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Abstract of Dissertation 

Phylogeny and Biogeography of Iguanodontian Dinosaurs, with Implications from 

Ontogeny and an Examination of the Function of the Fused Carpal-Digit I Complex 

 

A new phylogeny of iguanodontians is presented, based on a character matrix of 323 

characters, over half of which are drawn from the postcranial skeleton.  This was 

analyzed using both parsimony and time-calibrated Bayesian methods.  These produce 

largely congruent results among Dryosauridae and Ankylopollexia, with two small 

groups among basal ankylopollexians: Iguanodontidae and an unnamed clade.  The 

holotype of Mantellisaurus is recovered as the sister taxon to RBINS 1551, the holotype 

of “Dollodon”, supporting the suggestion that the latter is a junior subjective synonym of 

the former. In both analyses, Tenontosaurus and Muttaburrasaurus group with 

Rhabdodontidae, forming the new clade Rhabdodontoidea.  The topology in the basal 

portion of the tree (pectinate in the parsimony tree and bifurcating in the Bayesian tree) 

indicates that there is not a strong phylogenetic signal; more work is necessary to resolve 

this portion of the tree. 

 

A method for incorporating juvenile specimens into a phylogeny with adult taxa is 

discussed.  Ontogenetic sequences from taxa across the area of interest are examined, 

forming a phylogenetic bracket.  For these taxa, juvenile specimens and adults are 

considered as separate OTUs, and characters that differ between juvenile and adult 

specimens for any taxon are considered ontogenetically sensitive characters.  These 

characters are then coded as unknown for any OTU known only from juvenile specimens, 

as the adult state is unknown, and is likely to differ from the observed state in the 
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juvenile.  When this technique is used, juvenile specimens of Hypacrosaurus and 

Dryosaurus are recovered at the same node as their respective adult specimens.  

Orodromeus, however, is not, and substituting the juvenile specimen results in significant 

changes to the topology in that area.  However, this is in the poorly resolved basal region 

of the tree.  When there is a strong phylogenetic signal and a tree is reasonably well 

resolved, this method is able to accurately place juvenile specimens in a phylogeny.  

Doing so recovers undescribed juvenile specimens from the Early Cretaceous Kirkwood 

Formation of South Africa as a dryosaurid. 

 

The biomechanics of the uniquely fused carpals and first digit of basal ankylopollexians 

is examined using Finite Element (FE) analysis.  This fusion occurred concomitantly with 

a shift to quadrupedality, and an enlargement of the ungual of the first digit; this study 

explores whether either of these factors may have served as a driver of carpal-digit I 

fusion.  The initial elements to fuse (the radiale and metacarpal I) may have helped 

distribute the load from a ground reaction force through metacarpal I in Camptosaurus.  

In Barilium, which exhibits a higher degree of fusion, effective stresses are more evenly 

distributed under ungual loading than in Camptosaurus, largely due to the increased 

proximal-distal depth of the carpal block.  Thus, there were likely multiple factors 

involved in the evolution of this enigmatic structure. 
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Chapter 1: Introduction 

 Iguanodon Mantell, 1825, was the second genus of dinosaur named, well before 

the term Dinosauria was coined by Sir Richard Owen in 1842.  As the initial genus from 

a fossil group that was poorly understood at the time of its discovery, it has a long and 

winding taxonomic history, summarized well by Norman (1980, 1986, 2013).  This 

dissertation is focused on the phylogeny, biogeography, and functional morphology of 

the larger clade of which Iguanodon is a member: the Iguandontia.  Specifically, this 

dissertation discusses non-hadrosaurid iguanodontians, referred to hereafter as 

Iguanodontia.  This group of dinosaurs is often overlooked for its flashier cousins: 

Marginocephalia sports horns, frills, or thickened skull caps, and the more distantly 

related Thyreophora are covered by protective osteoderms.  Even many of the “duck-

billed” hadrosaurids nested within Iguanodontia have elaborate cranial crests formed 

from the premaxilla, nasal, and frontal bones.  Nonetheless, iguanodontians are a 

fascinating group for studying both evolution and functional morphology.  Like several 

other dinosaur groups, they span an evolutionary transition from bipedality to 

quadrupedality.  While all members of the group are herbivores, more derived species 

show greater specializations for chewing tough plant matter, including greater numbers of 

more closely packed teeth, higher tooth crowns, a higher coronoid process and a ventrally 

displaced articulation between the mandible and the quadrate.  The global distribution of 

iguanodontians, and their presence during the breakup of Pangaea makes them ideal for 

studying biogeography at the continental scale.  And finally, specializations in the 

wrists—including the iconic enlarged ungual of the first digit that Mantell originally 

mistook for a nasal horn—make for interesting biomechanical considerations. 
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While the term Iguanodontia has been in use on and off since it was coined by 

