample mean of 49 alveolar positions)
(2).

2. Minimum number of teeth per alveoli arranged
dorsoventrally at mid length of the dental
battery (DTTHS3, http:/www.morphbank.net/
Show/?1d=461202; modified from Horner et al.,
2004: character 2): two (0); three (1); four; (2) five
or more (3).

3. Maximum number of functional teeth exposed
on the dentary occlusal plane (DTTH4, http:/
www.morphbank.net/Show/?id=461203; modified
from Horner et al., 2004, character 3): one (0);
one functional tooth rostrally and caudally, and
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up to two teeth at and approaching the middle of
the dental battery (1); three functional teeth
throughout most of the dental battery, gradually
decreasing to two near the rostral and caudal
ends of the dentary (2).

. Height/width ratio of the dentary tooth crowns in
lingual aspect (DTTHS5, http:/www.morphbank.
net/Show/?id=461204): ratio up to 1.95 (sample
mean ratio of 1.6) (0); ratio from 1.95 to 2.7
(sample mean ratio of 2.4) (1); ratio from 2.8 to 3.3
(sample mean ratio of 3.0) (2); ratio greater than
3.3 (sample mean ratio of 3.7) (3).

. Maximum number of ridges on the enamelled
lingual side of dentary tooth crowns (DTTHSG,
http://www.morphbank.net/Show/?1d=461205;
modified Horner et al., 2004, character 6): pres-
ence of a primary major ridge extending from the
ventral to the dorsal end of the crown, a rostral
and slightly shorter secondary ridge, and several
(three or more) subdisidary, faintly developed,
and short tertiary ridges (0); presence of primary,
secondary, and one or two tertiary ridges (1);
presence of a primary ridge and one or two faint
and shorter ridges (2); loss of all but the primary
ridge (3).

. Dentary tooth crowns, position of the primary
ridge (DTTH7, http://www.morphbank.net/Show/
?1d=461207; modified from You et al., 2003, char-
acter 39): well offset caudally from the midline
(0); median for most teeth, although some teeth
within the same dental battery may display a
slight caudal offset of the primary ridge (1).

. Shape of the primary ridge of dentary tooth
crowns (DTTHS8, http:/www.morphbank.net/
Show/?1d=461208; modified from Godefroit et al.,
2000 character 23): straight in all teeth within
the same dentition (0); straight for some crowns
and sinuous for others (1). In those taxa with
teeth with sinuous primary ridges, the proportion
in which these crowns occur in the dentition
is variable. For example, whereas most tooth
crowns bear sinuous ridges in the Corythosaurus
specimen TMP 82-37-01, Godefroit et al. (2004a)
reported that the sinuous carina are present only
on the mesial crowns of Amurosaurus riabinini.
. Angle between the crown and the root of dentary
teeth (DTTHY, http://www.morphbank.net/Show/
?21d=461209; modified from Godefroit et al., 2000,
character 24): up to 110° (sample mean angle
of approximately 105°), curved root (0); more than
110° and up to 135° (sample mean angle of
approximately 125°), straight root (1); more than
135° (sample mean angle of approximately 140°),
straight root.

. Overall morphology of the dentary marginal
denticles (DTTH10, http:/www.morphbank.net/

10.

11.

12.

13.

14.

15.

16.

17.

Show/?1d=461210; Norman, 2002: character 31):
wedge to tongue-shaped (0); curved and mammi-
llated asymmetrical ledge (1); absent or very
reduced to small papillae along the apical half
of the dorsal half of the crown (2).

Structure of the dentary marginal denticles
(DTTH11, http:/www.morphbank.net/Show/?id=
461211): denticles with three or more indenta-
tions at the apical margin of the denticle (0);
denticles with three separate and rounded knobs
aligned labiomesially (1); each denticle consisting
of a single and rounded knob (2). In all taxa under
consideration denticles become smaller and more
densely packed at the apex of the crown. Thus,
the character states listed above concern the
morphology of the denticles along the margins of
the dorsal half of the crown, to the exclusion of the
apex itself.

Denticle size (DTTH12-13, http://www.
morphbank.net/Show/?id=461212): the denticles
of both mesial and distal margins are equal in
size (0); the mesial margin has larger denticles
than the distal one (1).

Imbrication of dentary tooth crowns (DTTH12-
13, http://www.morphbank.net/Show/?id=
461212): absent (0); present, the mesial margin
overlaps the distal one of the adjacent crown (1).
Morphology of the alveolar sulci (DTTHI14,
http://www.morphbank.net/Show/?1d=461214;
Norman, 2002: character 33): shaped by dentary
crowns (0); narrow and parallel-sided sulci (1).
Distribution of the enamel of dentary crowns
(Norman, 2002: character 30): presence of a thin
veneer labially, thick lingually (0); only present
lingually (1).

Maximum number of tooth positions in the
maxillary dental battery (MXTH1, http:/www.
morphbank.net/Show/?1d=461215; modified from
Horner et al., 2004: character 1): up to 32 tooth
positions (sample mean of 23 teeth) (0); from 33 to
44 tooth positions (sample mean of 40 teeth) (1);
45 or more tooth positions (sample mean of
49 teeth) (2).

Increase in the number of tooth positions in the
maxilla relative to the dentary (MXTHS3, http:/
www.morphbank.net/Show/?id=461217; modified
from Wagner, 2001): absent (0); present, maxil-
lary dental battery with 5-20% more tooth
positions than the dentary one (1).

Maximum number of functional teeth per alveo-
lus in the maxillary occlusal plane (MXTH4,
http://www.morphbank.net/Show/?id=461218;
modified from Horner et al., 2004: character 3):
one (0); one tooth for most of the dental battery,
with the sporadic presence of a second tooth
forming the occlusal plane (1); two functional
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18.

19.

20.

21.

22.

23.

teeth throughout most of the dental battery
length, gradually changing to one near the rostral
and caudal ends of the maxilla (2).

Maximum number of ridges on the enamelled
labial side of maxillary tooth crowns (MXTHS5,
http://www.morphbank.net/Show/?1d=461219;
Horner et al., 2004: character 7): presence of a
primary major ridge and three or more much
fainter ridges (0); loss of all but the primary ridge
in all or, at least, most of the crowns (in the latter
situation a few crowns show a fainter secondary
ridge) (1).

Maxillary tooth crowns, position of the primary
ridge (MXTHS6, http://www.morphbank.net/Show/
?71d=461220 and http:/www.morphbank.net/
Show/?1d=461221; modified from You et al., 2003:
character 36): the dental battery contains a
mixture of teeth with primary ridge positioned
caudally and teeth with the ridge at the centre of
the crown (0); the majority of teeth in the dental
battery have a primary ridge positioned at the
midline of the crown (1).

Shape of the primary ridge of maxillary tooth
crowns (MXTH7, http:/www.morphbank.net/
Show/?1d=461222; modified from Godefroit et al.,
2000: character 23): straight in all teeth within
the same dentition (0); straight for some crowns
and sinuous for others (1).

Overall morphology of the maxillary marginal
denticles (MXTHS, http:/www.morphbank.net/
Show/?1d=461223; Norman, 2002: character
30): wedge- to tongue-shaped (0); curved and
mammillated asymmetrical ledge (1); absent or
reduced to small papillae along the apical half
of the dorsal half of the crown (2).

MANDIBULAR CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461021)

Predentary. Ratio between the predentary
maximum mediolateral width and the maximum
rostrocaudal length along the lateral process
(PDT1, http://www.morphbank.net/Show/?id=
461224; modified from Horner et al., 2004: char-
acter 13): less than 1.2 (sample mean ratio of
1) (0); between 1.2 and 1.75 (sample mean ratio
of 1.5) (1); more than 1.75 (sample mean ratio of
2) (2).

Predentary. Ratio between the dorsoventral
depth of the predentary rostral face (exclud-
ing the median ventral process) and the length
of the lateral process (PDTZ2, http:/www.
morphbank.net/Show/?id=461225): ratio greater
than 0.38 (sample mean ratio of 0.43) (0); ratio of
0.38 or less (sample mean ratio of 0.33) (1).

24.

25.

26.

27.

Predentary. Orientation of the rostral surface
relative to the dorsal margin of the lateral
process (PDT3, http:/www.morphbank.net/
Show/?1d=461226; modified from Horner et al.,
2004: character 14): angle of 75° or greater
(sample mean angle of 81°) (0); angle between
56° and 74° (sample mean angle of 66°) (1); angle
between 40° and 55° (sample mean angle of 47°)
(2); angle of 40° or less, gently rounded rostral
surface (sample mean angle of 34°) (3).
Predentary. Shape of the denticles of the
predentary oral margin (PDT4, http:/www.
morphbank.net/Show/?1d=461227; modified from
Horner et al., 2004: character 13): triangular and
pointed (0); subrectangular to rectangular (1).
Denticle shape could only be appreciated in a
fraction of the preserved predentaries because in
most exemplars the oral margin is abraded or
incompletely preserved. In the cases where den-
ticles could be observed these were often only
partially preserved. Most complete articulated
skulls have predentaries with oral margins so
abraded that denticles are missing. However, the
finding of disarticulated predentaries of taxa for
which articulated skulls are recorded showed
that denticles were indeed present in all hadro-
saurids (contra Weishampel et al., 1993 and
Wagner, 2001). In several cases denticle shape
appeared subtriangular with truncated tips (e.g.
Brachylophosaurus canadensis, MOR 1071-7-28-
98-299). However, it was very difficult to assess
how breakage and abrasion modified denticle
morphology. For this reason, I decided to con-
sider only the two states described above.
Predentary denticle spacing (i.e. distance be-
tween the mid height of two consecutive den-
ticles (PDT5, http://www.morphbank.net/Show/
?1d=461227; modified from Prieto-Marquez et al.,
2006a: character 2): the separation between two
consecutive denticles is larger than or equal to
the basal width of each individual denticle (0); the
separation between two consecutive denticles is
smaller than the basal width of each individual
denticle, but larger than 25% of its basal breadth
(1); denticles are tightly arranged, with no sub-
stantial separation between their bases (less than
or with a separation equal to 25% of the basal
denticle width) (2).

Predentary. Number of predentary denticles in
adult individuals lateral to the median denticle
(not included in the count) (PDT6, http:/www.
morphbank.net/Show/?1d=461228, http://www.
morphbank.net/Show/?id=461229, and http:/
www.morphbank.net/Show/?id=461230): maxi-
mum of five (0); six (1); more than six (2). The
number of predentary denticles appeared to
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28.

29.

30.

31.

increase slightly through ontogeny, at least in
some taxa. For example, undescribed juvenile
Edmontosaurus remains from Alaska have only
three or four denticles lateral to the median
one (adults probably had a minumum of five
denticles, as in CMN 8399). However, this
ontogenetic variation may not be present in all
hadrosaurids: for example, both juveniles (TMP
83-64-3) and adults or larger subadults referable
to Prosaurolophus maximus have four denticles
in their predentaries.

Predentary. Extension of the predentary denti-
culate margin (PDT7, http:/www.morphbank.
net/Show/?id=461228, http:/www.morphbank.
net/Show/?id=461229, and http://www.
morphbank.net/Show/?id=461230): denticles
extending into the lateral process (0); denticles
limited to the rostral margin (1).

Predentary. Morphology of the predentary rostro-
lateral corner (PDTS8, http:/www.morphbank.
net/Show/?id=461228,  http:/www.morphbank.
net/Show/?id=461229, and http://www.
morphbank.net/Show/?id=461230; modified from
Horner et al., 2004: character 13): gently rounded
and continuous with the lateral process, giving
the predentary an arcuate dorsal profile (0); sub-
squared rostrolateral corner (1); subsquared, very
broad, and rostrolaterally projected (2).
Predentary. Development of a lateral shelf on
the dorsal side of the predentary lateral pro-
cess (PDT9, http://www.morphbank.net/Show/
71d=460672, http://www.morphbank.net/Show/
71d=460673, and http:/www.morphbank.net/
Show/?1d=460674; modified from Wagner, 2001):
absence of shelf, presence of a rostrocaudally
short and shallow groove limited to the distal
region of the lateral process, bounded by a tall
lateral wall (0); short and shallow shelf limited to
the laterocaudal region of the lateral process (1);
short and well-incised shelf that is wider near
the rostrolateral corner of the predentary (2);
shelf extremely narrow mediolaterally and very
long rostrocaudally (3); shelf rostrocaudally
long, deeply incised, and mediolaterally broad,
forming half of the mediolateral breadth of the
lateral process and becoming wider distally (4).
Predentary. Ridge on the dorsal lingual, keel-like
process of the predentary (PDT11, http:/www.
morphbank.net/Show/?id=461232): the process
lacks a prominent median ridge on the lingual
side of the rostral region of the predentary, and, if
present, the former forms and projects caudally
from the caudal margin of the predentary rostral
region (0); the process has a well-developed ridge
on the lingual surface of the rostral segment of
the predentary, from which the former extends

32.

33.

34.

35.

36.

37.

further caudally to lie dorsal to the dentary
symphysis (1).

Predentary. Ventral median process, degree
of indentation of the split of the process into
two distinct lobes (PDT13, http:/www.
morphbank.net/Show/?id=461234): short inden-
tation and deep undivided portion, the splitting
originates at a distance from the predentary
ventral margin that equals approximately half of
the mediolateral width of the ventral process (0);
long indentation and shallow undivided portion,
the splitting originates at a distance from the
predentary ventral margin that is less than the
mediolateral width of the process (1).

Dentary. Ratio between the length of the proxi-
mal edentulous slope of the dentary and the
distance between the rostralmost tooth position
and the caudal margin of the coronoid process
(DT1, http://www.morphbank.net/Show/?id=
461235): less than 0.20 (sample mean ratio of
0.11) (0); ratio between 0.20 and 0.31 (sample
mean ratio of 0.27) (1); ratio between 0.32 and
0.45 (sample mean ratio of 0.35) (2); ratio greater
than 0.45 (sample mean ratio of 0.54) (3).
Dentary. Angle between the dentary proximal-
most edentulous slope and the horizontal (DTZ2,
http://www.morphbank.net/Show/?1d=461236):
less than 150° (sample mean angle of 144°) (0);
150° or greater (sample mean angle of 156°) (1).
Dentary. Angle between the proximal slope of the
edentulous margin of the dentary that articulates
with the predentary and the horizontal (DT3,
http://www.morphbank.net/Show/?1d=461237):
greater than 128° (sample mean angle of 137°)
(0); between 113° and 128° (sample mean angle of
121°) (1); less than 113° (sample mean angle of
107°) (2).

Dentary. Angle of deflection of the rostral ven-
tral margin of the dentary (DT4, http:/www.
morphbank.net/Show/?id=461238): less than 17°
(sample mean angle of 13°) (0); between 17° and
25° (sample mean angle of 22°) (1); greater than
25° (sample mean angle of 33°) (2).

Dentary. Location of the origin of the ventral
deflection of the dentary (measured as the ratio
between the distance from the caudal margin of
the coronoid process to the inflection point of the
ventral margin, and the distance from the caudal
margin of the coronoid process to the rostralmost
alveolus) (DT5, http://www.morphbank.net/Show/
71d=461239): the deflection occurs near the rostral
end of the dentary, ratio greater than 0.78 (sample
mean ratio of 0.87) (0); ratio between 0.66 and 0.78
(sample mean ratio of 0.72) (1); deflection origi-
nating near the middle of the dental battery, ratio
of 0.65 or less (sample mean ratio of 0.59) (2).
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38.

39.

40.

41.

42.

43.

Dentary. Lingual projection symphyseal region
of the dentary (measured as a ratio between the
labiolingual extension of the symphyseal region
and the maximum labiolingual width of the
dentary) (DT6, http://www.morphbank.net/Show/
?id=471319): ratio up to 1.65 (sample mean ratio
of 1.47) (0); ratio greater than 1.65 and up to 2.85
(sample mean ratio of 1.87) (1); extremely elon-
gated rostral end of the dentary, ratio greater
than 2.85 (sample mean ratio of 3.03) (2).
Dentary. Orientation of the dentary symphysis
(measured as the angle formed by this surface
and the lateral side of the rostral half of the
dentary) (DT7, http://www.morphbank.net/Show/
?71d=461241): angle greater than 15° (sample
mean angle of 23°) (0); angle up to 15° (sample
mean angle of 10°) (1).

Dentary. Medial or lateral profile of the dorsal
margin of the rostral edentulous region of the
dentary for articulation with the predentary
(DT9, http://www.morphbank.net/Show/?id=
461243): ranging from having a very subtle con-
cavity (almost straight) to straight, or even
displaying a subtle convexity (0); having a well-
pronounced concavity (1).