Baur in 1891, its current usage was defined by Sereno in 1986 (see detailed discussion in 

Chapter 2).  Our current conception of iguanodontians includes a range of medium to 

large bodied herbivores, lacking premaxillary teeth, with self-sharpening, chisel-like 

cheek teeth (Figure 1.1).  The smaller, more basally branching taxa seem to be bipedal, 

while taxa at less inclusive nodes display features consistent with quadrupedality (see 

Maidment and Barrett, 2014).  Nested within Iguanodontia are the enormous “duck-

billed” hadrosaurids, in which the teeth are smaller and more closely packed, with several 

functional teeth in each alveolus.  

 Recently, many new genera of iguanodontians have been described, based both on 

new material and on taxonomic revisions of long-known specimens.  A few attempts 

have been made to determine the phylogenetic relationships among these taxa (e.g., 

McDonald et al., 2010; McDonald, 2012; Norman, 2014), but those that include a large 

number of genera have poor resolution and are hampered by a relatively low number of 

characters.   

Chapter Two of this dissertation examines the phylogeny of iguanodontians 

using a larger character matrix than those of previous analyses (323 characters and 73 

OTUs) with both parsimony and Bayesian methods.  This is the first use of model-based 

phylogenetic analysis focused on non-hadrosaurid iguanodontians.  With a resolved 

phylogeny established, biogeography and character evolution can be discussed.  

Chapter Three discusses the intersection of ontogeny and phylogeny, 

particularly in regards to the use of juvenile material within a phylogenetic analysis.   
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Figure 1.1.  An overview of ornithopod taxa.  A, Hypsilophodon, a basal (non-iguanodontian) 

ornithopod; B, Dryosaurus, a basal iguanodontian in the family Dryosauridae; C, Tenontosaurus, 

a basal iguanodontian, recovered in the current analysis as a rhabdodontoid; D, Mantellisaurus 

(after specimen RBINS 1551—see Chapter 2 for further taxonomic discussion) a classic 

iguanodontian, within the clade Ankylopollexia; E, Maiasaura, a hadrosaurid.  A and E, ©Scott 

Hartman 2013; B and C, ©G.S. Paul, from Norman, 2004; D, from Paul, 2008.  Scale bar is 1 

meter for B-E, 25 cm for A. 

 

Discussion of the intersection of phylogeny and ontogeny dates back to Haekel and von 

Baer, and was revived by Gould (1977).  Nelson’s (1978) reinterpretation of the 
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biogenetic law brought the discussion of ontogeny and its relationship to cladistics 

methods, character polarity, and tree rooting to the forefront.  Since then, many methods 

have been proposed to deal with the potential problems of analyzing the phylogeny of 

specimens of different ontogenetic stages. 

 Here, a computationally simple method is used to determine the phylogenetic 

placement of an as yet undescribed iguanodontid genus from the Kirkwood Formation of 

South Africa.  This taxon is known from specimens of at least 27 hatchling to juvenile 

individuals (Forster et al., 2012).  The early ontogenetic stage of these individuals makes 

determining their phylogenetic position a challenge.  Fortunately, several genera of 

ornithopods are known from reasonably complete ontogenetic sequences.  Therefore, the 

phylogenetic characters that change through ontogeny within this phylogenetic bracket 

can be determined.  Ontogenetic sequences were studied for the basal ornithopod 

Orodromeus makelai, the basal iguanodontian Dryosaurus altus, and the hadrosaurid 

Hypacrosaurus stebingeri.  Any character that varied between juveniles and adults of any 

of these species was considered ontogenetically sensitive, and coded as unknown for the 

Kirkwood taxon.  Further analyses in Chapter Three show that while some resolution is 

lost with this method, it is less likely to yield positively misleading results than simply 

ignoring ontogeny.  As such, it is a way of determining the phylogenetic position of taxa 

known only from juvenile specimens, so long as the phylogeny is reasonably well 

resolved. 

 Finally, Chapter Four examines the biomechanics of the fused carpal and digit I 

elements that are the namesake of the Ankylopollexia, a derived group of iguanodontians 

that includes Hadrosauridae.  Basally in this group, the first metacarpal and distal carpal I 
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are fused to the radiale.  In the more derived condition, the radiale further fuses to the 

intermedium and distal carpals II and III, and the ungual of the first digit is enlarged.  In 

specimens from the Wealden Formation referred to Barilium and Hypselospinus, all the 

carpals and the entire first digit are fused into a large block, surrounded by ossified 

ligaments.  These morphological changes occur in the same region of the tree as changes 

that are indicative of quadrupedality (Maidment and Barrett, 2014).  This medial to 

lateral progression of fusion may then be explained in two different ways:  (1) the fusion 

occurred in response to stresses placed on the first digit, extending incrementally further 

from the point of stress, or (2) the fusion occurred in response to the shift to 

quadrupedality, progressing from medial to lateral due to developmental processes. 

 These alternate hypotheses are tested using Finite Element Analysis (FEA).  This 

technique was developed by engineers, but has been used extensively in recent years in 

biomechanical analyses (Rayfield, 2007; Richmond et al., 2005).  Three-dimensional 

models are created from CT scans, composed of a large, but finite, number of tetrahedral 

elements with assigned material properties.  When a force is applied to the model, the 

stress and strain are calculated for each element.  In this study, models of the partially 

fused carpals in Camptosaurus, and the fully fused carpals in Barilium are subjected to 

forces simulating use of the first ungual and of weight-bearing.  As there are not 

particularly good modern analogues for the anatomy of iguanodontian forelimbs, a purely 

comparative approach between extinct taxa is used, without validation studies on modern 

species. 
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Chapter 2: Phylogeny and Biogeography 

Introduction 

Iguanodontians are a clade of herbivorous dinosaurs within the diverse Ornithischia; 

more specifically, they are derived ornithopods (Figure 2.1).  Currently, the generally 

accepted phylogeny has Iguanodontia nested withinin Ornithopoda, and Hadrosauridae 

nested within Iguanodontia.  This creates paraphyletic groupings of non-hadrosaurid 

iguanodontians and non-iguanodontian ornithopods.  Despite bearing the name 

Ornithopoda, this is not the group of dinosaurs from which birds evolved.  Ornithopod 

dinosaurs include the well-known hadrosaurs (duck-billed dinosaurs) as well as the 

paraphyletic non-hadrosaurian iguanodontians (hereafter iguanodontians) and more basal 

ornithopods.  There are several major changes in morphology between the more basal 

taxa and hadrosaurids that make them ideal for studying character evolution.  The 

premaxillary teeth are lost while maxillary and dentary teeth become more numerous, 

Figure 2.1.  Simplified phylogeny showing the current understanding of ornithischian 

relationships, based on Butler et al., (2008). 
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higher crowned, and closely packed into dental batteries.  Additionally, there is a general 

trend towards increased size in iguanodontians, which shift from bipedality to 

quadrupedality.  The most notable morphological change associated with this is seen in 

the carpal elements of iguanodontians, which become massive and fused together, while 

those of hadrosaurs are diminuitive or lost entirely. 

In addition to these morphological changes, iguanodontians are ideal for testing 

hypotheses of dispersal and vicariance.  They are known from all modern continents, and 

from the Late Jurassic through the end of the Cretaceous Period, a span of roughly 100 

million years (Gradstein et al., 2012).  During this time, the supercontinent of Pangaea 

was rifting into smaller landmasses; by the end of the Cretaceous, these were 

recognizable as the modern continents.  Thus, this clade is ideally positioned for studies 

of continental-scale vicariance and dispersal. 

This study sets out to review the taxonomic history of Iguanodontia, produce 

hypotheses of the phylogeny of the group using parsimony and time-calibrated Bayesian 

methods, to trace important character changes and define stable groups, to trace the 

geographic distribution across the phylogeny, and to test whether vicariance or dispersal 

was the driving mechanism behind diversification within the clade. 

Institutional Abbreviations 

AM, Albany Museum, Grahamstown, South Africa; AMNH, American Museum of 

Natural History, New York City, New York, USA; BYU, Earth Sciences Museum, 

Brigham Young University, Provo, Utah, USA; CEUM, College of Eastern Utah 

Prehistoric Museum, Price, Utah, USA; CM, Carnegie Museum of Natural History, 

Pittsburgh, Pennsylvania, USA; DMNS, Denver Museum of Nature and Science, Denver, 
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Colorado, USA; GPIT, Institut und Museum für Geologie und Paläontologie der 

Universität Tübingen, Tübingen, Germany; IMM, Inner Mongolia Museum, Hohhot, 

Inner Mongolia, China; IVPP, Institute of Vertebrate Paleontology and 

Paleoanthropology, Beijing, China; MB, Museum für Naturkunde Berlin, Berlin, 

Germany; MC, Museum Crúzy, Crúzy, France; MCF, Museo Carmen Funes, Plaza 

Huincul, Neuquén, Argentina; MCS, Museo de Cinco Saltos, Rio Negro Province, 

Argentina; MHN-AIX-PV, Museum d’Histoire Naturelle d’Aix-en-Provence, Aix-en-

Provence, France; MHNM, Museum d’Histoire Naturelle de Marseille, Marseille, 

France; MNHN, Museum National d’Histoire Naturelle, Paris, France; MOR, Museum 

of the Rockies, Bozeman, Montana, USA; MPT, Museo Provincial de Teruel, Spain; 