Dentary. Bulging of the ventral lateral margin of
the dentary (DT10, http:/www.morphbank.net/
Show/?1d=461244; modified from Wagner, 2001):
ventral dentary margin expanded ventral to the
coronoid process (0); margin straight along the
caudal half of the dentary and slightly bowed
along the rostral half (1); margin straight or
slightly bowed rostral to the coronoid process (2);
margin with a wide and well-developed ventral
bulge rostral to the coronoid process (3).
Dentary. Angle between the long axis of the
coronoid process and the dorsal margin of the
alveolar sulci of the dental battery (DT11, http:/
www.morphbank.net/Show/?id=461245): coro-
noid process subvertical or caudally inclined,
angle greater than 82° (sample mean angle of
101°) (0); process rostrally inclined with an angle
between 69° and 82° (sample mean angle of 73°)
(1); coronoid process rostrally inclined with an
angle up to 68° (sample mean angle of 66°) (2).
Dentary. Morphology of the apex of the coro-
noid process (in adults) (DT12-13, http://www.
morphbank.net/Show/?id=461246; modified from
Horner etal., 2004: character 17): slightly
expanded rostrocaudally, with very limited devel-
opment of rostral and caudal expansions result-
ing in an apex that is taller than wider (0);
well-developed expansion of both the caudal and,
especially, the rostral margins (1). This character
may be variable ontogenetically. For example,
large dentaries of Edmontosaurus have more

44.

45.

46.

47.

48.

49.

expanded processes than undescribed juvenile
exemplars recently collected in Alaska. Lambeo-
saurines appeared to display a less pronounced
caudal margin of the process than other hadro-
saurids. However, signs of abrasion and break-
age were practically always present, so that it
remained uncertain whether lambeosaurines
possessed a caudally less expanded coronoid
process than, for example, saurolophines such as
Edmontosaurus.

Dentary. Caudodorsal margin of the coronoid
process projected dorsally into a sharp point
(DT12-13, http:/www.morphbank.net/Show/?id=
461246): absent (0); present (1).

Dentary. Thick and dorsoventrally elongated
ridge on the medial side of the coronoid process,
located near the caudal margin of the process
(DT14, http://www.morphbank.net/Show/?id=
461247): absent, presence of fine striations (0);
present, the ridge forms the rostral boundary of a
depressed facet for attachment of the rostrodorsal
process of the surangular; coarse striations
present rostral to the ridge (1).

Dentary. Lateral expansion of the caudal region
of the dentary, ventral to the base of the coron-
oid process (measured as the angle between
the lateral surface of the dentary and that of
the region caudoventral to the coronoid process)
(DT15, http://www.morphbank.net/Show/?id=
461248): the lateral side of the dentary is only
sightly expanded laterally ventral to the coronoid
process, with an angle greater than 165° (sample
mean angle of 171°) (0); well-developed expansion
of the lateral side of the dentary ventral to
the coronoid process, with an angle of up to 165°
(sample mean angle of 154°) (1).

Dentary. Orientation of the longitudinal axis of
the dentary occlusal plane relative to the lateral
side of the bone (as seen dorsally and caudal
to the edentulous region) (DT16, http:/www.
morphbank.net/Show/?id=461249): diagonal axis,
directed rostrolaterally and forming approxi-
mately 15° with the lateral side of the dentary (0);
axis parallel with the lateral side of the dentary
(D).

Dentary. Lingual arching of the occlusal plane
(DT17, http://www.morphbank.net/Show/?id=
461250; Horner etal., 2004: character 12):
present, lingually convex occlusal plane (0);
absent, rostrocaudally straight occlusal plane (1).
Dentary. Caudal extension of the dental bat-
tery (DT18, http:/www.morphbank.net/Show/
?1d=461251; modified from Horner et al., 2004:
character 10): the caudal end of the dental battery
is found rostral to the caudal margin of the
coronoid process (0); the caudal end of the dental
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50.

51.

52.

53.

54.

55.

56.

57.

battery is found flush with the caudal margin of
the coronoid process (1); the caudal end of the
dental battery is found caudal to the caudal
margin of the coronoid process (2).

Dentary. Separation between the dentary tooth
row and the coronoid process (DT19, http://www.
morphbank.net/Show/?id=461252; Norman,
2002: character 26): the coronoid process is later-
ally offset (but nearly in contact) with the tooth
row, lacking a platform in between the tooth row
and the base of the process (0); the coronoid
process is laterally offset relative to the tooth row,
with the presence of a concave platform or, in
some cases, a laterodorsal concave slope separat-
ing the base of the process from the dental battery
D).

Surangular. Morphology of the rostrodorsal
process of the surangular (SAl, http:/www.
morphbank.net/Show/?id=461253; modified from
Wagner, 2001): rostrocaudally thick process,
slightly reduced in thickness rostrally, exten-
sively exposed in lateral view (0); rostrocaudally
reduced in thickness, strap-like, and wedging
dorsally into a thin sliver that becomes concealed
in lateral view by the dorsal half of the caudal
margin of the coronoid process (1).

Surangular  foramen  (SA2, http://fwww.
morphbank.net/Show/?id=461254; Norman,
2002: character 27): present (0); absent (1).
Surangular. Accessory foramen located rostro-
dorsal to the main surangular foramen (SA3,
http://www.morphbank.net/Show/?1d=461255;
Kobayashi & Azuma, 2003: character 15): present
(0); absent (1).

Surangular. Orientation of the convex side of
the lateral lap and the lateroventral surface of
the main body of the surangular (SA4, http:/
www.morphbank.net/Show/?id=461256): facing
more laterally than ventrally (0); facing more
ventrally than laterally (1).

Surangular. Lateral curvature of the caudal
process of the surangular (SA5, http:/www.
morphbank.net/Show/?id=461257): absent, pro-
cess nearly straight rostrocaudally (0); present,
process laterally recurved (1).

Surangular. Angle between the medial margin
of the proximal region of the surangular and
the medial margin of the proximal region of the
caudal process of the element (SA6, http://www.
morphbank.net/Show/?id=461258): angle greater
than 148° (sample mean angle of 157°) (0); angle
up to 148° (sample mean angle of 139°) (1).
Angular. Position of the angular in the man-
dible (ANG, http://www.morphbank.net/Show/
?71d=461259; Weishampel et al., 1993: character
26): positioned ventrally and slightly medially,

58.

59.

60.

61.

62.

exposed in lateral view (0); positioned medially,
not exposed in lateral view (1).

Coronoid bone attached to the medial, dorsal,
and part of the lateral sides of the distal end of
the dentary coronoid process (COB, http:/
www.morphbank.net/Show/?id=461260; Wagner,
2001): absent (0); present (1).
Prearticular bone (PRAR,
morphbank.net/Show/?id=461261):
present (1).

http://www.
absent (0);

FACIAL CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/

INDEX.PHP?COLLECTIONID=461198 AND HTTP://

WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461199)

Premaxilla. Mediolateral expansion of the pre-
maxillary oral margin (measured as the ratio
between the maximum mediolateral width of
the premaxilla and the minimum width at
the narrowest point or post-oral constriction)
(PMX1, http:/www.morphbank.net/Show/?id=
461264; modified from Horner et al., 2004: char-
acter 22): relatively narrow, ratio less than 1.65
(mean ratio of 1.45) (0); ratio between 1.65 and
2 (mean ratio of 1.84) (1); very wide, with a ratio
greater than 2 (mean ratio of 2.22) (2).
Premaxilla. Position of the premaxillary oral
margin relative to the occlusal plane of the
dentition (PMX2, http:/www.morphbank.net/
Show/?1d=461265; modified from Norman, 2002):
premaxillary margin slightly ventrally offset
from occlusal plane (approximately, the dors-
oventral distance between the occlusal plane
and the level of the premaxillary oral margin is
less than the mean depth of the dentary) (0);
very strongly deflected ventrally (approximately,
the dorsoventral distance between the occlusal
plane and the level of the premaxillary oral
margin is equal to or larger than the mean
depth of the dentary) (1).

Premaxilla. Degree of expansion and folding of
the oral margin of the premaxilla (modified from
Horner et al., 2004: character 22): moderately
expanded border, dorsoventrally thicker towards
the parasagittal plane of the snout, and slightly
deflected  ventrally (PMX3, http:/www.
morphbank.net/Show/?id=461266) (0); moder-
ately expanded border, becoming thinner
towards the parasagittal plane of the snout
(http://www.morphbank.net/Show/?id=461267)
(1); folded caudodorsally into a thin recurved
margin  (http:/www.morphbank.net/Show/?id=
461268) (2); ventrally deflected and dorsoven-
trally expanded, forming a very broad ‘lip-like’
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63.

64.

65.

66.

67.

68.

69.

margin  (http://www.morphbank.net/Show/?id=
461269) (3).

Premaxilla. Premaxillary oral margin with a
‘double layer’ morphology consisting of an exter-
nal denticle-bearing layer and an internal layer
of thickened bone, set back slightly from the
oral margin, and separated from the denticu-
lar layer by a deep sulcus bearing vascular
foramina (PMX5, http://www.morphbank.net/
Show/?1d=461271; Horner et al., 2004: character
25): absent (0); present (1).

Premaxilla. Premaxillary foramen located
rostrally and ventrolaterally to the rostral
margin of the external naris (PMX6, http:/
www.morphbank.net/Show/?id=461272; Horner
et al., 2004: character 23): absent (0); present
(D).

Premaxilla. Premaxillary accessory foramen
entering rostrally through the outer (rostral)
narial fossa, located rostral to the premaxil-
lary foramen (PMX7, http:/www.morphbank.
net/Show/?1d=461273; Horner et al., 2004: char-
acter 24): absent (0); present, empties into a
common chamber with the premaxillary foramen
(D).

Premaxilla. Premaxillary accessory narial fossa
located rostral to the circumnarial depres-
sion (PMXS8, http:/www.morphbank.net/Show/
?1d=461274; Horner et al., 2004: character 26):
absent (0); present, separated from circumnarial
depression by a rostrocaudally wide ridge (1).
Premaxilla. Premaxillary additional accessory
fossa located lateral to the rostral accessory fossa
and rostrolateral to the circumnarial depression,
parallel with the lateral border of the oral margin
(PMX9,  http://www.morphbank.net/Show/?id=
461275): absent (0); present (1).

Premaxilla. Elongation of premaxillary caudo-
dorsal process (PMX10, http:/www.morphbank.
net/Show/?1d=461276; modified from Horner
et al., 2004: character 27): the premaxillary cau-
dodorsal process does not meet the caudoventral
process caudally (0); elongate caudodorsal
process that extends caudally to meet the cau-
doventral process, forming the caudal margin of
the external naris (1).

Premaxilla. Vertical groove on the caudoventral
process of the premaxilla, located rostral to
the dorsal process of the maxilla and extending
ventrally from a small opening between the two
premaxillary caudal processes; the groove is
bounded rostrally by a triangular ventral pro-
jection of the caudolateral process of the premax-
illa (PMX11, http:/www.morphbank.net/Show/
?1d=461277; Evans & Reisz, 2007: character 5):
absent (0); present (1).

70.

71.

72.

73.

74.

Premaxilla. Elongation of the caudoventral
process of the premaxilla (in adults) (PMX12,
http://www.morphbank.net/Show/?1d=461278;
modified from Suzuki et al., 2004: character
4): relatively short, the caudoventral process
extends caudodorsally to end dorsal to the lacri-
mal, or medidodorsal to the rostral end of the
prefrontal (0); long, the caudoventral process
extends to end medial to the dorsal region of
the prefrontal (1); very long, the caudoventral
process extends caudodorsal to the prefrontal
(2).

Premaxilla. Morphology of the caudal region of
the caudoventral process of the adult premaxilla:
mediolaterally compressed and triangular
(PMX13, http://www.morphbank.net/Show/
?1d=461279) (0); dorsoventrally broad and
directed caudally, or caudally and slightly
dorsally (http://www.morphbank.net/Show/
71d=461280) (1); triangular and dorsoventrally
expanded, laterally convex lobe, directed rostro-
dorsally (http://www.morphbank.net/Show/
?id=461281) (2).

Premaxilla. Premaxillary caudodorsal process
has an accessory rostroventral flange that over-
laps the lateral surface of the nasal in the rostral
region of a supracranial crest (PMX14, http:/
www.morphbank.net/Show/?id=461282); Evans
& Reisz, 2007: character 18): absent (0); present
(D).

Premaxilla. Laterodorsal profile of the cau-
dodorsal and caudoventral margins of the
external bony naris (PMX15, http:/www.
morphbank.net/Show/?id=461283 and http:/
www.morphbank.net/Show/?id=461285; modified
from Evans & Reisz, 2007: character 4): sub-
rectangular to subellipsoidal (0); triangular
and very long (length/width ratio greater than
2.85), caudal constriction gradually closing
caudodorsally (1); triangular and moderately
long (length/width ratio greater than 2.85),
caudal constriction gradually closing caudodor-
sally (Iength/width ratio between 1.85 and 2.85)
(2); lacriform (length/width ratio less than 1.85),
caudal constriction occurs abruptly and is
primarily composed of a lateroventral expansion
of the caudodorsal premaxillary process (3);
lacriform (length/width ratio less than 1.85),
caudal constriction occurs abruptly and is
primarily composed of a dorsal expan-
sion of the caudoventral process of the premaxilla
(4).

Premaxilla. Dorsolateral flange at approximately
mid-length of the mediolaterally compressed cau-
doventral process of the premaxilla (PMX16,
http://www.morphbank.net/Show/?id=461286;
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75.

76.

77.

78.

Gates & Sampson, 2007): absent (0); present
(D).

Nasal. Location of the nasal bone and nasal
cavity in the adult skull (NS1, http:/www.
morphbank.net/Show/?id=461287; modified from
Horner et al., 2004: character 33, and partially
from Evans & Reisz, 2007: character 7): the nasal
extends from the rostral region of the skull roof to
the rostrodorsal region of the snout, with the
nasal cavity rostromedial to the orbit (0); nasal
retracted caudal to the rostrum and occupying a
supracranial position in the skull, with the
ventral region of the nasal meeting the prefrontal
rostral to the orbit, resulting in a crest that
extends supraorbitally (1); retracted caudal to
the rostrum and occupying a supracranial posi-
tion in the skull, with the ventral region of the
nasal meeting the prefrontal caudal to the rostral
margin of the orbit, resulting in a convoluted
narial passage and hollow crest that extend
supraorbitally (2).

Nasal. Curvature of the caudodorsal region
of the nasal (NS2, http://www.morphbank.net/
Show/?1d=461288; modified from Wagner, 2001
and partially from Evans & Reisz, 2007: charac-
ter 7): absent, nasal straight caudodorsally (0);
present, nasal rotated and folded caudodorsally
(D).

Nasal. Morphology of the rostral end of
the nasal at the contact with the dorsal pro-
cess of the premaxilla (NS3, http:/www.
morphbank.net/Show/?id=461289 and http://
www.morphbank.net/Show/?id=461290; states 3
and 4 modified from Evans & Reisz, 2007: char-
acter 17): long and wedge-shaped rostral
process, gradually decreasing in width rostrally
to a sharp point (0); hook-like process, it
becomes abruptly deep near its rostral end and
then wedges rostrally (1); long and subrectan-
gular process, with slightly rounded corners (2);
small rostral process of the nasal fits along the
ventral edge of the premaxilla, with the latter
briefly overlapping the nasal (3); the nasal
bifurcates to meet the premaxilla in a W-shaped
interfingering suture, a long and finger-like
process of the nasal has an extensive overlap-
ping joint with the caudodorsal process of the
premaxilla, and an additional, more caudally-
located shorter process of the nasal abuts the
premaxilla (4).

Nasal. Morphology of the nasal contact with
the caudodorsal region of the caudoventral
premaxillary process at the caudal margin
of the mnarial foramen (NS4, http:/www.
morphbank.net/Show/?id=461291): the nasal
forms a subrectangular flange exposed dorsal to

79.

80.

81.

82.

83.

84.

85.

the premaxillary caudoventral process (0); the
nasal forms a large hook-like rostroventral
process, exposed dorsal to the premaxillary cau-
doventral process (1); the nasal forms a greatly
shortened and dorsoventrally narrow hook-like
rostroventral process, exposed dorsal to the pre-
maxillary caudoventral process (2).

Nasal. Location of the rostral end of the
dorsal process of the nasal relative to the
rostral margin of the narial foramen (NS5,
http://www.morphbank.net/Show/?1d=461292):
the rostral end of the rostrodorsal process of
the nasal does not reach the rostral margin
of the narial foramen (0); the rostral end of
the rostrodorsal process of the nasal reaches the
rostral margin of the narial foramen (1).
Nasal. Caudoventral region of the nasal ven-
trally recurved and hook-shaped, with a rostral
process that inserts under the caudoventral
process of the premaxilla (NS6, http:/www.
morphbank.net/Show/?1id=461293): absent (0);
present (1).

Nasal. Caudal end of the nasals forming a
pair of finger-like processes on top of the fron-
tals, and centered around the sagittal plane of
the skull roof (NS7, http://www.morphbank.net/
Show/?1d=461294; Gates & Sampson, 2007:
character 65, in part): absent (0); present (1).
Nasal. Caudal end of the nasals forming a
pair of small and short processes that insert
between the frontals at the sagittal plane of
the skull roof (NS8, http:/www.morphbank.
net/Show/?1d=461295; Gates & Sampson, 2007:
character 65, in part): absent (0); present (1).
Nasal. Position of the summit of the nasal
arch crest relative to the caudodorsal margin
of the mnarial foramen (NS9, http:/www.
morphbank.net/Show/?1d=461296): summit
located dorsal to the caudal margin of the
narial foramen (0); summit located caudo-
dorsal to the caudal margin of the narial
foramen (1).