MUCPv, Museo de Geologia y Paleontologia de la Universidad Nacional del Comahue, 

Neuquén, Argentina; NHMUK, Natural History Museum, London, United Kingdom; 

NMV, National Museum of Victoria, Melbourne, Australia; OUMNH, Oxford 

University Museum of Natural History, Oxford, UK; NRRU, Nakhon Ratchasima 

Rajabhat University, Thailand; PRC, Palaeontological Collection, Palaeontological 

Research and Education Centre, Mahasarakham University, Thailand; QM, Queensland 

Museum, Geoscience Collection, Brisbane, Queensland, Australia; RBINS (formerly 

IRSNB), Royal Belgian Institute of Natural Sciences, Brussels,Belgium; ROM, Royal 

Ontario Museum,  Toronto, Canada; SAM, South African Museum (Iziko Museums of 

Cape Town), Cape Town, South Africa; SDSM, Museum of Geology, South Dakota 

School of Mines and Technology, Rapid City, South Dakota, USA; UMNH, Natural 

History Museum of Utah, Salt Lake City, Utah, USA; USNM, United States National 
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Museum of Natural History, Washington, DC, USA; YPM, Yale Peabody Museum, New 

Haven, Connecticut, USA; ZDM, Zigong Dinosaur Museum, Dashanpu, China. 

 

Taxonomic history 

Early work—The term Iguanodontia is often attributed to Dollo (1888), but as recently 

pointed out by Norman (2014), Dollo never used this term, but rather offered a new 

definition of Iguanodontidae, and of Camptonotidae. 

The name Iguanodontia seems to have been first used by Baur in 1891, and by his 

definition included the families Iguanodontidae, Hypsilophodontidae, Hadrosauridae, 

Scelidosauridae, Stegosauridae, Agathaumidae, and possibly Ornithomimidae.  This 

grouping (excluding the saurischian clade Ornithomimidae) is equivalent to Ornithischia 

(Seeley, 1877), though Baur gave no explanation for why the latter name would not 

suffice.  He did not consider Dinosauria to be a natural group, and thus intended the name 

Iguanodontia to be an order or suborder, at an equivalent level to Crocodylia.  The term 

Iguanodontia appeared in the literature through the early 20th century (e.g. Lull, 1908), 

though Williston (1905) drew a distinction between iguanodontians and other 

“predentate” dinosaurs such as Steogosaurus and Scelidosaurus, and Osborn (1906) 

distinguished between iguanodontians and ceratopsians; already, the term had a more 

restricted meaning than Baur’s original definition.  In 1911, Lull described three groups 

belonging to the Ornithopoda: Iguanodontia, Ceratopsia, and Stegosauria.  He equated the 

name Ornithopoda with Predentata (Marsh, 1896), which is synonymous with 

Ornithischia.  Lull (1911) defined iguanodontians simply as those ornithopods that were 

unarmored and without horns. 
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 The family-level name Iguanodontidae was first used by Gervais (1853), though 

no definition of the group was given. Huxley (1870) described Iguanodontidae as one of 

three groups within Dinosauria, the others being Scelidosauridae and Megalosauridae.  

He assigned to this family Cetiosaurus, Iguanodon, Hypsilophodon, Hadrosaurus and 

possibly Stenopelix.  This is more equivalent to later conceptions of Ornithopoda (with 

the obvious exception of the sauropod Cetiosaurus).   

Through the middle of the 20th century, the term Iguanodontia fell out of use, 

while Iguanodontidae remained a commonly used family name.  The more ambiguous 

‘iguanodonts’ was also commonly used (e.g. Gilmore, 1909; Osborn, 1912).  Romer’s 

(1956) classification included Iguanodontidae as a family within suborder Ornithopoda 

including the genera Iguanodon, Camptosaurus, and Rhabdodon (though excluding 

Dryosaurus and Dysalotosaurus, which he placed in Hypsilophodontidae). 