Maxilla. Rostrodorsal process that is medially
offset from the body of the maxilla, and also
extends medial to the caudovenventral process
of the premaxilla to form part of the medial
floor of the external naris (MX1, http:/www.
morphbank.net/Show/?1d=461297, partially
after Wagner, 2001 and Horner et al., 2004:
character 42): present (0); absent, the rostral
end of the maxilla forms a ventrally sloping
rostrodorsal shelf that underlies the premaxilla
D.

Maxilla. Lateral exposure of the medial rostro-
dorsal process (MX2, http:/www.morphbank.
net/Show/?1d=461298; Gates & Sampson, 2007:
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86.

87.

88.

89.

90.

character 45): not exposed through the narial
foramen in lateral view (0); exposed through
the narial foramen in lateral view (1). The only
Gryposaurus notabilis skull where this charac-
ter was observable was ROM 873. In this
specimen, the laterodorsal flange of the cau-
doventral process of the premaxilla was incom-
plete at the level of the rostrodorsal process
of the maxilla. If complete, the flange would
have concealed the rostrodorsal process of
the maxilla. Based on this, the character was
scored as absent in Gryposaurus notabilis.
Maxilla. Pendant rostral end of the rostro-
ventral process of the maxilla (MX3, http:/
www.morphbank.net/Show/?1d=461299): absent
(0); present (1).

Maxilla. Angle between the dorsal margin
of the rostroventral process or shelf of the
maxilla and the rostral segment of the tooth
row (MX4, http://www.morphbank.net/Show/
?71d=461300): rostrodorsal region of the maxilla
subconical in shape, dorsoventrally narrow,
forming an angle of 25° or less with the rostral
tooth row (mean angle of 20°) (0); dorsoven-
trally thicker, forming an angle greater than
25°, and up to 39°, with the rostral tooth row
(mean angle of 31°) (1); rostroventral process
dipping steeply ventrally, forming an angle of
40° or greater with the tooth row (mean angle
of 43°), rostral region of the maxilla appear-
ing dorsally ‘swollen’ and craniocaudally com-
pressed (2).

Maxilla. Geometry of the lateral surface of the
rostrodorsal region of the maxilla (MX5, http:/
www.morphbank.net/Show/?id=461301): arcuate
to subrectangular (0); triangular and rostrocau-
dally compressed (1); subsquared, taller than
rostrocaudally wide, with slightly convergent
rostral and caudal margins (2).

Maxilla. Elevation of the lateral surface of the
rostrodorsal region of the maxilla (MX6, http:/
www.morphbank.net/Show/?id=461302;  modi-
fied from Weishampel et al., 1993: character
20): relatively low (0); relatively high (1). This
character is linked to the elevation of the
dorsal maxillary process and the migration of
the antorbital fenestra dorsally near the pre-
maxillary articulation surface.

Maxilla. Position of the dorsal process and the
dorsal margin of the dorsolateral promontory
of the maxilla (expressed as the ratio between
the distance from its summit to the rostral end
of the maxilla and the craniocaudal length of
the element) (MX7, http:/www.morphbank.
net/Show/?1d=461303): caudally located dorso-
lateral promontory (with a ratio greater than

91.

92.

93.

0.57; mean of 0.64), base of dorsal process posi-
tioned within the caudal third of the maxilla
(0); centrally located dorsolateral promontory
(with a ratio between 0.47 and 0.57; mean of
0.51), base of dorsal process positioned slightly
caudal to the mid-length of the maxilla (1),
dorsolateral promontory located slightly rostral
to the mid-length of the maxilla (with a ratio
between 0.35 and 0.46; mean of 0.42), base of
dorsal process centred around the mid-length
of the bone (2); base of dorsal process and
dorsolateral promontory located rostral to the
mid-length of the maxilla, with a ratio of less
than 0.35 (mean of 0.28) for the relative posi-
tion of the rostrodorsal promontory (3).
Maxilla. Morphology of the apex of the dorsal
process of the maxilla (MX8, http:/www.
morphbank.net/Show/?1id=461304, modified
from Horner et al., 2004: character 48): sub-
triangular, not dorsoventrally taller than it is
rostrocaudally wide (0); dorsoventrally taller
than it is wide, with a peaked and caudally
inclined apex (1).

Maxilla. Morphology of the jugal articulation
surface: protruding lateral to the caudal third
of the maxilla as a mediolaterally compressed
finger-like process directed caudolaterally,
separated a short distance from the lateral
side of the element (MX9, http:/www.
morphbank.net/Show/?id=461305) (0); process
consisting of a promontory located dorsal and
rostral to the ectopterygoid shelf, bearing
a concave and subtriangular, dorsolaterally-
facing joint surface for the jugal, with a
caudolaterally directed corner (http:/www.
morphbank.net/Show/?id=461306) (1);  sub-
triangular joint surface for the jugal that is
more laterally than dorsally facing, with a
lateroventrally-directed pointed corner that
is located adjacent and slightly dorsal to
the proximal end of the lateral ridge of the
ectopterygoid shelf (http:/www.morphbank.net/
Show/?1d=461307) (2); dorsally elevated jugal
joint (distance between the ventral margin of
the jugal joint and ectopterygoid shelf nearly
equal to depth of the caudal segment of the
maxilla), caudal margin of the joint flush with
the caudal margin of the rostrodorsal eminence
of the lateral side of the maxilla (http:/www.
morphbank.net/Show/?id=461308) (3).

Maxilla. Arrangement of maxillary foramina
ventral and rostral to the jugal articulation
(excluding large rostrodorsal or rostrolateral
foramen): positioned rostrocaudally and scat-
tered throughout the lateral side of the maxilla
(MX10,  http://www.morphbank.net/Show/?id=
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95.
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99.

461309) (0); forming either a row or cluster
that is oriented rostrodorsally (http:/www.
morphbank.net/Show/?1d=461310, http:/www.
morphbank.net/Show/?id=461311, and http://
www.morphbank.net/Show/?id=461312) (1).
Maxilla. Number of maxillary foramina ventral
and rostral to the jugal articulation (excluding
large rostrodorsal or rostrolateral foramen)
(MX11,  http:/www.morphbank.net/Show/?id=
461313): seven or more (0); six or less (1).
Maxilla. Large rostral maxillary foramen (MX12,
http://www.morphbank.net/Show/?id=461314
and http://www.morphbank.net/Show/?id=
461315; Evans & Reisz, 2007: character 22, modi-
fied after Horner et al., 2004: character 44):
opening on the rostrolateral body of the maxilla,
within the rostral half of the rostrodorsal margin
of the element, and exposed in lateral view (0);
opening on the rostrolateral body of the maxilla,
within the dorsal half of the rostrodorsal margin
of the element, and exposed in lateral view
(1); opening on the dorsal surface of the maxilla
along the maxilla—premaxilla contact, not
exposed laterally (2).

Maxilla—lacrimal contact (MX13, http:/www.
morphbank.net/Show/?id=461316 and http://
www.morphbank.net/Show/?id=461317; Evans &
Reisz, 2007: character 23): present externally (0);
largely covered externally by the jugal-
premaxilla contact (1).

Maxilla. Length of the ectopterygoid shelf
relative to the total rostrocaudal length of the
alveolar margin of the maxilla (MX14, http://
www.morphbank.net/Show/?1d=461318; partially
after You etal., 2003: character 12): ratio
between the length of the ectopterygoid shelf and
the length of the rostrocaudal alveolar margin up
to 0.25 (mean ratio of 0.20) (0); ratio greater than
0.25 and up to 0.35 (mean ratio of 0.30) (1); ratio
greater than 0.35 (mean ratio of 0.45) (2).
Maxilla. Slope of the ectopterygoid shelf, mea-
sured as the angle between this and the rostro-
caudal axis of the caudal segment of the tooth
row (MX15, http://www.morphbank.net/Show/
?71d=461319): steeply inclined caudoventrally,
with an angle greater than 21° (mean angle of
29°) (0); shelfinclined with an angle greater than
10° and up to 21° (mean angle of 15°) (1); slightly
inclined shelf, with an angle greater than 4° and
up to 10° (mean angle of 8°) (2); horizontal shelf,
with an angle of up to 4° (3).

Maxilla. Morphology of the lateral emargination
of the ectopterygoid shelf (MX16, http:/www.
morphbank.net/Show/?1d=461320; modified from
Godefroit et al., 2000: character 14): dorsoven-
trally thin ridge (0); faint or dorsoventrally thin

100.
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103.

104.

105.

rostrally, then abruptly becoming dorsoventrally
thick along the caudal segment of the margin (1);
dorsoventrally thick continuous ridge, gradually
thicker caudally than rostrally (2).

Maxilla. Position of the central region of the
arcuate row of special foramina on the medial
side of the maxilla (MX17, http://www.
morphbank.net/Show/?id=461321): ventral to or
at the level of the mid-dorsoventral depth of
the maxilla (0); dorsal to the mid-dorsoventral
depth of the maxilla (1).

Lacrimal. General morphology of the adult
lacrimal in lateral view (LC1, http:/www.
morphbank.net/Show/?id=461325):  triangular
and rostrocaudally elongated, with a rostral
process that is rostrally (and slightly ventrally)
directed (0); triangular, rostrocaudally abbrevi-
ated with a relatively shorter and thinner rostral
process (1).

Lacrimal. Ventral margin of the lacrimal with
a prominent convexity rostral to the jugal
notch (LC2, http:/www.morphbank.net/Show/
?1d=461326): absent (0); present (1).

Jugal. Rostral apex of the rostral process
of the jugal (J1, http://www.morphbank.net/
Show/?1d=461327 and http://www.morphbank.
net/Show/?id=461328): present, wedge-shaped,
elongated, and sharply pointed, positioned at
mid distance along the dorsoventral depth of
the rostral process (0); present, wedge-shaped,
pointed, and less elongated than in (0), positioned
within the dorsal half of the rostral process of
the jugal, and the dorsal magin of the apex forms
a steeper angle with the horizontal than in state
(0) (1); greatly reduced to a blunt convexity (2);
reduced to a short process, only slightly thinner
rostrally, and ending abruptly (3); absent,
straight, nearly vertical rostral margin (4).
Jugal. Dorsoventral expansion of the caudodorsal
margin of the rostral process of the jugal (J2,
http://www.morphbank.net/Show/?1d=461329;
Weishampel et al., 1993: character 15): dorso-
ventrally narrow, rostrodorsally directed, and
forming little of the rostroventral margin of the
orbital rim (0); dorsoventrally deep (about
60-90% as deep as the rostral jugal constriction),
dorsally or slightly recurved caudodorsally,
forming the rostroventral corner of the orbital
rim (1).

Jugal. Morphology of the triangular caudoventral
margin of the rostral process of the jugal (J3,
http://www.morphbank.net/Show/?1d=461330):
shallow and rostrocaudally wide prominence
(wider than deep) (0); ventrally pointed, appro-
ximately as deep as or slightly deeper as its
proximal end is wide (1); ventrally projected
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106.
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108.
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triangular narrow process, at least twice as deep
as it is wide, sharply pointed and often recurved
caudally (2).

Jugal. Location of the caudoventral apex of the
rostral process relative to the caudodorsal articu-
lation with the lacrimal (with longitudinal axis
of the rostral process oriented horizontally) (J4,
http://www.morphbank.net/Show/?1d=461333):
apex located caudoventral to the caudal margin
of the lacrimal process (0); apex located ventral
to the caudal margin of the lacrimal process (1).
Jugal. Orientation of the medial articular surface
of the rostral process of the jugal (J5, http:/
www.morphbank.net/Show/?id=461332): facing
medioventrally, the articular surface forms a
deep concavity bounded dorsally and caudally
by a laterally offset rim (0); facing medially, the
articular surface is bounded only caudally by a
rim of bone (1).

Jugal. Inclination of the bony rim that bounds
caudally the medial articulation surface of the
jugal rostral process (this inclination is relative
to the rostrocaudal longer axis of the jugal) (J6,
http://www.morphbank.net/Show/?id=461334):
slightly inclined rostrally (less than 100°) or
nearly vertical (0); strongly inclined rostrally,
approximately 120° (1).

Jugal. Rostrocaudal width of the curvature of
the ventral margin of the jugal, between the
caudoventral flange and the rostral process
(modified from Norman, 2002) (J7, http:/
www.morphbank.net/Show/?id=461335):  rela-
tively wide and shallow embayment (0); rela-
tively narrow and deep embayment (1).

Jugal. Ventral expansion of the caudoven-
tral jugal flange (measured as the ratio between
the dorsoventral depth of the flange and the
minimum depth of the caudal -constriction
of the jugal) (J8, http://www.morphbank.net/
Show/?1d=461336; modified from Wagner, 2001):
slightly expanded flange, ratio of 1.36 or less
(mean ratio of 1.29) (0); moderately expanded
flange, ratio greater than 1.36 and up to 1.55
(mean ratio of 1.44) (1); greatly expanded flange,
ratio greater than 1.55 (mean ratio of 1.68) (2).

Jugal. Lateral profile of the quadratojugal
flange (J9, http:/www.morphbank.net/Show/
?71d=461337 and http://www.morphbank.net/

Show/?1d=461338): subconical, dorsoventrally
tall, and rostrocaudally narrow, with a nearly
vertical caudal margin (0); auricular in shape,
with subparallel concave to nearly straight
dorsal and convex ventral margins that converge
dorsally into a short, subconical point (1); fan-
like, with dorsal and ventral margins that are
subparallel and diverge caudodorsally, dorsal

112.

113.

114.

and ventral margins can be straight or slightly
bowed dorsally (2); auricular in shape, with sub-
parallel concave to nearly straight dorsal and
convex ventral margins that converge dorsally
into a recurved or dorsally-directed tall sub-
conical extension [this state is similar to (1), but
the dorsal region of the flange is rostrocaudally
narrower and taller] (3).

Jugal. Morphology of the ventral margin located
between the caudoventral and quadratojugal
flanges (J10, http:/www.morphbank.net/Show/
?1d=461339; modified from Weishampel et al.,
1993: character 18): relatively short and shallow
concavity (0); relatively wide and well-
pronounced concavity (1).

Jugal. Relative depth of the caudal and ros-
tral constrictions (in adults) (rostral constric-
tion region located between the rostral and pos-
torbital processes; caudal constriction region
located between the postorbital process and
the caudoventral flange) (J11, http:/www.
morphbank.net/Show/?id=461340): deeper
rostral constriction, ratio of the depth of the
caudal constriction relative to the rostral of 1 or
less (mean ratio of 0.93) (0); deeper caudal con-
striction, with a ratio greater than 1 and less
than 1.35 (mean ratio of 1.18, resulting from
merging two K-means clusters with mean ratios
of 1.13 and 1.24) (1); much deeper caudal con-
striction, with a ratio greater than 1.35 (mean
ratio of 1.43) (2). In hadrosaurid juveniles the
orbital margin is wider and the rostral constric-
tion much shallower than the caudal constriction,
probably because of the proportionally larger size
of the orbit. For example, this could be observed
in juveniles of Lambeosaurus such as ROM 758
(ratio of 1.40), ROM 869 (ratio of 1.42), and
AMNH 5340 (ratio of 1.54). In subadult Edmon-
tosaurus, such as CMN 8509, both the rostral and
caudal constrictions are shallower than in adults,
where the caudal one becomes particularly deep.
Jugal, overall robustness (in adults), measured
as the ratio between the minimum depth of the
caudal constriction and distance between the
point of maximum curvature of the infratemporal
margin and the caudal margin of the lacrimal
process (J12, http:/www.morphbank.net/Show/
?71d=461341; modified from Weishampel et al.,
1993: character 13): relatively gracile jugal, ratio
less than 0.60 (mean ratio of 0.49) (0); relatively
robust jugal, ratio of 0.60 or greater (mean ratio
of 0.72) (1). In juveniles of at least Edmontosau-
rus, the above ratio had a lower value relative to
that in adults. However, in Lambeosaurus there
was no substantial change in the robustness
of the jugal through ontogeny. For example,
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subadults ROM 758 with ratio of 0.69, ROM 869
with 0.70, and AMNH 5340 with 0.67, have ratios
within the range of those found in adults.
Jugal. Relative width and lateral profiles of
the orbital and infratemporal margins of the
jugal (J13, http://www.morphbank.net/Show/
?71d=461342): wider orbital margin and relatively
constricted ventral margin of the infratemporal
fenestra (0); orbital and infratemporal margins
are nearly equally wide (1); wider infratemporal
margin (2).

Quadrate. Degree of curvature of the caudal
margin of the quadrate (Wagner, 2001) (Q1,
http://www.morphbank.net/Show/?id=461343):
the caudal margin of the dorsal half or third of
the quadrate displays a slight curvature relative
to the ventral half of the element, with an angle
of 150° or greater (mean angle of 161°) (0); the
caudal margin of the dorsal half or third of the
quadrate is strongly curved caudally relative to
the ventral half of the element, with an angle less
than 150° (mean angle of 143°) (1).

Quadrate. Position of the quadratojugal
(paraquadrate) notch along the dorsoventral
length of the quadrate (measured as the ratio
between the distance from the mid-length of
the notch to the qudadrate head and the
dorsoventral length of the element) (Q2,
http://www.morphbank.net/Show/?id=461344):
the midpoint of the notch is located near the
mid-length of the quadrate, ratio less than
0.60 (mean ratio of 0.54) (0); the midpoint of the
notch is located ventral to the mid-length of the
quadrate, ratio of 0.60 or greater (mean ratio of
0.64) (1).