The Cladistic Era—With the advent of cladistics, nomenclature changed rapidly.  In 

1984, Norman and Sereno each presented a phylogeny of Ornithischia at the Third 

Symposium on Mesozoic Terrestrial Ecosystems (Figure 2.2).  Norman’s phylogeny used 

only families as operational taxonomic units (OTUs), and found Iguanodontidae as sister 

to Hadrosauridae, with Dryosauridae just outside this node.  He recovered 

Hypsilophodontidae outside of a clade containing 

Dryosauridae+Iguanodontidae+Hadrosauridae and Ceratopsia.  While this hypothesis 

was not supported for many years, it is interesting to note that some recent analyses have 

found at least some taxa considered to be “basal ornithopods” outside of Cerapoda 

(Marginocephalia + Ornithopoda) (Butler et al., 2008; Boyd, 2012; Spencer, 2013). 
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Sereno (1984) used a mix of family and genus level OTUs, and found 

Hadrosauridae to be nested within ‘iguanodonts’, thus making the traditional grouping of 

Iguanodontidae paraphyletic.  Sereno (1986) renewed the term Iguanodontia for this 

larger clade, while also naming the less inclusive clades Dryomorpha, Ankylopollexia 

and Styracosterna (see Table 2.1).  He diagnosed Iguanodontia based on the following 

characters: “the absence of premaxillary teeth, the presence of leaf-shaped denticles in  

the cheek teeth, and the loss of one phalanx from manus digit III”.   In his phylogeny, 

Iguanodontia included Tenontosaurus, Dryosaurus, Camptosaurus, Probactrosaurus, 

Iguanodon, and Ouranosaurus, as well as Hadrosauridae.  His analysis recovered 

Hypsilophodontidae as a monophyletic group, sister to Iguanodontia, which together 

comprise Euornithopoda.  The most basal ornithopods in the analysis is the 

Heterodontosauridae.  The subsequent phylogenetic analyses of Forster (1990), 

Weishampel and Heinrich (1992), and Sereno (1998) found similar results. 

Figure 2.2.  Early cladistic analyses of ornithischian phylogeny found by (A) Norman, 

1984, and (B) Sereno, 1984.  H1 and H2 indicate alternate positions for 

Heterodontosauridae, and P1 and P2 indicate alternate positions for 

Pachycephalosauridae. 
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Table 2.1.  A summary of the most recent phylogenetic definitions for higher order taxa 

given by Sereno and Norman. 

Clade Definition 

Sereno 2005 Norman 2014 

Ornithopoda The least inclusive clade containing 

Heterodontosaurus tucki Crompton and 

Charig, 1962 and Parasaurolophus walkeri 

Parks, 1922 but excluding 

Pachycephalosaurus wyomingensis 

(Gilmore, 1931), Triceratops horridus 

Marsh, 1889, Ankylosaurus magniventris 

Brown, 1908. 

Stem based:  all cerapodans 

closer to Edmontosaurus than to 

Triceratops (Norman et al., 2004). 

Euornithopoda The most inclusive clade containing 

Parasaurolophus walkeri Parks 1922, but 

not Heterodontosaurus tucki Crompton and 

Charig, 1962, Pachycephalosaurus 

wyomingensis (Gilmore, 1931), Triceratops 

horridus Marsh, 1889, Ankylosaurus 

magniventris Brown, 1908. 

 

Iguanodontia The most inclusive clade containing 

Parasaurolophus walkeri Parks, 1922 but 

not Hypsilophodon foxii Huxley, 1869, or 

Thescelosaurus neglectus Gilmore, 1913. 

Stem-based: Edmontosaurus 

regalis and all taxa more closely 

related to E. regalis than to the 

taxa subtended to the clade 

(Hypsilophodontia) that includes 

Hypsilophodon foxii and 

Tenontosaurus tilletti. 

Dryomorpha The most inclusive clade containing 

Dryosaurus altus (Marsh, 1878) and 

Parasaurolophus walkeri Parks, 1922 

 

Ankylopollexia The least inclusive clade containing 

Camptosaurus dispar (Marsh, 1879) and 

Parasaurolophus walkeri Parks, 1922. 

Stem-based: Edmontosaurus 

regalis and all taxa more closely 

related to E. regalis than to 

Dryosaurus altus. 

Styracosterna The most inclusive clade 

containing Parasaurolophus walker Parks, 

1922 but not Camptosaurus dispar (Marsh, 

1879). 

Node-based: Batyrosaurus 

rozhdestvenskyi, E. regalis, their 

common ancestor, and all of its 

descendants. 

Hadrosauroidea The most inclusive taxon containing 

Parasaurolophus walkeri Parks, 1922 but 

not Iguanodon bernissartensis Boulenger, 

1881. 

 

Hadrosauridae The least inclusive taxon containing 

Saurolophus osborni Brown, 1912 and 

Parasaurolophus walkeri Parks, 1922 and 

including Hadrosaurus foulkii Leidy, 1858. 

Euhadrosauria 

Node-based: Parasaurolophus, 

Saurolophus, Edmontosaurus, 

their most recent common 

ancestor, and all of its 

descendants. 
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Sereno (1998) defined Iguanodontia based on phylogenetic relationships rather 

than a suite of characters as all euornithopods closer to Parasaurolophus than to 

Hypsilophodon.  He defined Ornithopoda as the least inclusive clade containing 

Heterodontosaurus and Parasaurolophus, but excluding Pachycephalosaurus, 

Triceratops, and Ankylosaurus.  He defined the clade Euornithopoda as further excluding 

Heterodontosaurus (Sereno, 1999, 2005). 

Subsequent studies at the genus level failed to recover Hypsilophodontidae as a 

monophyletic group (Scheetz 1998; Winkler et al., 1998; Weishampel et al., 2003).  

Treating these genera as separate OTUs resulted in largely pectinate topologies with 

‘hypsilophodonts’ as a paraphyletic group with respect to Iguanodontia.  Due to 

inconsistent relationships among hypsilophodontids, Sereno (2005) emended the 

definition of Iguanodontia to the most inclusive clade containing Parasaurolophus 

walkeri but not Hypsilophodon foxii or Thescelosaurus neglectus. 

In a paper describing the new genus of Patagonian dinosaur Gasparinisaura, 

Coria and Salgado (1996) named the clade Euiguanodontia, and defined it as 

Gaparinisaura and Dryomorpha, excluding Tenontosaurus and hypsilophodontids.  

However, subsequent analyses (e.g. Weishampel et al., 2003; Butler et al., 2008; this 

study) find Gasparinisaura arising from a more inclusive node than Tenontosaurus.  In 

this topology, Euiguanodontia is nonsensical, and the name has not been adopted. 

 In the second edition of The Dinosauria, phylogenies of basal ornithopods and 

basal iguanodontians were analyzed separately, thus little can be concluded about higher-

level relationships (Norman et al., 2004; Norman, 2004).  However, phylogenetic 

definitions were given for these groups: Ornithopoda was defined as a stem-based taxon 
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composed of all cerapodans closer to Edmontosaurus than to Triceratops—this included 

Heterodontosaurus (Norman et al., 2004).  Iguanodontia was defined as all euornithopods 

closer to Edmontosaurus than to Thescelosaurus (Norman, 2004). 

The explosion of iguanodontian taxa—The number of iguanodontian genera has 

increased quickly in recent years, as new fossils have been described for the first time 

(Rich and Rich, 1989; Coria and Salgado, 1996; Head, 1998; Kirkland, 1998; Taquet and 

Russell, 1999; DiCroce and Carpenter, 2001; Wang and Xu, 2001; Coria and Calvo, 

2002; Kobayashi and Azuma, 2003; You et al., 2003; Novas et al., 2004; You et al., 

2005; Gilpin et al., 2006; Calvo et al., 2007; Sues and Averianov, 2009; Dalla Vecchia 

2010; McDonald et al., 2010a; McDonald et al., 2010b; Wu et al., 2010; You et al., 2011; 

Godefroit et al., 2012; McDonald et al., 2012; Coria et al., 2013), and previously known 

taxa have been reappraised (Weishampel et al., 2003; Paul, 2006; Paul, 2008; Carpenter 

and Ishida, 2010; Norman 2010; McDonald et al., 2010c; McDonald, 2011; Paul, 2012).  

There has been considerable controversy regarding these revisions; this study largely 

follows the taxonomy laid out by Norman (2013). 

 McDonald et al., (2010a) and McDonald (2012a) made the first attempts at 

analyzing the phylogenetic relationships of this plethora of new taxa, including as many 

as 66 ornithopod genera in the analyses (Figure 2.3).  However, these studies suffer from 

a small number of characters (135) relative to the number of taxa, leading to poorly 

resolved trees.  Additionally, the only basal ornithopod included was Hypsilophodon, on 

which the tree was rooted (2010a), though Lesothosaurus was added to the 2012 analyses 

to serve as a root.  Because Iguanodontia is defined as all taxa more closely related to 

hadrosaurs than to Hypsilophodon, all the taxa present in the 2010 analysis were forced to  
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Figure 2.3.  Iguanodontian phylogeny as presented by McDonald (2012).  This is an 

Adam’s consensus tree of 24,460 MPTs, with terminology for higher taxa following 

Sereno (2005).  Note the lack of published support values, and the few outgroups to 

Iguanodontia. 
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be recovered as iguanodontians, even those with uncertain affiliations (e.g. 

Muttaburrasaurus).   