Quadrate. Orientation of the dorsal margin of the
quadratojugal notch of the quadrate (measured
as the angle between this and the caudal margin
of the element) (Q3, http:/www.morphbank.net/
Show/?1d=461345): angle greater than 45° (mean
angle of 52°) (0); angle up to 45° (mean angle of
28°) (1).

Quadrate. Morphology of the lateral profile of the
quadratojugal notch of the quadrate (Q4, http://
www.morphbank.net/Show/?id=461346): subcir-
cular, with a ventral half of the notch that is
recurved and has a horizontal rostral segment
(0); wide arcuate and asymmetrical, with the
ventral half of the notch having a short horizon-
tal rostral segment (1); wide arcuate and sym-
metrical, with the ventral half of the notch being
rostroventrally-directed and nearly straight, as
it is in the dorsal half (2).

Quadrate. Development of the squamosal but-
tress on the caudal margin of the dorsal end of
the quadrate (Q5, http:/www.morphbank.net/
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125.

Show/?1d=461347): absent or poorly developed as
a gentle convexity (0); present, the buttress is a
sharp protuberance hanging from the caudal side
of the dorsal fourth of the quadrate, near the
head of the element (1).

Quadrate. Morphology of ventral surface of the
quadrate (Q6, http:/www.morphbank.net/Show/
?1d=461349 and http://www.morphbank.net/
Show/?1d=461348; Weishampel et al., 1993:
character 22): mediolaterally broad and rostro-
caudally compressed, lateral condyle slightly
larger than the medial one (mean ratio between
the rostrocaudal width of the lateral condyle and
the mediolateral width of the ventral end of the
quadrate of 0.59); the ventral surface of the
lateral condyle is only slightly offset ventrally
relative to the ventral surface of the medial
condyle (0); subtriangular in ventral view, lateral
condyle rostrocaudally expanded and much
larger than the medial one (mean ratio between
the rostrocaudal width of the lateral condyle and
the mediolateral width of the ventral end of
the quadrate of 0.90); the ventral surface of
the lateral condyle is well offset ventrally relative
to the ventral surface of the medial condyle (1).
Prefrontal. Dorsomedial margin of the prefron-
tal developed into a caudodorsally-oriented
crest (PF1, http:/www.morphbank.net/Show/
?1d=461350 and http://www.morphbank.
net/Show/?1d=461351; Godefroit et al., 2004a:
character 16): absent (0); present, not extending
caudal to the prefrontal-frontal articulation
(1); present, the crest extends caudally over the
dorsal surface of the frontal and above the
prefrontal—postorbital articulation in lateral
view in adults (2).

Prefrontal. Lateral profile of the rostrodor-
sal margin of the prefrontal (PF2, http:/
www.morphbank.net/Show/?id=461352; modified
from Horner et al., 2004: character 50): subarcu-
ate to smoothly curved, the rostral margin is
rostroventrally oriented and forms an obtuse
angle with the dorsal orbital margin (0); rostro-
medially broad with subsquared rostrodorsal
corner, the rostral margin is ventrally oriented
and forms a 90° angle with the dorsal orbital
margin (1).

Prefrontal. Mediolateral breadth of the exposed
rostroventral region of the prefrontal (PF3,
http://www.morphbank.net/Show/?id=461353;
partially after Horner et al., 2004: character
50): the rostroventral region is mediolaterally
expanded (0); the exposed rostroventral region
is mediolaterally compressed and narrow (1).
Prefrontal. Inclusion of the prefrontal in
the circumnarial fossa (PF4, http:/www.
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morphbank.net/Show/?id=461354 and http:/
www.morphbank.net/Show/?id=461355; Wagner,
2001): absent (0); present (1).

Prefrontal. Outward flaring of the rostrodorsal
orbital margin of the prefrontal (PF5, http:/
www.morphbank.net/Show/?id=461356; Horner
et al., 2004: character 49): absent, the prefrontal
lies flush with the surrounding lacrimal and
postorbital (0); present, the prefrontal flares dor-
solaterally forming a thin and everted wing-like
rim around the rostrodorsal margin of the orbit
(D).

Prefrontal. Exposure of the prefrontal-nasal
contact in lateral and/or dorsal view (PF6, http:/
www.morphbank.net/Show/?id=461357; modified
from Wagner, 2001): contact totally exposed in
lateral and/or dorsal view (0); contact visible in
lateral view along the caudal and half of the
dorsal margin of the prefrontal (1); contact visible
in lateral view only along the caudal region of the
prefrontal in adults, because of the invasion
of the premaxilla along the medial side of the
prefrontal (2).

Postorbital. Dorsal promontorium on the rostral
process of the postorbital (PO1, http:/www.
morphbank.net/Show/?id=461359 and http:/
www.morphbank.net/Show/?id=461358;  Gode-
froit et al., 2004a: character 17): absent, the
dorsal surface of the postorbital above the jugal
process is horizontal or slightly concave (0);
present in adult specimens, the articular margin
for the prefrontal is elevated and the dorsal
surface of the postorbital above the jugal process
is deeply depressed (1). Godefroit et al. (2004a)
incorrectly reported the absence of this process in
Amurosaurus riabinini. When a dorsal promon-
tory is present, the dorsal surfaces of the caudal
and rostral processes of the postorbital are
steeply inclined towards the dorsal surface of
the central body of the bone. In Charonosaurus
Jiayinensis, the relatively small size of CUST JIV
1223 indicates that this character is probably
present in subadult specimens as well as in
adults, although probably not developed in juve-
niles. However, sudadult individuals do not
display a deeply depressed dorsal surface, as in
Lambeosaurus lambei (ROM 758) and Corytho-
saurus casuarius (CMN 8676). In Parasaurolo-
phus cyrtocristatus (UCMP 143270) there is a
small dorsal promontorium, and the inclination
of the caudal process of the postorbital, although
not horizontal, is not as steep as in those
taxa with postorbitals with depressed dorsal
margins.

Postorbital. Rostrocaudal constriction of the
dorsal region of the infratemporal fenestra

130.
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132.

133.

(PO2, http://www.morphbank.net/Show/?id=
461360; modified from Evans & Reisz, 2007:
character 36): absent, caudal (squamosal)
process of the postorbital elongate over the
infratemporal fenestra (broad and subrectangu-
lar dorsal region of the fenestra) (0); present and
caused by the presence of a nearly straight and
oblique caudoventral margin of the caudodor-
sal region of the postorbital (dorsal region of
infratemporal fenestra typically subtriangular)
(1); present and caused by rostrocaudal shorten-
ing of the caudal process of the postorbital (dorsal
region of infratemporal fenestra typically oval)
(2). This character appeared to be invariable
throughout ontogeny, as in, for example, Saurolo-
phus agustirostris. In this species state 2 is
present in subadults (e.g. ZPAL MgD-I 159) as
well as in adults (e.g. MPC-D100/706). In Edm-
ontosaurus spp., the constriction of the infratem-
poral fenestra is further accentuated by the
‘swelling’ of the postorbital. Notwithstanding this
‘swelling’, the condition in the genus is as in state
1.

Postorbital. Morphology of the central body of
the postorbital (PO3, http:/www.morphbank.
net/Show/?id=461361): triangular, craniocau-
dally broad, expanded rostroventrally to form
a straight and obliquely oriented caudodorsal
orbital margin (0); triangular, with a caudodorsal
orbital margin that ranges in lateral profile from
semicircular to subsquared (1); rostrocaudally
expanded, rostrally excavated, and bulging lat-
erally (‘inflated’), containing a hollow inner
cavity (in adults) (2).

Postorbital. Length of the jugal process of the
postorbital (PO4, http://www.morphbank.net/
Show/?1d=461362): relatively short, approxi-
mately as long as the craniocaudal width of the
orbit, hook-like in lateral profile (0); relatively
long, longer than the craniocaudal width of the
orbit, nearly straight, only slightly recurved ros-
trally (1).

Postorbital. Morphology of the caudal end of
the caudal process of the postorbital at its articu-
lation with the squamosal (PO5, http:/www.
morphbank.net/Show/?id=461363; Evans &
Reisz, 2007: character 35): oblong or wedge-
shaped (0); bifid (1).

Postorbital. Caudal extension of the caudal
ramus of the postorbital that overlaps the latero-
dorsal surface of the squamosal (PO6, http://
www.morphbank.net/Show/?id=461364; modified
from Godefroit et al., 2000): the caudal end of
the postorbital caudal ramus extends to a point
rostral to the quadrate cotylus, and does not
overlap the latter (0); the caudal end of the
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postorbital caudal ramus extends caudodorsal to
the precotyloid process, and over as much as the
rostral half of the quadrate cotylus (1); the caudal
end of the postorbital caudal ramus completely
overlaps the laterodorsal side of the squamosal
quadrate cotylus (2).

Squamosal. Length of the precotyloid process
of the squamosal (measured as the ratio of its
length relative to the width of the quadrate
cotylus) (SQ1, http:/www.morphbank.net/Show/
?id=461365): very short precotyloid process, ratio
less than 0.95 (mean ratio of 0.74) (0); moderately
long precotyloid process, ratio between 0.95 and
1.25 (mean ratio of 1.13) (1); very long precotyloid
process, ratio greater than 1.25 (mean ratio of
1.41) (2).

Squamosal. Dorsoventral expansion of the cau-
dolateral surface of the squamosal (SQ2, http://
www.morphbank.net/Show/?id=461366; Horner
et al.,2004: character 64): unexpanded, shallowly
exposed in caudal view (0); greatly expanded
dorsomedially, forming a deep, near vertical,
well-exposed face in caudal view (in adults)
(D).

Squamosal. Separation of the squamosals at
the occipital margin of the skull roof (SQ3, http://
www.morphbank.net/Show/?id=461367, Horner
et al., 2004: character 63): completely separated
by the parietal (0); the squamosal approaches the
sagittal plane of the skull, separated by a narrow
band of parietal (1); extensive intersquamosal
joint present at the midline, parietal completely
excluded from the sagittal plane of the skull at
that particular spot (in adults) (2).

Squamosal. Rostromedial indenture of the
medial ramus of the squamosal (SQ4, http:/
www.morphbank.net/Show/?id=461368; modified
from Godefroit et al., 1998): present, medial
ramus of the squamosal curves rostromedially,
so that the back of the skull appears to be deeply
indented rostrally when viewed dorsally (0);
absent, medial ramus of the squamosal extends
medially, forming a subsquared caudolateral
border of the skull roof (1).

NEUROCRANIAL CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461197)

. Frontal. Bifurcation of the rostromedial margin
of the frontals at the sagittal plane of the skull
roof, leaving a V-shaped space in between (F1,
http://www.morphbank.net/Show/?1d=461369):
absent (0); present (1).

Frontal fontanelle, present at least at one stage
during ontogeny (F2, http:/www.morphbank.
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net/Show/?id=461370; Langston, 1960; Wagner,
2001): absent (0); present (1).

Frontal. Nasal articulation surface of the frontal
shaped into a rostroventrally-sloping platform
(F3, http:/www.morphbank.net/Show/?id=
461371; Godefroit et al., 2004b: character 7, in
part; Evans & Reisz, 2007: character 40, in
part): absent (0); present (1).

Frontal. Nasal articulation surface of the frontal
shaped into a dorsoventrally thickened, tongue-
like platform that projects caudodorsally to over-
hang the parietal in adults (F4, http:/www.
morphbank.net/Show/?id=461372; Godefroit
et al., 2004b: character 7, in part; Evans &
Reisz, 2007: character 40, in part, and character
41): absent (0); present (1).

Frontal. Median cleft separating the two stri-
ated tongues of the frontal platform (F5, http://
www.morphbank.net/Show/?id=461373; Evans
& Reisz, 2007: character 40, in part): absent (0);
present (1).

Frontal. Exposure of the frontal along the
dorsal margin of the orbit (F6, http:/www.
morphbank.net/Show/?id=461374; modified
from Horner et al., 2004: character 57): frontal
exposed, forming part of the dorsal orbital
margin in between the prefrontal and postor-
bital (0); the frontal projects laterally into a
triangular narrow apex that inserts in between
a narrow gap left by the prefrontal and postor-
bital (in some exemplars, although the prefron-
tal and postorbital do not meet at the orbital
margin, the apex of the frontal does not reach
the lateral margin of the orbit at the same level
as the former two elements) (1); frontal com-
pletely excluded from the orbital margin by an
extensive articulation between the prefrontal
and postorbital (2).

Frontal, upward doming dorsal to the braincase
of subadult hadrosaurids (and perhaps young
adult) specimens (F7, http:/www.morphbank.
net/Show/?1d=461375; modified after Horner
et al., 2004: character 58): absent (0); present
D).

Length/width ratio of the ectocranial surface
of the frontal (F8, http:/www.morphbank.net/
Show/?1d=461376; Evans & Reisz, 2007: charac-
ter 42): relatively elongated ectocranial surface,
with a ratio greater than 0.8 (0); relatively short
ectocranial surface, with a ratio of 0.8 or less,
but greater than 0.4 (1); greatly shortened ectoc-
ranial surface, with a ratio less than 0.4 (2).
Frontal. Morphology of the ventral annular
ridge that defines the rostral extent of the cere-
bral fossa (F9, http://www.morphbank.net/Show/
?1d=461377; Evans & Reisz, 2007: character 43):
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long, low, and gently rounded in medial view (0);
sharp annular ridge (1).

Parietal. Maximum length/minimum width
proportions of the adult parietal (PAR1, http:/
www.morphbank.net/Show/?id=461378;  modi-
fied from Godefroit et al., 2004a: character 2):
very short, length/width ratio less than 1.40
(sample mean ratio of 1.19) (0); short, ratio
between 1.40 and 2.35 (sample mean ratio of
1.98) (1); relatively long, ratio greater than 2.35
(sample mean ratio of 2.75) (2). This ratio
decreases during ontogeny, at least in lam-
beosaurines such as Lambeosaurus spp. For
example, the ratio is 1.84 in ROM 758, 1.69 in
the larger CMN 8633, and finally reaches 1.16
in ROM 794. Similarly, the subadult Corytho-
saurus ROM 1947 has a long parietal (ratio
of 1.90). However, the caudal inclination of
the parasagittal crest is consistent through
ontogeny. In other hadrosaurids, the parietal
appeared to lengthen with ontogeny. For
example, in Brachylophosaurus MOR 1071-7-13-
99-87-1 the ratio is 2.04 and increases to 2.50 in
the adult specimen UCMP 130139. Horner et al.
(2004; character 70) and Evans & Reisz (2007,
character 45) included the length of the parietal
sagittal crest as a phylogenetically informative
character. This character is not considered here
because it is linked to the length of the entire
parietal: shorter parietals have shorter sagittal
crests and vice versa. Likewise, no difference in
the degree to which the proximal region of the
sagittal crest narrows was appreciated among
the taxa under study.

Parietal. Orientation of the parietal midline
crest (PAR2, http://www.morphbank.net/Show/
?1d=461380; Horner et al., 2004; character 69;
Evans & Reisz, 2007: character 44): straight and
level with the skull roof or slightly down-warped
along its length (0); the sagittal crest deepens
caudally and is strongly down-warped (1).
Parietal. Morphology of the rostromedian
process of the parietal that forms a crenulated
suture in between the caudomedian margin of
the frontals (PARS3, http://www.morphbank.net/
Show/?1d=461381): rectangular, rostrocaudally
short, and mediolaterally expanded (0); rostro-
caudally short and subtriangular to arcuate
or absent (1); rostrocaudally elongate and
mediolaterally narrow (2).

Parietal. Rostral extension of the sagittal crest
along the dorsal surface of the parietal (PAR4,
http://www.morphbank.net/Show/?1d=461382):
the sagittal crest extends along the entire length
of the parietal, and remains sharp and well
defined at the rostral region (0); the sagittal
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crest extends along the entire length of the
parietal, but its sharpness fades away at the
rostral region where the parietal is rostrocau-
dally shorter than it is wide (1); the sagittal
crest only extends along the caudal half of the
parietal, and the rostral half of the dorsal
surface of the parietal is flattened, lacking any
ridge or mediolateral compression (2).
Bacioccipital. Participation of the basioccipital
in the ventral margin of the foramen magnum
(BO1, http://www.morphbank.net/Show/?id=
461383; Weishampel et al., 1993: character 24):
absent, the exoccipital condyloids nearly or com-
pletely exclude the basioccipital from the ventral
margin of the foramen magnum (0); present, the
exoccipitals are separated at the sagittal plane
of the braincase and allow the basioccipital
to become part of the ventral margin of the
foramen magnum (1). Exclusion of basioccipital
from the foramen magnum is not syanpomrphic
for saurolophines; on the contrary, all hadrosau-
rids have a basioccipital participating in the
floor of foramen magnum.

Bacioccipital. Orientation of the articulation
margin of the occipital condyle relative to the
convex caudoventral border of the basiocci-
pital (BO2, http://www.morphbank.net/Show/
?1d=461384; modified from Godefroit et al., 2000:
character 1): the articulation margin of the
occipital condyle faces caudoventrally, and is
continuous with the caudal border of the basio-
ccipital (0); the articulation margin of the occipi-
tal condyle faces caudally, and is divided from
the caudal border of the basioccipital by a
shallow cleft (1).

Bacioccipital. Length of basioccipital constric-
tion (BO3, http://www.morphbank.net/Show/
?1d=461385; Godefroit et al., 2001): relatively
long and well-developed (0); poorly developed and
relatively short (1). Character 80 from Gates &
Sampson (2007) was excluded because in all taxa
the basisphenoid was found contributing to the
delimitation of the trigeminal foramen.
Basisphenoid. Orientation of the basipterygoid
process of the basisphenoid (measured as the
angle between the ventral margins of both pro-
cesses) (BS1, http:/www.morphbank.net/Show/
?1d=461386; modified from Godefroit et al., 2001:
character 2): angle less than 100° (sample mean
angle of 79°) (0); angle of 100° or greater (sample
mean angle of 111°) (1).

Basisphenoid. Developement of the alar pro-
cess of the basisphenoid (BS2, http:/www.
morphbank.net/Show/?1d=461387): moderately
developed (0); very well developed, relatively
large in size (1).
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Basisphenoid. Ventral transverse caudal ridge
between the basipterygoid processes of the
basisphenoid (BS3, http:/www.morphbank.net/
Show/?1d=461388; Gates & Sampson, 2007: char-
acter 78): absent or very poorly developed (0);
present, sharply defined ridge (1).

Basisphenoid. Short median ventral process
located between the basipterygoid processes

of the basisphenoid (BS4, http:/www.
morphbank.net/Show/?id=461389; Gates &
Sampson, 2007: character 79): absent (0);

present, ventrally or rostroventrally inclined (1).
Basisphenoid. Development of the rostral con-
striction of the basisphenoid, caudal to the basip-
terygoid processes (measured as the ratio
between the minimum mediolateral width of
the rostral constriction and the maximum width
of the basisphenoid across the spheno-occipital
tubercles) (BS5, http://www.morphbank.net/
Show/?1d=471320): very thick constriction, ratio
less than 1.45 (sample mean ratio of 1.37) (0);
moderately developed constriction, ratio between
1.45 and 1.90 (sample mean ratio of 1.72) (1); very
thin constriction, ratio greater than 1.90 (sample
mean ratio of 2.25) (2).

Laterosphenoid. Complete lateral osseous
closure of the ophthalmic sulcus (V) of the lat-
erosphenoid  (LS1,  http:/www.morphbank.
net/Show/?1d=461391; Evans & Reisz, 2007: char-
acter 51): absent (0); present (1).
Laterosphenoid. Extreme reduction of the length
of the postorbital process of the laterosphenoid
to 25% or less of the length of the mediodor-
sal flange of this element (LS2, http:/www.
morphbank.net/Show/?id=461392; modified from
Prieto-Marquez et al., 2006a: character 76):
absent (0); present (1).

Supraoccipital. Orientation of the caudal sur-
face of the supraoccipital (SO1, http:/www.
morphbank.net/Show/?id=461393; Horner et al.,
2004: character 65): nearly vertical (0); rostrally
inclined and facing caudodorsally (1).
Supraoccipital. Lateroventral corner of the
supraoccipital deeply inset into the exoccipital, so
that the latter is ‘locked’ between two short
flanges that project medially above lateral end
of the supraoccipital-exoccipital contact (SO2,
http://www.morphbank.net/Show/?1d=461394;
Horner et al., 2004: character 66): absent (0);
present (1).

Exoccipital. Caudal extension of the exoccipital—
supraoccipital shelf above the foramen magnum
(EX1, http://www.morphbank.net/Show/?id=
461395; modified from Godefroit et al., 2004b:
character 24): very short rostrocaudal length,
approximately less than half the diameter of the
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foramen magnum (0); moderately long, approxi-
mately more than half of, but less than, the
diameter of the foramen magnum (1); very long,
substantially longer (often twice or more) than
the diameter of the foramen magnum (2).
Exoccipital-opisthotic. Orientation of the distal
portion of the paroccipital process (EX2, http://
www.morphbank.net/Show/?id=461396; Horner
et al., 2004: character 62): ventrally directed (0);
rostroventrally directed (1).

Pterygoid. Elevation of the proximodorsal region
of the quadrate wing of the pterygoid (PLT1,
http://www.morphbank.net/Show/?1d=461397;
Prieto-Marquez et al., 2006a: character 72):
absent (0); present (1).

Pterygoid. Ventral extension of the lamina
located ventral to the central buttress of the
pterygoid (PLT2, http://www.morphbank.net/
Show/?1d=461398; Prieto-Marquez et al., 2006a:
character 75): lamina of moderate size, a rela-
tively large portion of the ventral quadrate
process and the rostroventral process extends
beyond the ventral margin of the lamina (0);
extensive lamina, only a relatively small portion
of the ventral quadrate process and the rostro-
ventral process extends beyond the ventral
margin of the lamina (1).

Ectopterygoid—jugal contact (PLT3, http:/www.
morphbank.net/Show/?id=461399; Godefroit
et al., 2001: character 12): present, the ectoptery-
oid contacts the medial side of the jugal (0);
absent, the jugal lacks an articular facet for the
ectopterygoid (1).

REGIONAL CRANIAL CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461162)

. Angle between the dorsal margin of the rostrum
parallel with the long axis of the external naris
and the maxillary tooth row (adults only) (RST2,
http://www.morphbank.net/Show/?id=461401):
angle up to 30° (sample mean angle of 27°) (0);
angle greater than 30° and up to 40° (sample
mean angle of 34°) (1); angle greater than 40°
(sample mean angle of 47°) (2).

Exposure of the nasal passage (NPS1, http://
www.morphbank.net/Show/?id=461402;  modi-
fied from Norman, 2002: character 5): present,
nasal passage open and exposed on the lateral
side of the rostrum (0); absent, nasal passage
nearly or completely enclosed by bone and for-
mation of internal cavities and passages (such
as lateral diverticula and a common median
chamber) (1). I differentiated between the narial
foramen (Wagner, 2001) and the bony naris
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(Evans, 2006). Functionally, both structures
formed the external naris. The iguanodon-
toidean narial foramen was regarded as homolo-
gous with the common median chamber of
lambeosaurines (Hopson, 1975; Wagner, 2004).
Because of the caudodorsal migration of the
external passage to become enclosed in a sup-
racranial crest forming the common median
chamber in lambeosaurines, what remained on
the laterodorsal surface of the premaxilla (the
bony naris) in the latter group was not regarded
as structurally homologous with the narial
foramen.

Lateral profile of the narial foramen (NPS2,
http://www.morphbank.net/Show/?1d=461403
and http://www.morphbank.net/Show/?id=
461404): broad and subellipsoidal in lateral
profile (0); narrow and subellipsoidal in lateral
profile (1); extremely narrow, cleft-like, in
lateral profile (2).

Degree of closure of the nasal passage on the
lateral crest surface between the caudoventral
process of the premaxilla and the nasal (NPS3,
http://www.morphbank.net/Show/?id=461405;
Evans, 2007b: character 15): present,
premaxilla—nasal fontanellae persist into late
ontogenetic stages (0); absent, fontanellae com-
pletely closed in adults (1).

Ratio between the length of the narial foramen
and the distance between the rostroventral
corner of the premaxilla and the rostroventral
margin of the prefrontal (NPS4, http:/www.
morphbank.net/Show/?id=461406): very short
narial foramen, ratio up to 0.40 (sample mean
ratio of 0.32) (0); moderately long narial
foramen, ratio greater than 0.40 but less than
0.60 (sample mean ratio of 0.49) (1); elongated
narial foramen, ratio between 0.60 and 0.65
(sample mean ratio of 0.62) (2); extremely long
narial foramen, ratio greater than 0.65 (sample
mean ratio of 0.72) (3).

Nasal vestibule folded into an S-loop in the
enclosed premaxillary passages rostral to the
dorsal process of the maxilla (Weishampel, 1981;
Evans, 2007b: character 8): absent (Weishampel,
1981, Fig. 6) (0); present (Weishampel, 1981,
Figs 4, 5) (D).

Location of the lateral diverticulum relative
to the common median chamber (Weishampel,
1981): lateral to the common median chamber
(Weishampel, 1981, Fig. 4 and 6) (0); rostral to
the common median chamber (Weishampel,
1981, Fig. 10) (1); caudodorsal to the common
median chamber (Weishampel, 1981, Fig. 8) (2).
Communication between the external bony
naris, the lateral diverticulum and the common
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median chamber (Evans, 2006): a tubular pre-
maxillary passage extends caudodorsally from
the bony naris to the lateral diverticulum, which
is then connected to the common median
chamber (Weishampel, 1981, Figs 4-6) (0); a
tubular premaxillary passage directly connects
the bony naris to the common median chamber
(Weishampel, 1981, Figs 7, 8) (1).

Caudal extent of the nasal passage dorsal
and/or caudal to the orbit (NPS8, http:/
www.morphbank.net/Show/?id=461407;  modi-
fied from Evans, 2007b: character 9): absent,
nasal passage restricted to the antorbital region
of the skull (0); present, but not extending
caudal to the occiput, with a nasal vestibule that
flanks a common median chamber (1); present,
nasal vestibule extending caudodorsal to the
occipital region of the skull (2).

Composition of the caudal margin of the
functional external naris (NPS9, http://www.
morphbank.net/Show/?id=461408; modified from
Horner et al., 2004: character 29): formed by the
nasal dorsally and the premaxilla ventrally (0);
formed entirely by the nasal (1); formed entirely
by the premaxilla (2).

Circumnarial fossa on the lateral surface of
the facial region of the skull (CMN1, http:/
www.morphbank.net/Show/?id=461409; Wagner,
2001; Horner et al., 2004: character 31): absent,
circumnarial structure entirely enclosed (0);
present (1).

Caudodorsal extension circumnarial fossa
(homologous with the lateral diverticulum inside
hollow supracranial crests) (CMN2, http:/
www.morphbank.net/Show/?id=461411 and
http://www.morphbank.net/Show/?1d=461412;
Hopson, 1975; Wagner, 2001, 2004; modified
from Horner et al., 2004, characters 32): the fossa
does not reach the caudal margin of the narial
foramen and, thus, lacks a caudal margin (0); the
fossa extends as far as to surround the caudal
margin of the narial foramen, but does not reach
the orbit (1); the fossa extends as far as the
rostrodorsal region of the orbit (2); the fossa
extends beyond the orbit, caudodorsal to its
caudal margin (3).

Degree of excavation of the caudal region
of the circumnarial fossa (CMN3, http:/www.
morphbank.net/Show/?id=461410; Horner et al.,
2004: character 32): lightly incised (0); deeply
incised and invaginated (1).

Elevation of the skull roof dorsal to the ances-
tral lateral profile (i.e. presence of supracranial
crest) (CRS1, http://www.morphbank.net/Show/
?1d=461413; Wagner, 2004): absent (0); present
(D.
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Composition of the supracranial crest (or the
homologous region of the skull from which the
crest forms) (excluding supporting elements)
(CRS2,  http://www.morphbank.net/Show/?id=
461414; modified from Horner et al., 2004: char-
acter 40): composed exclusively of the nasals
(0); primarily composed of the nasals and frontals
(1); primarily composed of the nasals and pre-
maxillae (2).

Relative contribution of the nasal and premaxilla
in the formation of hollow supracranial crests
(CRS3,  http://www.morphbank.net/Show/?id=
461415; Wagner, 2001 and modified in part from
Evans & Reisz, 2007: character 11): the nasals
constitute half or a larger portion of the crest in
the form of a caudal plate-like surface (0); the
nasals form a smaller portion of the crest relative
to the surrounding premaxillae (1).

General shape of the supracranial -crest
(CRS4,  http://www.morphbank.net/Show/?id=
461416, http://www.morphbank.net/Show/?id=
461417, http://www.morphbank.net/Show/?id=

461418, and http:/www.morphbank.net/Show/
?71d=461419; modified from Horner et al., 2004:
character 36): dome-like broad and low protuber-
ance (0); mediolaterally compressed arcuate pro-
tuberance, rostral or, in adults, dorsal to the level
of the orbits (1); paddle-like and caudally (as
well as slightly dorsally) directed solid blade of
bone (2); mediolaterally narrow and paddle-like,
extending caudal to the occiput (3); rostrally
excavated and rostrally-facing protuberance,
rostrodorsal to the orbit (4); nasal fold that rises
dorsally or caudodorsally to form a laterally
excavated promontory, with a caudal region that
rests over the frontals (5); raised into a large
vertical fan, formed by a solid plate-like exten-
sion of the premaxilla (‘cockscomb’) above the
nasal passages in the rostral region of the crest
(6); long and tubular, caudodorsally directed
beyond the occiput and slightly arched (7).
Hollow crest—snout angle along the dorsal
margin of the premaxilla in lateral view (in
adults) (CRS5, http:/www.morphbank.net/Show/
?1d=461420; Evans, 2007b: character 13): absent,
the lateral profile of the snout is continuous with
the lateral profile of the dorsal premaxillary
margin of the crest (0); facial profile shallowly
concave in lateral view, angle greater than 140°
(1); angle between 110° and 140° (2); crest proc-
umbent and rostrally inclined, angle less than
110° (3).

Caudal extension of the hook-like nasal process
on the caudoventral region of helmet-shaped
hollow supracranial crests (CRS6, http:/www.
morphbank.net/Show/?id=461421): rostral to or
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at the level of the caudal margin of the occiput (0);
extended caudal to the level of the caudal margin
of the occiput (1).

Palpebral (supraorbital) bone (PLP, http:/www.
morphbank.net/Show/?id=461422; Norman,
2002: character 13): absent (0); present (1).
Length/width proportions of the orbit (ORB,
http://www.morphbank.net/Show/?1d=461424;
Wagner, 2001): nearly circular, approximately as
wide as it is deep (0); elongated, dorsoventrally
deeper than it is wide (1).

Presence of a gap (paraquadratic foramen)
between the quadratojugal and the jugal (PQF,
http://www.morphbank.net/Show/?1d=461425):
absent (0); present (1).

Size of the infratemporal fenestra relative to
that of the orbit (ITF1, http:/www.morphbank.
net/Show/?1d=461426; modified from Gates &
Sampson, 2007): infratemporal fenestra both ros-
trocaudally wider and dorsoventrally deeper
than the orbit (0); infratemporal fenestra rostro-
caudally narrower than or approximately as wide
as the orbit (1).

Shape and rostrocaudal width of the dorsal
margin of the infratemporal fenestra relative to
that of the dorsal orbital margin (ITF2, http:/
www.morphbank.net/Show/?id=461427 and
http://www.morphbank.net/Show/?1d=461428):
subrectangular, with a dorsal infratemporal
margin that is approximately as wide as the
ventral margin (0); subtriangular, with a dorsal
infratemporal margin that is narrower than
the ventral margin (1). Within state (1), there
is considerable variation in the width of the
infratemporal fenestra within species of Corytho-
saurus and Lambeosaurus. The narrowest width
among lambeosaurines was found in Hypacro-
saurus altispinus, where the latter was approxi-
mately four times longer than wide.

Location of the dorsal margin of the infratempo-
ral fenestra relative to the dorsal margin of the
orbit (ITF3, http:/www.morphbank.net/Show/
71d=461564; modified from Gates & Sampson,
2007: character 86): the dorsal margin of the
infratemporal fenestra lies approximately at the
same level as the dorsal margin of the orbit, and
the caudal region of the skull roof is subhorizon-
tal or slightly sloping rostroventrally relative to
the frontal plane (0); the dorsal margin of the
infratemporal fenestra is substantially more dor-
sally located than the dorsal margin of the orbit,
and the caudal region of the skull roof is rostro-
ventrally inclined relative to the frontal plane (1);
the dorsal margin of the infratemporal fenestra
lies slightly or substantially below the level of the
dorsal margin of the orbit, and the caudal region
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of the skull roof is subhorizontal or slightly
sloping caudoventrally relative to the frontal
plane (2).

Morphology of the dorsal outline of the supratem-
poral fenestra (STF, http:/www.morphbank.net/
Show/?1d=461565): subrectangular, with the long
axis directed rostrally (0); oval, with the long
axis directed rostrolaterally (1); oval and wider
mediolaterally than rostrocaudally (2).

Length of the skull (measured from the caudal
margin of the quadrate to the rostral end of the
oral margin of the premaxilla) relative to its
height (measured from the ventral surface of
the quadrate to the dorsal border of the squamo-
sal) (SK1, http:/www.morphbank.net/Show/
?1d=461566; modified from You et al., 2003:
character 1): ratio up to 2 (sample mean ratio of
1.82) (0); relatively elongated skull, ratio greater
than 2 (sample mean ratio of 2.18) (1).
Maximum transverse width of the cranium in
dorsal view across the postorbitals relative
to the width across the quadrate cotylus of the
squamosals (SK2, http://www.morphbank.net/
Show/?1d=461699; modified from Horner et al.,
2004: character 67): the skull is more than 25%
wider across the postorbitals (sample mean
ratio of 0.35) (0); the skull is up to 25% wider
across the postorbitals (sample mean ratio of
0.14) (1).

Shape of the occiput in caudal view (SKS3,
http://www.morphbank.net/Show/?id=461700;
Horner et al., 2004: character 68): rectangular
(0); subtriangular, with the quadrates laterally
splayed distally (1).