Norman (2014) was not as thorough in inclusion of taxa (27), and used just over a 

hundred characters (105).  As in McDonald’s analyses, Norman included Hypsilophodon 

as the only representative basal ornithopod, although he also included the basal 

Figure 2.4.  Iguanodontian 

phylogeny presented by Norman 

(2014).  Majority rule (?) 

consensus of three MPTs.  This 

analysis also lacks published 

support values, and relies on few 

outgroup taxa. 
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ornithischian Lesothosaurus, on which the tree was rooted (Figure 2.4).  His analysis 

recovered a monophyletic group of ‘iguanodontoids’, including, in addition to 

Iguanodon, the recently discovered Proa, Jinzhousaurus, and Bolong, as well as genera 

recently created for species formerly assigned to Iguanodon: Barilium dawsoni and 

Mantellisaurus atherfieldensis.  He assigned the name Clypeodonta to “Hypsilophodon 

foxii, Edmontosaurus regalis, their most recent common ancestor, and all of its 

descendants.”  However, Hypsilophodon was the only basal ornithopod present in this 

analysis, so it is unclear how Clypeodonta relates to Ornithopoda sensu Norman et al., 

2004, or if they are even distinct taxa. The taxonomic utility of the term is further tested 

in this study.   

The work of Butler et al., (2008) examined the phylogeny of Ornithischia.  It did 

not include many iguanodontians; however, it informed the selection of the more basal 

taxa included in the current analysis.  Butler et al., did not offer a definition of 

Iguanodontia, but defined ornithopods as “All genasaurians more closely related to 

Parasaurolophus walkeri Parks, 1922, than to Triceratops horridus Marsh, 1889”, 

closely following the definition of Norman et al., (2004), rather than the definition given 

by Sereno (1998).  Most importantly, this analysis found Heterodontosauridae as a 

basally branching member of Ornithischia, making Sereno’s definition of Ornithopoda 

(1998) nearly equivalent to Ornithischia (though it is node-based, rather than stem-

based).  It is also worth noting that several genera previously considered to be basal 

ornithopods (e.g. Norman et al., 2004) were recovered by Butler et al., (2008) outside of 

Cerapoda, as basal Neornithischians.  These include Agilisaurus, Hexinlusaurus, and 

Othnielia. 
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 Although it does not have precedence, the stem-based definition of Ornithopoda 

used by Butler et al., (2008) had already been widely used (Buccholz, 2002; Wagner, 

2004; Norman et al., 2004).  As there is a need for a term to describe the sister group of 

Marginocephalia within Cerapoda, and Ornithopoda is already widely recognized as 

such, this usage is adopted here, despite the lack of priority for the definition. 

  

Figure 2.5.  Phylogeny of Boyd (2012), cropped to relevant portion.  Note that 

Thescelosauridae, composed of many taxa previously regarded as basal ornithopods, 

lies outside of bot Ornithopoda and Cerapoda.  Strict consensus of 36 MPTs. 
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Finally, Boyd (2012) recovered even more taxa previously considered to be basal 

ornithopods outside of Cerapoda as basal neornithischians (Figure 2.5).  In this analysis, 

the only basal ornithopod remaining is Hypsilophodon.  As there are no 

marginocephalians in the current analysis, it is impossible to say whether certain taxa are 

basal ornithopods or basal neornithischians.  Therefore, the more inclusive term “basal 

neornithischian” is used here—a future analysis including marginocephalians will help to 

clarify this ambiguity. 

 By using a larger character matrix than those of previous studies, and including 

many basal neornithischians as outgroups, this analysis seeks to test which taxa belong 

within Iguanodontia, and to define this and any subclades both phylogenetically and via 

character-based diagnoses. 

Methods 

Character selection—A character matrix was constructed in Mesquite (version 2.72; 

Maddison and Maddison, 2009) that combines characters drawn from Norman (2002), 

Weishampel et al., (2003), Butler et al., (2008), Boyd et al., (2009), Prieto-Marquez and 

Salinas (2010) and McDonald (2012).  Each of these analyses provides resolution for 

specific parts of the ornithopod tree.  The characters in Norman (2002) and Prieto-

Marquez and Salinas (2010) focus on the derived iguanodontians, including hadrosaurs.  