VERTEBRAL CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461128)

. Cervical vertebrae. Morphology of the dorsal
flange of the axis (CRV1, http://www.
morphbank.net/Show/?1d=461701; modified from
Campione, Evans & Cuthbertson, 2007): dor-
sally convex flange extending beyond or to the
level of the cranialmost region of the postzyga-
pophyses (0); presence of short cranial flange
separated from the postzygapophyseal region by
a prominent embayment (1).

Cervical vertebrae. Development of the
postzygapophyseal proceses of cranial and
middle cervical vertebrae (CRV2, http:/www.
morphbank.net/Show/?1d=461702; modified from
Horner et al., 2004: character 74): relatively low
and relatively short, less than three times the
rostrocaudal breadth of the neural arch (0); rela-
tively high and relatively long, three times or

199.

200.

201.

202.

203.

204

more longer than the breadth of the neural
arch (1).

Number of cervical vertebrae (Horner et al.,
2004: character 72): 11 or less (0); 12 or more (1).
Height of the neural spine relative to that of
the centrum of the tallest posterior dorsal or
sacral vertebrae (in adults) (DRS1, http:/www.
morphbank.net/Show/?id=461703; modified from
Norman, 2002: character 41): short neural
spine, ratio up to 2.10 (mean ratio of 1.79) (0);
ratio greater than 2.10 and up to 3.25 (mean
ratio of 2.57) (1); very long neural spine, ratio
greater than 3.25 (mean ratio of 3.97) (2).
Slightly elongated neural spines in the cranial
dorsal vertebrae, forming a ‘wither-like’ region
above the pectoral girdle (DRS2, http:/www.
morphbank.net/Show/?id=461704; Wagner,
2001): absent (0); present (1).

Minimum count of co-ossified vertebrae in the
sacral region (including single dorsal and caudal
contributions (Godefroit et al., 2000: character
27): seven or fewer (0); eight or more (1). Brett-
Surman (1989) suggested that the number of
sacral vertebrae may increase with age. This is
supported by the observation of the addition of
two caudal vertebrae to the sacrum of a very
large Shantungosaurus, giving a total of ten
sacral vertebrae. However, some small hadro-
saurid individuals, such as the Saurolophus
juvenile ZPAL MgD-I 159, have as many as
nine sacrals, compared with the eight sacrals
observed in adult specimens such as MPC-D
100/706. The small exemplar of Lambeosaurus,
AMNH 5340, showed the relatively large count
of nine sacrals.

Chevron length relative to the length of the
neural spines in the caudal vertebrae of the
proximal half of the tail (CDL, http:/
www.morphbank.net/Show/?id=461705; Wagner,
2001): chevrons shorter or nearly as long as the
neural spines (0); chevrons longer than the
neural spines (1).

PECTORAL AND FORELIMB CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461121)

. Sternal. Length of the ‘handle-like’ caudolateral
process of the sternal relative to that of the
craniomedial plate (excluding the caudoventral
process) (ST, http://www.morphbank.net/Show/
?71d=461706; modified from Prieto-Marquez
etal., 2006a: character 100): caudolateral
process slightly shorter or as long as the crani-
omedial plate (0); caudolateral process longer
than the craniomedial plate (1).
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205.

206.

207.

208.

209.

210.

211.

Coracoid size relative to the length of the
scapula (COR1, http://www.morphbank.net/
Show/?1d=461707; Horner et al., 2004: character
77): relatively large coracoid, ratio between
craniocaudal length of coracoid and length of
scapula of approximately (0); coracoid reduced
in size relative to the scapula (1).

Coracoid. Ratio between the length of the lateral
margin of the facet for the scapular articulation
and the length of the lateral margin of the
glenoid (COR2, http://www.morphbank.net/
Show/?1d=461708): longer scapular facer, with a
ratio greater than 1.30 (sample mean ratio of
1.48) (0); slightly longer scapular facet, with a
ratio of greater than 1 and up to 1.30 (sample
mean ratio of 1.14) (1); glenoid longer than the
scapular facet, with a ratio of up to 1 (sample
mean ratio of 0.75) (2).

Coracoid. Angle between the lateral margins
of the facet for scapular articulation and the
glenoid (COR3, http:/www.morphbank.net/
Show/?1d=461709): angle greater than 115°
(sample mean angle of 124°) (0); angle up to 115°
(sample mean angle of 102°) (1).

Coracoid. Morphology of the craniomedial
margin of the coracoid (COR4, http:/www.
morphbank.net/Show/?1d=461710; Horner et al.,
2004: character 78): convex or straight, associ-
ated with a moderate development and slightly
projected biceps tubercle (0); concave, associated
with a relatively large and lateroventrally pro-
jected biceps tubercle (1).

Coracoid. Development of the ‘hook-like’ ventral
process of the coracoid, measured as the ratio
between the dorsoventral depth and the breadth
of the process (COR5, http:/www.morphbank.
net/Show/?1d=461711; modified from Godefroit
et al., 2000: character 25): relatively short, ratio
less than 0.65 (sample mean ratio of 0.55) (0);
ratio between 0.65 and 0.80 (sample mean ratio
of 0.71) (1); long process, nearly as deep as it is
wide, with a ratio of greater than 0.80 (sample
mean ratio of 0.96) (2).

Coracoid. Curvature of the ventral ‘hook-like’
process of the coracoid (COR6, http:/www.
morphbank.net/Show/?id=461712; Godefroit
et al., 2000: character 25): ventrally directed (0);
recurved, so that the process is caudoventrally
directed (1).

Scapula. Lateral profile of the dorsal margin of
the scapula (SCP1, http:/www.morphbank.net/
Show/?1d=461713; modified from Sereno, 1986):
craniocaudally straight from the cranial margin
of the coracoid facet to the distal end of the
blade (0); curved, dorsally convex, curvature
originating at the level of the dorsal margin of

212.

213.

214.

215.

216.

217.

the pseudoacromion process, and most pro-
nounced over the dorsoventral constriction (1).
Scapular length, ratio between the craniocaudal
length of the scapula (from the cranial end of the
pseudoacromion process to the distal margin
of the blade) and the dorsoventral depth of
the cranial end (from the cranial end of the
pseudoacromion process to the ventral apex
of the glenoidal facet) (SCP2, http://www.
morphbank.net/Show/?id=461714): relatively
short scapula, ratio of up to 4 (sample mean
ratio of 3.54) (0); relatively long scapula, ratio of
greater than 4 (sample mean ratio of 4.64) (1).
Dorsoventral expansion of the distal region of
the scapular blade (measured as a ratio between
the depth of the distal end of the blade and the
depth of the proximal region) (SCP4, http://
www.morphbank.net/Show/?id=461716):  ratio
less than 1 (sample mean ratio of 0.80) (0); ratio
of 1 or greater (sample mean ratio of 1.15) (1).
Scapula. Proximal constriction (scapular ‘neck’),
ratio between the dorsoventral width of the
proximal constriction and the dorsoventral
depth of the cranial end of the scapula (SCP5,
http://www.morphbank.net/Show/?1d=461717):
narrow ‘neck’, ratio of up to 0.60 (sample mean
ratio of 0.53) (0); relatively broad ‘neck’, ratio
of greater than 0.60 (sample mean ratio of 0.68)
(D).

Scapula. Morphology and orientation of the
pseudoacromion process (SCP6-7, http:/www.
morphbank.net/Show/?id=461718; modified from
Horner et al., 2004: character 80): recurved, so
that the cranial region is dorsally or craniodor-
sally directed (0); horizontal, occasionally with
minor and subtle dorsal or ventral curvatures,
so that the cranial region is cranially or mostly
cranially directed (1).

Scapula. Degree of curvature of the dorsally
oriented pseudoacromion process of the scapula
(SCP6-7, http://www.morphbank.net/Show/?id=
461718; modified from Horner et al., 2004: char-
acter 80): strongly recurved, so that the cranial
region of the process is dorsally oriented (0);
slightly recurved, with concave lateral profile of
the dorsal margin, so that the cranial region of
the process is craniodorsally oriented (1).
Scapula. Cranial extension of the craniodorsal
region of the scapula (bearing the coracoid
facet), measured as a ratio between the distance
from the coracoid joint and the cranial end of
the pseudoacromion process, and the height
between this and the ventral apex of the gle-
noidal facet (SCP8, http://www.morphbank.net/
Show/?1d=461719): short craniodorsal region,
ratio less than 0.45 (sample mean ratio of 0.35)
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218.

219.

220.

221.

(0); long craniodorsal region, ratio of 0.45 or
greater (sample mean ratio of 0.53) (1).

Scapula. Development of the deltoid ridge
(SCP9, http://www.morphbank.net/Show/?id=
461720): dorsoventrally narrow convexity

limited to the proximal region of the scapula,
near the pseudoacromion process from which
it develops, with a poorly demarcated ventral
margin (0); dorsoventrally deep and craniocau-
dally long, with a well-demarcated ventral
margin (1).

Humerus. Length of the deltopectoral crest of
the humerus (measured as the ratio between
the proximodistal length of the crest and the
proximodistal length of the humerus (HM1,
http://www.morphbank.net/Show/?1d=461721;
modified from Godefroit et al., 2000: character
26): proximodistally short crest, ratio less than
0.48 (sample mean ratio of 0.44) (0); ratio
between 0.48 and 0.55 (sample mean ratio of
0.52) (1); very long crest, ratio greater than 0.55
(sample mean ratio of 0.59) (2).

Humerus. Lateroventral expansion of the del-
topectoral crest of the humerus (measured as the
ratio between the width of the humerus across
the distal fourth of the deltopectoral crest and the
width of the distal shaft at the point of maximum
curvature) (HM2, http://www.morphbank.net/
Show/?1d=461722; modified from Horner et al.,
2004): poorly expanded deltopectoral crest, ratio
less than 1.65 (sample mean ratio of 1.53) (0);
ratio between 1.65 and 1.90 (sample mean ratio
of 1.76) (1); very expanded deltopectoral crest,
ratio greater than 1.90 (sample mean ratio of 2)
(2). No substantial increase in the lateroventral
expansion of the deltopectoral crest was found
through ontogeny. For example, juveniles of
Bactrosaurus johnsoni, AMNH 6378 and AMNH
30239, showed a ratio of 1.66 and 1.76, respec-
tively, which are within the range of the 1.74
value measured for a much larger specimen
(SBDE/95E). The same applied to other taxa:
Hypacrosaurus altispinus (juvenile TMP 82.10.1,
with a ratio of 2.01, and adult CMN 8501, with a
ratio of 2.06); Prosaurolophus maximus (juvenile
TMP 86.34.3, with a ratio of 1.79, and adult TMP
84.1.1, with a ratio of 1.80); and Corythosaurus
(juvenile ROM 1947, with a ratio of 1.98, and
adult ROM 845, with a ratio of 2.03).

Humerus. Degree of angulation of the ventral
margin of the deltopectoral crest (HM3, http:/
www.morphbank.net/Show/?id=471338;
Weishampel et al., 1993: character 37): well-
rounded (0); extending abruptly from the
humeral shaft to give a distinct angular profile

(D).

222.

223.

224.

225.

226.

227.

228.

229.

Humerus. Overall proportions of the humerus
(measured as a ratio between the total length and
the width of the lateral surface of the proxi-
mal end of the humerus) (HM4, http:/www.
morphbank.net/Show/?id=461724; modified from
Weishampel et al., 1993: character 36): relatively
short and stocky humerus, ratio less than 4.25
(mean ratio of 3.85) (0); ratio between 4.25 and
4.90 (sample mean ratio of 4.60) (1); relatively
long and thin humerus, ratio greater than 4.90
(mean ratio of 5.4) (2).

Ulna. Length of the ulna relative to its dorsoven-
tral thickness (measured at mid-shaft) (UL1,
http://www.morphbank.net/Show/?1d=461725):
ratio length/width less than 10 (0); ratio length/
width equal or larger than 10 (1).

Ulnar length relative to humeral length (UL2,
http://www.morphbank.net/Show/?1d=461726;
Norman, 2002: character 47): ulna shorter than
or as long as the humerus (0); longer ulna, up to
20% longer than the humerus (1); longer ulna,
being more than 20% longer than the humerus
(2).

Composition of the carpus (MN1, http:/
www.morphbank.net/Show/?1d=461727; adapted
from Horner et al., 2004: character 86): presence
of fused ulnare, radiale, intermedium, and distal
carpals (0); number of carpal bones reduced to a
maximum of two unfused elements (1).

Manual digit I (Norman, 2002: character 49)
(MN2, http://www.morphbank.net/Show/?id=
461728): presence of metacarpal I and one ungual
phalanx (0); entire digit I absent (1).
Elongation of the manus exemplified by elonga-
tion of metacarpals II-IV, measured as the
ratio between the length of metacarpal III and
the width of its mid-shaft (MN3, http:/www.
morphbank.net/Show/?id=461729; modified from
Horner et al., 2004: character 84): relatively
short and blocky, ratio of up to 5 (sample mean
ratio of 4.25) (0); relatively long and slender, ratio
of greater than 5 (sample mean ratio of 8.54) (1).
Elongation of metacarpal V, so that it is more
than twice as long as it is proximally wide (MN4,
http://www.morphbank.net/Show/?1d=461730):
absent (0); present (1).

Length/width proportions of manual phalanx
III1 (MNG6, http://www.morphbank.net/Show/
?1d=461732; modified from Prieto-Marquez et al.,
2006a: character 114): proximodistally com-
pressed, mediolaterally wider than it is long
(0); slightly longer proximodistally than it is
wide mediolaterally (1); very elongated, proximo-
distal length that is at least twice its medio-
lateral width at the middle of its longitudinal
axis (2).
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230

231.

232

233.

234.

235.

236.

. Shape of manual ungual II (MN7, http:/www.
morphbank.net/Show/?id=461733; Norman,
2002: character 53, in part): claw-like (0); hoof-
like (1).

Proximodistal length of manual palanx II1
relative to that of II2 (MNS8, http:/www.
morphbank.net/Show/?id=461734; modified from
You et al., 2003: character 55): phalanx II1 less
than three times longer than phalanx II2 (0);
phalanx II1 three times or more longer than
phalanx II2 (1). This character may appear
similar to the elongation of the manus (character
237). However, the length of phalanx II2 is pro-
portionally less than that of phalanx II1.

PELVIC CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461092)

. Ilium. Angle of ventral deflection of the preac-
etabular process of the ilium (IL1, http:/www.
morphbank.net/Show/?1d=461735; modified from
Suzuki et al., 2004: character 69): angle greater
than 150° (sample mean angle of 162°) (0); angle
of 150° or less (sample mean angle of 143°) (1).
Ilium. Dorsoventral depth of the proximal region
of the preacetabular process (measured as a
ratio between this and the dorsoventral distance
between the pubic peduncle and the dorsal
margin of the ilium) (IL3, http/www.
morphbank.net/Show/?id=461737): shallow, less
than half the depth of the cranial central plate,
ratio less than 0.50 (sample mean ratio of 0.42)
(0); approximately as deep as the cranial central
plate depth, ratio between 0.50 and 0.55 (sample
mean ratio of 0.51) (1); deeper than half the
depth of the cranial central plate, ratio greater
than 0.55 (sample mean ratio of 0.62) (2).
Ilium. Dorsoventral depth of the central plate
of the ilium (expressed as a ratio between this
and the distance between the pubic peduncle
and the caudodorsal prominence of the ischial
peduncle) (IL4, http://www.morphbank.net/
Show/?1d=461738): ratio of 0.80 or greater
(sample mean ratio of 0.90) (0); ratio less than
0.80 (sample mean ratio of 0.71) (1).

Ilium. Position of the ventralmost margin of
the supra-acetabular process relative to the
caudoventral margin of the lateral ridge of
the caudal protuberance of the ischial peduncle
of the ilium (IL5, http:/www.morphbank.net/
Show/?1d=461739; Brett-Surman & Wagner,
2007): apex located caudodorsally (0); apex
located craniodorsally (1).

Ilium. Development of the lateroventral projec-
tion of the supra-acetabular process of the ilium

2317.

238.

239.

240.

241.

(ILe, http://www.morphbank.net/Show/?id=
461740; modified from Horner et al., 2004: char-
acter 91): forms a longitudinal and continuous
‘swelling’ or reflected border along the dorsal
margin of the central plate and the proximal
region of the postacetabular process, with a
depth of up to 25% the depth of the ilium (0);
projected lateroventrally at least 25% (but less
than half) the depth of the ilium (1); projects
lateroventrally between half and three quarters
of the dorsoventral depth of the ilium (2);
projects lateroventrally to overlap totally or at
least half of the lateral ridge of the caudal
prominence of the ischial peduncle (3).

Ilium. Craniocaudal breadth of the supra-
acetabular process, measured as the ratio
between the breadth of the process across its
dorsal region and the craniocaudal length of the
central iliac blade from the caudal ischial
peduncle to the pubic one (IL7, http:/www.
morphbank.net/Show/?id=461741):  craniocau-
dally wider than the central plate of the ilium,
ratio greater than 0.85 (sample mean ratio of
1.16) (0); craniocaudally broad, ratio between
0.70 and 0.85 (sample mean of 0.73) (1); slightly
broader than half the length of the central iliac
blade, ratio between 0.55 and 0.69 (sample
mean ratio of 0.62) (2); short, ratio less than
0.55 (sample mean ratio of 0.48) (3).

Ilium. Symmetry of the lateral profile of the
supra-acetabular process (IL8, http:/www.
morphbank.net/Show/?id=461742): asymmetri-
cal, with a caudally skewed lateral profile (0);
symmetrical or with a slightly caudally skewed
profile (1).

Ilium. Morphology of the lateroventral margin
of the supra-acetabular process (IL9, http:/
www.morphbank.net/Show/?id=461743): cranio-
caudally sinuous (0); widely arched (1); U- or
V-shaped (2); subrectangular, with a shallow
notch that divides the ventral margin in two
poorly demarcated lobes (3).

Ilium. Demarcation of the caudodorsal margin
of the lateroventral rim of the supra-acetabular
process: the caudodorsal margin is a well-defined
ridge that is continuous with the dorsal margin
of the proximal region of the postacetabular
process (IL10, http:/www.morphbank.net/Show/
?1d=461799) (0); the caudodorsal margin is poorly
defined and appears discontinuous with the
dorsal margin of the proximal region of the
postacetabular process because of the lack of a
well-demarcated caudodorsal ridge (http:/www.
morphbank.net/Show/?id=461744) (1).

Ilium. Morphology of the pubic peduncle of the
ilium (IL11, http:/www.morphbank.net/Show/
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242.

243.

244.

?71d=461745 and http://www.morphbank.net/
Show/?1d=461746; modified from Sereno, 1986;
Horner et al., 2004; character 92): relatively large
and dorsoventrally deep (longer than wide),
subconical, with a proximal region that is only
slightly craniocaudally wider than the distal end
of the process (0); relatively shorter (wider or as
wide as long) and triangular, with a proximal
region that is much craniocaudally wider than
the distal end (1).

Ilium. Morphology of the ischial peduncle of the
ilium (IL12, http:/www.morphbank.net/Show/
?1d=461747 and http://www.morphbank.net/
Show/?1d=461748; modified from Godefroit et al.,
2001: character 30): formed by a single and large,
oval ventral protrusion (0); composed of a large
and oval ventral protrusion, and by a smaller,
caudodorsally located prominence emerging from
the caudodorsal ridge (1); formed by two protru-
sions of similar size, the caudalmost one located
slightly caudodorsally (2).

Ilium. Ratio between the craniocaudal length of
the postacetabular process and the craniocaudal
length of the central plate of the ilium (IL13,
http://www.morphbank.net/Show/?1d=461749):
short postacetabular process, ratio up to 0.80
(sample mean ratio of 0.70) (0); postacetabular
process nearly as long as the central plate, ratio
greater than 0.80 but less than 1.1 (sample mean
ratio of 0.90) (1); postacetabular process substan-
tially longer than the central plate, ratio of 1.1 or
greater (sample mean ratio of 1.23) (2).

Ilium. Brevis shelf at the base of the postace-
tabular process of the ilium (IL14, http:/www.
morphbank.net/Show/?id=461750; modified in
part from Horner et al., 2004: character 93):
absent (0); present (1). A number of hadrosaurid
taxa showed a structure that could only be com-
pared with the brevis shelf of non-hadrosaurid
iguanodontoideans. The structure present in
the hadrosaurids Secernosaurus koerneri, the
Salitral Moreno OTU, Hypacrosaurus altispinus
(AMNH 5204), and Velafrons coahuilensis dif-
fered from that in non-hadrosaurid taxa in
that it appeared to have originated from dorso-
medial rotation of the postacetabular process,
rather than being the ventral surface of a
mediolaterally thickened process. However, no
such distinction was included in the defini-
tion and coding of this structure, in order to let
the phylogenetic analysis infer whether those
two types of shelves were homologous or not.
The results of the phylogenetic analysis indi-
cated that the brevis shelf in hadrosaurids
evolved independently form that in outgroup
iguanodontoideans.

245.

246.

247.

248.

249.

250.

Ilium. Medioventral ridge on the medial side of
the postacetabular process, crossing the bone
surface from the proximoventral to the caudo-
dorsal margins, and orientation of the brevis
shelf (IL15, http://www.morphbank.net/Show/
71d=468875): absent or presence of a faint ridge
(0); well-defined ridge bounding the medial
margin of the brevis shelf, the latter faces medio-
ventrally, and in medial view appears restricted
to the caudal region of the postacetabular process
(1); well-defined ridge forming the medial margin
of a medioventrally-facing shelf, with a postac-
etabular process that is progressively expanded
mediolaterally towards the caudal end (2); well-
developed, oblique, and expanded flange forming
the medial margin of an extensive brevis shelf
that faces more ventrally than medially (3).
Ilium. Craniocaudally oriented median ridge on
the laterodorsal surface of the postacetabular
process (IL16, http://www.morphbank.net/Show/
?71d=461752): absent (0); present (1).

Ilium. Geometry of the lateral profile of the
postacetabular process of the ilium (IL17, http:/
www.morphbank.net/Show/?id=461753 and
http://www.morphbank.net/Show/?1d=461754;
modified from Horner et al., 2004: character 93):
the ventral margin converges caudodorsally to
meet the horizontal dorsal margin, forming a
tapering caudal end, and producing a triangular
lateral profile of the process (0); dorsal and
ventral margins parallel or slightly convergent,
forming a distinct (rectangular or subcircular)
caudal margin (1).

Ilium. Orientation of the dorsal margin of the
postacetabular process relative to the acetabular
margin (IL18, http:/www.morphbank.net/Show/
?1d=461755): horizontal dorsal margin parallel or
nearly parallel with the acetabular margin (0);
caudodorsally oriented dorsal margin, rising dor-
sally relative to the acetabular margin (1).
Ilium. Position of the medial sacral ridge within
the medial surface of the central plate of the
ilium (IL19, http:/www.morphbank.net/Show/
?1d=461756): ridge well separated ventrally from
the dorsal margin of the ilium, set between 50
and 30% of the dorsoventral depth of the central
plate (0); ridge located more dorsally, closer to the
dorsal margin, within the dorsal third (less than
30% of the depth) of the central plate (1).

Ilium. Orientation of the medial sacral ridge
of the ilium (IL20, http:/www.morphbank.net/
Show/?id=461757): craniocaudally directed, par-
allel with the dorsal margin of the ilium, and
ending caudal to the level of the ischial peduncle,
well into the proximal region of the postace-
tabular process (0); diagonal, cranioventrally
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251.

252.

253.

to caudodorsally oriented, concave ventrally and
converging with the dorsal margin at the level of
the ischial peduncle (1).

Ilium. Lateral profile of the dorsal or laterodor-
sal margin of the ilium (IL21, http:/www.
morphbank.net/Show/?1d=461758; modified from
Horner et al., 2004: character 100): straight or
slightly convex (0); distinctly depressed over the
supra-acetabular process, and dorsally bowed
over the proximal region of the preacetabular
process (1).

Pubis. Orientation of the dorsoventral expan-
sion of the prepubic process (PB1, http:/www.
morphbank.net/Show/?id=461759): the dorsal
region of the expansion is more expanded than
the ventral region, so that distally the process is
dorsally directed (0); the ventral region is more
expanded than the dorsal region, so that the
distal expansion is ventrally directed (1).

Pubis. Geometry of the dorsoventral expansion
of the prepubic process of the pubis (in lateral
or medial views) (PB2, http:/www.morphbank.
net/Show/?1d=461760, http://www.morphbank.
net/Show/?1d=461761, and http://www.
morphbank.net/Show/?id=461762; modified in
part from Wagner, 2001): circular to oval expan-
sion, extensive and convex ventral margin (0);
subsquared distal dorsal margin, expansion dor-
soventrally taller than cranioventrally long, very
pronounced proximal dorsal concavity and nearly
straight distal ventral margin (1); ellipsoidal,
expansion craniocaudally longer than dorso-
ventrally tall, well-pronounced concavities of the
dorsal and ventral proximal margins (2); oval
expansion, dorsoventrally taller than craniocau-
dally long, well-pronounced concave profiles of
dorsal and ventral proximal margins (3); rectan-
gular, craniocaudally longer than dorsoventrally
tall, nearly straight profiles of the dorsal and
ventral proximal margins (4). The shape of the
prepubic process of the pubis remained constant
throughout ontogeny in the few ontogenetic
series recorded (e.g. lambeosaurine taxon, cf.
Hypacrosaurus stebingeri, juveniles MOR 548
and adult MOR 549; Maiasaura peeblesorum,
subadults MOR 547 and adult ROM 44770; Edm-
ontosaurus spp., subadults LACM 7241, LACM
23504, and adults CMN 8399, DMNH 1943,
SM 3046, CMN 2289, etc., to name just a few
examples). It was also observed that, within the
characteristic ‘fist-like’ shape of the lambeo-
surine pubis, Corythosaurus (e.g. AMNH 5240
and possibly AMNH 3971) and Lambeosaurus
(e.g. TMP 66.4.1) showed a more elongated pre-
pubic constriction relative to that of other forms
such as Hypacrosaurus altuspinus (e.g. CMN

254.

255.

256.

257.

258.

259.

8501), Hypacrosaurus stebingeri (MOR 549), and
Lambeosaurus laticaudus (e.g. LACM 26874).
Pubis. Depth of the dorsoventral expansion of
the distal region of the prepubic process relative
to the width of the acetabular margin of the
pubis (PB3, http:/www.morphbank.net/Show/
?1d=461763): distal expansion as wide as or shal-
lower than the width of the acetabular margin
(0); dorsoventral expansion deeper than the
acetabular margin (1).

Pubis. Craniocaudal length of the proximal
constriction of the prepubic process of the pubis
relative to the length of the dorsoventral expan-
sion (PB4, http:/www.morphbank.net/Show/
?71d=461764; modified from Horner et al., 2004:
character 96): constriction longer than the dors-
oventral expansion, i.e. restricted to the distal
region of the process (0); constriction and distal
expansion have approximately the same length
(1); constriction slightly shorter than the dors-
oventral expansion that begins at the proximal
region of the process (2).

Pubis. Relative position of maximum concavity
of the dorsal and ventral margins of the prepubic
process of the pubis (PB5, http:/www.
morphbank.net/Show/?id=461765): maximum
ventral concavity achieved adjacent to the proxi-
mal region of the postpubic process, maximum
dorsal concavity located further distally (0);
maximum ventral concavity located ventral to or
slightly caudal to the maximum dorsal concavity
D.

Pubis. Morphology of the acetabular margin,
ventral to the lateral edge of the iliac peduncle
(PBS6, http://www.morphbank.net/Show/?id=
461766): the lateral margin of the iliac peduncle
extends ventrally forming a prominent ridge that
merges with the proximal region of the ischial
peduncle (0); the lateral margin of the iliac
peduncle progressively disappears ventrally into
the lateral surface of the region adjacent to the
acetabular margin (1).

Pubis, obturator foramen (PB7, http:/www.
morphbank.net/Show/?id=461767; modified from
Horner et al., 2004: character 97): present, pro-
ximal postpubic ramus has a caudodorsally
oriented short process that contacts totally or
partially with the ischial peduncle to form the
obturator foramen (0); absent, proximal postpu-
bic ramus lacks a dorsocaudally oriented process
(D).

Pubis. Length/width ratio of the ischial peduncle
of the pubis (PB8, http:/www.morphbank.net/
Show/?1d=461768): very short ischial peduncle,
ratio less than 1.85 (sample mean ratio of 1.5) (0);
ratio ranging from 1.85 to less than 3 (sample
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260.

261.

262.

263.

264.

265.

266.

mean ratio of 2.4) (1); very long, ratio of 3 or more
(with a sample mean ratio of 4) (2).

Pubis. Lateroventral protuberance on the proxi-
mal region of the ischial peduncle of the pubis
(PBY, http://www.morphbank.net/Show/?id=
461769): absent or very faintly developed (0);
present (1).

Pubis. Depth/width proportions of the iliac
peduncle of the pubis (PB10, http:/www.
morphbank.net/Show/?id=461770):  craniocau-
dally broader than dorsoventrally tall (0); taller
dorsoventrally than broad craniocaudally (1).
Pubis. Total length of the pubis, as the ratio
between the craniocaudal distance from the
acetabular margin to the distal margin of
the prepubic process, and the distance from
the dorsal margin of the iliac peduncle and the
ventral margin of the proximal postpubic shaft
(PB11, http://www.morphbank.net/Show/?id=
471324): short, ratio less than 2.70 (sample mean
raio of 2.30) (0); long, ratio between 2.70 and 3
(sample mean ratio of 2.84) (1); very long, ratio
greater than 3 (sample mean ratio of 3.53) (2).
Ischium. Development of a caudal curvature
of the distal margin of the iliac peduncle of
the ischium (IS1, http:/www.morphbank.net/
Show/?1d=461772 and http://www.morphbank.
net/Show/?1d=461773; Brett-Surman & Wagner,
2007): curvature absent, distal margin slightly
rounded, and, in some exemplars, slightly curved
cranially (0); presence of a very short and slight
curvature in the caudodorsal corner (1); presence
of a well-developed curvature in the caudodorsal
corner, so that the peduncle appears ‘thumb-like’
in lateral and medial profiles (2).

Ischium. Orientation of the distal articular
surface of the iliac peduncle, measured as the
angle that it forms with the acentabular margin
of the peduncle (IS2, http:/www.morphbank.
net/Show/?1d=461774): angle up to 115° (sample
mean angle of 95°), angular craniodistal edge of
the iliac peduncle (0); angle greater than 115°
(sample mean angle of 125°), the distal surface
of the peduncle is further cranially oriented (1).
Ischium. Elongation of the iliac peduncle of
the ishium (ratio between the proximodistal
length and the craniocaudal width of the distal
margin) (IS3, http:/www.morphbank.net/Show/
?1d=461775): relatively short peduncle, ratio less
than 1.5 (sample mean ratio of 1.27) (0); ratio
between 1.5 and 2 (sample mean ratio of 1.78) (1);
relatively long peduncle, ratio greater than 2
(sample mean ratio of 2.30) (2).

Ischium. Relative orientation of the acetabular
and caudodorsal margins of the iliac peduncle
of the ischium (IS4, http://www.morphbank.net/

267.

268.

269.

270.

271.

272.

Show/?1d=461776): margins are either parallel or
slightly convergent with each other (correlated
with a greater expansion of the craniodorsal
corner of the peduncle) (0); margins become
slightly to greatly divergent near the proximal
region of the peduncle (1).

Ischium. Orientation of the craniocaudal axis of
the pubic peduncle (perpendicular to its articular
margin) relative to the ischial shaft (IS5, http://
www.morphbank.net/Show/?id=461777): ven-
trally inclined, angle up to 130° (sample mean
angle of 118°) (0); slightly inclined ventrally,
angle greater than 130 and up to 170° (sample
mean angle of 157°) (1); pubic peduncle parallel
with the ischial shaft (2).

Ischium. Length/width proportions of the pubic
peduncle of the ishium (IS6, http:/www.
morphbank.net/Show/?id=461778): proximodis-
tally longer than the distal articular surface is
wide (0); approximately as long proximodistally
as the distal articular surface is dorsoventrally
wide (1); proximodistally shorter than the dors-
oventral width of the distal articular surface (2).
Ischium. Relative position of the dorsal acetabu-
lar margin of the pubic peduncle (IS7, http:/
www.morphbank.net/Show/?id=461779): ventral
to or at the same level as the dorsal margin of the
ischial shaft (0); peduncular margin set dorsal to
the dorsal margin of the ischial shaft (1).
Ischium. Dorsoventral thickness of the mid-shaft
of the ischium (measured as a ratio between this
and the length of the entire shaft) (IS8, http:/
www.morphbank.net/Show/?id=461780; modified
from Wagner, 2001): very thin shaft, up to 5% the
length of the ischial shaft (sample mean of 4.6%)
(0); thickness ranging from more than 5% and up
to 7.5% the length of the ischial shaft (sample
mean of 6.7%) (1); very thick shaft, thickness
greater than 7.5% the length of the ischial shaft
(sample mean of 8.4%) (2).

Ischium. Morphology of the distal region of the
ischial shaft (IS9, http:/www.morphbank.net/
Show/?1d=461781 and http://www.morphbank.
net/Show/?1d=462510; modified from Godefroit
et al., 2001: character 31): slightly expanded into
a blunt end (0); ventrally expanded forming a
large ‘foot’ or ‘boot-like’ process (1).

Ischium. Degree of ventral projection of the
distal expansion of the ischium (expressed as
the ratio between the length of the ischial shaft
and the length of the distal ventral expansion)
(IS10, http://www.morphbank.net/Show/?id=
461783; Evans & Reisz, 2007: character 90): ratio
less than 0.25 (sample mean ratio of 0.18) (0);
ratio of 0.25 or greater (sample mean ratio of
0.28) (1).
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273

274.

275

276.

2717.

278.

279.

. Ischium. Morphology of the cranial margin
of the ventral expansion of the distal ischial
shaft (IS11, http:/www.morphbank.net/Show/
71d=461784): slightly concave and directed cau-
doventrally to meet the caudal margin to nearly
a point (0); strongly concave, recurved cranial
margin (1).

Ischium. Orientation of the long axis of the distal
‘foot’ relative to the ischial shaft (IS12, http://
www.morphbank.net/Show/?id=461785):
straight, ventrally directed (0); cranioventrally
directed, the inclination starting at the dorsal
margin of the “foot’ (1).

HINDLIMB CHARACTERS
(HTTP://WWW.MORPHBANK.NET/MYCOLLECTION/
INDEX.PHP?COLLECTIONID=461037)

. Femur. Degree of curvature of the distal half of
the femoral shaft (FM1 (http:/www.morphbank.
net/Show/?1d=461786; Norman, 2002: character
62): slightly curved caudomedially (0); absence
of curvature, straight distal shaft (1).

Femur. Lateral profile of the caudoventral
margin of the fourth trochanter of the femur
(FM2, http://www.morphbank.net/Show/?id=
461787; modified from Wagner, 2001): triangular
and ending in a caudally, and slightly ventrally,
directed point (0); smooth and arcuate (1).
Tibia. Extension of the cnemial crest of the
tibia (TB, http:/www.morphbank.net/Show/?id=
461788; Godefroit et al., 2000: character 31): the
cnemial crest is restricted to the proximal end
of the tibia (0); cnemial crest further extended
along the cranial surface of the proximal half of
the diaphysis (1).

Fibula. Shape of the cranially expanded distal
end of the fibula (FB, http:/www.morphbank.
net/Show/?1d=461789; modified from Godefroit
et al., 2000: character 32): subtriangular, with a
straight or slightly concave cranial margin (0);
club-shaped, with a concave cranial margin and
prominent cranial expansion (1). Godefroit et al.
(2000) regarded state 1 of this character as
synapomorphic for Parasaurolophus cyrtocrista-
tus and Charonosaurus jiayinensis. However, a
club-like distal end of the fibula is also present
in other taxa, such as Corythosaurus interme-
dius (e.g. ROM 845) and even in a juvenile cf.
Hypacrosaurus stebingeri (MOR 548).
Astragalus. Development of the medial platform
of the astragalus (AS, http:/www.morphbank.
net/Show/?1d=461790): it extends medially to
completely underlie the medial malleolus of the
tibia (0); short, wedges laterally, underlying only
part of the medial malleolus of the tibia (1).

280.

281.

282.

283.

284.

285.

286.

Distal tarsals II and III (Horner et al., 2004:
character 102): present (0); absent (1).
Metatarsal I (modified from Norman, 2002:
character 66): absent (0); slender and splint-like
element (1).

Length/width proportions of metatarsal III
(measured as the ratio between its proximodis-
tal length and its mediolateral breadth at mid-
shaft; PES2, http:/www.morphbank.net/Show/
7id=461791): ratio less than 4.50 (mean ratio
of 4.02) (0); elongated, ratio of 4.50 or greater
(mean ratio of 5.12) (1).

Length/width proportions of pedal phalanx II2
(PESS, http://www.morphbank.net/Show/?id=
461792): proximodistally shortened, being twice
as wide mediolaterally as it is proximodistally
long (0); subsquared, only slightly shorter proxi-
modistally than it is wide mediolaterally (1).
Length/width proportions of the disc-shaped
pedal phalanges III2 and III3 (PES4, http:/
www.morphbank.net/Show/?id=461793; modified
from Horner et al., 2004: character 104): up to
three times (or less) wider than they are proxi-
modistally long (0); more than three times wider
than they are proximodistally long (1).
Morphology of the pedal unguals (PES6, http://
www.morphbank.net/Show/?id=461795;
Norman, 2002: character 67): proximodistally
elongated and arrow-shaped, with a bluntly trun-
cated tip and prominent claw grooves (0);
mediolaterally broad and proximodistally short-
ened, rounded shield or hoof-like shaped, with
reduced or absent claw grooves (1).

Ridge on the plantar surface of pedal unguals
(PES7, http://www.morphbank.net/Show/?id=
461796; Prieto-Marquez, 2005: character 47):
absent (0); present (1).

ADDITIONAL AUTAPOMORPHIC CHARACTERS FOR

287.

288.

289.

290.

291.

292.

293.

INCLUSION IN THE BAYESIAN ANALYSIS

Iguanodon bernissartensis. Very large postero-
dorsal buttress of the quadrate (Paul, 2008).
Iguanodon bernissartensis. Massive manus
(Paul, 2008).

Iguanodon bernissartensis. Forelimb about 70%
the length of the hindlimb (Paul, 2008).
Mantellisaurus atherfieldensis. Distal pedal
phalanges not strongly abbreviated (Paul, 2008).
Mantellisaurus atherfieldensis. Relatively large
pelvis (Paul, 2008).

Equijubus normani. Finger-like process extend-
ing dorsally from the rostral process of the jugal
to the lacrimal (Hai-lu You et al., 2003).
Equijubus normani. Dentary teeth lacking a
median primary ridge (Hai-lu You et al., 2003).
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294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

Equijubus normani. Anterior process of the lac-
rimal wedging between premaxilla and maxilla
(Paul, 2008).

Equijubus normani. Ventral margin of the lac-
rimal lying at the level of the dorsal edge of the
maxilla (Paul, 2008).

Protohadros byrdi. Ventrally deflected muzzle,
including a massive predentary and a robust,
rostrally expanded, and deflected dentary
(Head, 1998).

Protohadros byrdi. Strongly Dbilobate jugal—
maxillary articulation (Head, 1998).
Bactrosaurus johnsoni. Rather narrow caudal
process of jugal (Godefroit et al., 1998).
Bactrosaurus johnsoni. Postcotyloid process
of the quadrate markeldly curved posteriorly
(Godefroit et al., 1998).

Telmatosaurus transsylvanicus. Large caudal
ectopterygoid shelf (Weishampel et al., 1993).
Telmatosaurus transsylvanicus. Relatively long
post-metotic braincase (Weishampel et al.,
1993).

Telmatosaurus transsylvanicus. Relatively large
basipterygoid processes of the basisphenoid
(Weishampel et al., 1993).

Telmatosaurus transsylvanicus. Relatively large
scar for m. protractor pterygoideus on the
lateral side of the basisphenoid (Weishampel
et al., 1993).

Telmatosaurus transsylvanicus. Well-developed
channel for the palatine branch of the facial
nerve that also accommodated the median cere-
bral vein (Weishampel et al., 1993).
Wulagasaurus dongi. Very slender dentary,
with a dental battery length/maximum height
of the dentary ramus at middle of dental bat-
tery ratio greater than 4.5 (Godefroit et al.,
2008).

Wulagasaurus dongi. Lateral side of the dentary
not pierced by foramina (Godefroit et al., 2008).
Wulagasaurus dongi. Humeral articular head
extending distally as a very long and prominent
ridge (Godefroit et al., 2008).

Sahaliyania elunchunorum. Long and very
slender paroccipital process, with slightly
convex dorsal border and slightly concave
ventral margin (Godefroit et al., 2008).
Sahaliyania elunchunorum. Lateral depressions
on the dorsal surface of the frontal better devel-
oped than in other lambeosaurines, without
being associated with the median doming of the
element (Godefroit et al., 2008).

Sahaliyania elunchunorum. Ventrally displaced
quadratojugal notch (Godefroit et al., 2008).
Amurosaurus riabinini. Sagittal crest particu-
larly elevated on the caudal part of the parietal,

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

forming a high, triangular, and deeply excavated
triangular process on the occipital region
(Godefroit et al., 2004a).

Amurosaurus riabinini. Caudal process of
the postorbital particularly elongated, narrow,
and regularly convex upwardly (Godefroit et al.,
2004a).

Amurosaurus riabinini. Prefrontal forming at
least half of the width of the floor for the suprac-
ranial crest (Godefroit et al., 2004a).
Aralosaurus tuberiferus. Paired nasals rising
dorsally far in front of the orbits, forming or
participating in a hollow crest-like structure
(Godefroit et al., 2004b).

Aralosaurus tuberiferus. Well-developed curved
crest bordering laterally the posterior region of
the premaxillary shelf, producing a trapezoidal
lateral profile in the maxilla (Godefroit et al.,
2004b).

Brachylophosaurus  canadensis.  Prefrontal
projected posteriorly, resting dorsomedially over
anterior process of postorbital and, more poste-
riorly, extending ventromedially to underlie the
nasal (Prieto-Marquez, 2005).

Maiasaura peeblesorum. Elongate rostrum
bearing a dorsal surface that is distinctly
angular in lateral aspect (Trexler, 1995).
Maiasaura peeblesorum. Dorsal surfaces of the
rostrum caudal and rostral to the mid-nares,
being straight but at an angle to each other
because of a curvature of small radius located
above the middle of the narial opening (Trexler,
1995).

Charonosaurus jiayinensis. Lateral side of
squamosal nearly completely covered by caudal
ramus of postorbital (Godefroit et al., 2001).
Charonosaurus jiayinensis. Paroccipital and
postcotyloid processes very low, extending only
to mid-height of foramen magnum (Godefroit
et al., 2001).

Corythosaurus casuarius. Caudal margin of the
crest smoothly convex in lateral view (Evans,
2007D).

Corythosaurus casuarius. Crest larger than
in Corythosaurus intermedius, with a rostral
margin of the dorsal process that forms a
steeper angle with the snout than in the latter
species (Evans, 2007b).

Corythosaurus intermedius. Caudal margin of
the crest that is shallowly concave in lateral
view and has a caudoventral nasal process
(Evans, 2007b).

Corythosaurus intermedius. Crest smaller
than in Corythosaurus casuarius, with a rostral
margin of the dorsal process forming a shallower
angle with the rostrum (Evans, 2007b).
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325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

Hypacrosaurus altispinus. Constricted external
naris bounded caudally by the premaxillary
dorsal process (Evans, 2007b).

Hypacrosaurus altispinus. Postorbital with
unbranched posterior ramus (Evans, 2007b).
Hypacrosaurus altispinus. Jugal with angular
ventral flange and straight caudoventral margin
between the ventral and the quadratojugal
flanges (modified from Evans, 2007Db).
Lambeosaurus magnicristatus. Supracranial
crest strongly inclined rostrally such that the
angle between the dorsal premaxillary process
and the rostrum is less than 85° (Evans, 2007b).
Lambeosaurus magnicristatus. Crest strongly
overhanging the rostrum (Evans, 2007b).
Lambeosaurus magnicristatus. Caudoventral
premaxillary process enlarged rostrodorsally
to a greater degree than in any other lambeo-
saurine with a broadly rounded profile (Evans,
2007Db).

Kerberosaurus mankini. Basisphenoid process
of prootic deeply excavated by a pocket-like
depression (Bolotsky & Godefroit, 2004).
Kerberosaurus mankini. Groove for ramus oph-
talmicus of trigeminal foramen particularly
widened on lateral side of laterosphenoid
(Bolotsky & Godefroit, 2004).

Kerberosaurus mankini. Postotic foramina not
limited rostrally by a prominent ridge (Bolotsky
& Godefroit, 2004).

Kerberosaurus mankini. Circumnarial depres-
sion limited dorsocaudally by a strong, wide,
and flattened crest on the lateral side of the
nasal around the external nares (Bolotsky &
Godefroit, 2004).

Kerberosaurus mankini. Very prominent hook-
like palatine process on maxilla (Bolotsky &
Godefroit, 2004).

Nipponosaurus sachalinensis. Robust coronoid
process of the surangular (Suzuki et al., 2004).
Nipponosaurus sachalinensis. Poorly developed
neural spine of the axis (Suzuki et al., 2004).
Velafrons coahuilensis. Quadrate with narrow
qudratojugal notch (Gates et al., 2007).
Velafrons coahuilensis. Postorbital with dorsally
positioned, high-arching squamosal process
(Gates et al., 2007).

Kritosaurus navajovius. Nasal arch extend-
ing above the orbits and posteriorly (in adult
specimens) to between the orbits (Williamson,
2000).

Kritosaurus navajovius. Circumnarial depres-
sion that, at its posterior region, extends from
near the dorsal margin of the nasal laterally
onto the prefrontal and lacrimal (Williamson,
2000).

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

3562.

353.

354.

355.

Gryposaurus latidens. Excavations on the
ventral surface of the premaxilla for the union of
the rostroventral process of the maxilla (Horner,
1992).

Gryposaurus notabilis. Extreme rostrocaudal
thickening of the proximodorsal ridge of the
paroccipital process.

Gryposaurus monumentensis. Predentary and
premaxillary oral margins with pronged den-
ticles (Gates & Sampson, 2007).

Gryposaurus monumentensis. Surangular with
distinct dorsal process on the medial ridge
(Gates & Sampson, 2007).

Olorotitan  ararhensis. Helmet-like hollow
crest and lateral premaxillary process developed
caudally far beyond the level of the occiput;
caudolateral part of the dorsal premaxillary
process depressed along the midline (Godefroit
et al., 2003).

Olorotitan ararhensis. Very high postorbital
process of the jugal (ratio height of postorbital
process/length of jugal =0.9) (Godefroit et al.,
2003).

Olorotitan ararhensis. Rostral portion of the
jugal shorter than in other lambeosaurines, with
a perfectly straight rostral margin (Godefroit
et al., 2003).

Olorotitan  ararhensis. Very asymmetrical
maxilla in lateral view, with ventral margin
distinctly downturned (Godefroit et al., 2003).
Olorotitan ararhensis. Neck and sacrum very
elongated, with, respectively, 18 cervical and 15
or 16 sacral vertebrae (Godefroit et al., 2003).
Parasaurolophus walkeri. Narial crest consist-
ing of two dorsal tubes that extend posteriorly,
U-bend at the apex of the crest, and return
along the ventral margin where they coalesce
internally with the lateral diverticulae (Sullivan
& Williamson, 1999).

Parasaurolophus walkeri. Dorsal and ventral
tracts separated by a lateral groove on each
side of the narial crest (Sullivan & Williamson,
1999).

Parasaurolophus cyrtocristatus. Short tubular
narial crest that curves sharply posteroventrally
(Sullivan & Williamson, 1999).
Parasaurolophus cyrtocristatus. Internal net-
work of simple, paired tubes that extend from
the external nares posteriorly to the apex of the
narial crest, where they make a U-bend and
continue anteriorly descending into the choana
(Sullivan & Williamson, 1999).
Parasaurolophus cyrtocristatus. Lateral diver-
ticulae situated medially between the dorsal
ascending and ventral ascending tracts, and
divided dorsally by internal sagittal septum
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descending from the floor of the paired dorsal
ascending tracts (Sullivan & Williamson, 1999).
Parasaurolophus tubicen. More complex narial
crest consisting of a pair of forsal tubes that
extend from behind the external narial openings
(and presumably are contiguous with them),
forming a U-bend posteriorly where they coa-
lesce into a single pair of ventral tubes and
return anteriorly, forming the ventral margin of
the narial crest where they rise slightly above
the nasal and frontal region, and fuse with the
ventral tubes of the lateral diverticulae above,
before entering the choana (Sullivan & William-
son, 1999).

Parasaurolophus tubicen. Paired lateral diver-
ticulae that arise anteriorly (presumably
communicate with external nares), extend pos-
teriorly, forming a tight U-bend, and return ven-
trally above the ventral tubes, and coalesce with
the ventral tubes anteriorly before entering the
choana (Sullivan & Williamson, 1999).
Parasaurolophus tubicen. Dorsal and dorsolat-
eral exterior surface of the narial crest bearing
anastomosing furrows (Sullivan & Williamson,
1999).

Prosaurolophus maximus. Laterally excavated
nasal crest located above the anterior margin
of the orbit, with the posterior wall of the nasal
excavation extending lateroventrally onto the
prefrontal (Horner, 1992).

Prosaurolophus maximus. Only four predentary
denticles located laterally to the median one.
Secernosaurus koerneri. V-shaped nasofrontal
suture where the anterior margin of each frontal
forms a median triangular process that is later-
ally deep, anteriorly excavated, and has an ante-
riorly offset ventral margin (A. Prieto-Marquez
and G. Salinas, unpubl.data).
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Pararhabdodon isonensis. Broad, nearly sub-
rectangular anterodorsal region of the maxilla,
accompanied by 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 (A. Prieto-Marquez and J.R.
Wagner, unpubl. data).

Tsintaosaurus spinorhinus. Nasals forming a
‘tube-like’ process projecting dorsally and ante-
riorly, with the distal region broadening and
separated (Young, 1958).

Tsintaosaurus  spinorhinus.  Supratemporal
opening that is broader mediolaterally than
anteroposteriorly (Young, 1958).

Tsintaosaurus spinorhinus. Oral margin of
the premaxilla increasing in thickness postero-
laterally, where it becomes extremely broad and
lacks a distinct anterolateral corner.
Tsintaosaurus spinorhinus. External nares on
premaxilla crossed obliquely by two long ridges
that are anterolaterally directed and divide the
former into three separate fossae.
Tsintaosaurus spinorhinus. Prefrontal bearing a
large anteromedial flange and a curved, dorsally
ascending anterior process.

Tanius sinensis. Postorbital process of the lat-
erosphenoid that is longer than the mediodorsal
flange of this element.

Lophorhothon atopus. Nasal with extensive

but shallow rostrodorsal excavation and
wedge-shaped posterior process that projects
posterodorsally.

Lophorhothon atopus. Pefrontal with an exten-
sive and laterally-facing anterior wing.
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