The analyses of Weishampel et al., (2003) and McDonald (2012) focus on 

iguanodontians.  The characters of Butler et al., (2008) and Boyd et al (2009) help to 

differentiate basal iguanodontians and the basal neornithischians that serve as outgroup 

taxa in this study. 
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After the characters and character states from all these studies were combined, 

duplicate characters were eliminated, and those that were uninformative to the analysis 

were deleted.  Characters that were inapplicable to some taxa were revised to use 

reductive coding (Strong and Lipscomb, 1999).  The character list was then examined to 

determine which anatomical regions were poorly represented and which evolving 

morphologies were not captured.  Out of a total of 184 (104 cranial, 80 postcranial) 

characters, there were only eleven for the entire axial skeleton.  While the appendicular 

skeleton was better represented with 69 characters, entire elements, such as the tibia and 

fibula, had no characters in the matrix at all.  For taxa such as Planicoxa, known only 

from a hindlimb and ilium, crucial information is missed when there are no characters 

associated with the tibia.  In striving to fill these anatomical gaps in the matrix, 139 new 

characters have been added (48 cranial, 91 postcranial), and all major postcranial 

elements are represented in the matrix. There are 323 characters in the matrix presented 

here, 171 of them (53%) from the postcranial skeleton.  The character list is given in 

Appendix 1, and the character matrix in Appendix 2. 

Taxon selection—An attempt was made to include all putative genera of iguanodontians 

in the analysis, including many basal neornithischians and a few basal ornithischians as 

outgroups to ensure characters were properly polarized, and that taxa near the base of 

Iguanodontia were not constrained within that group.  Of the 73 selected OTUs, 

specimens of 45 were examined directly (62%), while the others were coded from 

literature descriptions (Appendix 3).  Genera that were excluded from the analysis due to 

dubious taxonomic status are listed here. 
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Darwinsaurus evolutionis Paul, 2012  

=Hypselospinus fittoni Norman 2010 

=Iguanodon fittoni Lydekker 1889 

Type horizon, locality, and age: Wadhurst Clay Formation, England, Valanginian 

Holotype: NHMUK R1831, 1833, 1835, 1836 

This study follows Norman (2013, 2014) in considering this species a nomen dubium, 

based on the incorrect anatomical details (e.g. a long diastema) described in the dentary 

of NHMUK R1831, and the disparate localities of the designated holotype.  Specimens 

NHMUK R1831, 1833, and 1835 from the Valanginian Wadhurst Clay Formation are 

Figure 2.6.  The dentary NHMUK R1831 in (A) dorsal and (B) medial views.  Paul 

(2008) argues that a long diastema is present in this specimen, and erects it as the 

holotype of Darwinsaurus evolutionis.  However, the dorsal view shows that alveoli 

are present far rostral to the point where teeth are visible medially, as noted and 

illustrated by Norman (2013).  Abbreviations: al, alveoli; br, broken edge. 
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referred to Hy. fittoni, while NHMUK R1836 from the Barremian of the Isle of Wight is 

referred to M. atherfieldensis (Norman, 2014).  As there has been much dispute about the 

presence of a diastema in this specimen (Norman, 2010; Paul, 2012; Norman, 2014), I 

include here photographs of the specimen in both medial and dorsal view (Figure 2.6).   

The bases of alveoli can clearly be seen rostral to the break across the dentary, 

demonstrating that the tooth row extended further rostrally than the teeth visible in 

medial view.  This highlights the importance of examining specimens directly.  No matter 

how detailed a drawing or photograph may appear to be, they do not always reproduce 

the necessary details of a specimen. 

 

Dollodon bampingi Paul, 2008 

=Mantellisaurus atherfieldensis (Hooley 1925) 

Type horizon, locality, and age: Upper Hainaut Group, Belgium, late Barremian to early 

Aptian 

Holotype: RBINS 1551 

The holotype of this species had previously been referred to Mantellisaurus 

(=Iguanodon) atherfieldensis.  McDonald (2012b) and Norman (2013, 2014), both 

consider it to be a nomen dubium, though if the taxon is not valid it should be considered 

a junior subjective synonym of M. atherfieldensis.  In order to further test whether this 

specimen and the holotype of M. atherfieldensis form a monophyletic group, they were 

coded as separate OTUs in this analysis. 
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Delapparentia turolensis Ruiz-Omenaca, 2011 

=Iguanodon bernissartensis Boulanger 1881 

Type horizon, locality, and age: Camarillas Formation, Teruel, Spain, early Barremian 

Holotype: MPT/I.G. 

Norman (2014) considered this taxon a nomen dubium, however Gasca et al., (2015) 

offered an emended diagnosis based on new material.  These new characters, however, 

fail to distinguish Delapparentia from Barilium.  Gasca et al., (2015) cite a single 

autapomorphy, a neural spine of the axis with a height from the base of the 

postzygapophysis that is greater than half the length of the neural spine.  However, the 

neural spine is clearly broken cranially, so the length in this specimen cannot be 

determined.  The unique combination of characters listed by Gasca et al., are all present 

in Barilium: the preacetabular process twists along its length so the lateral surface faces 

dorsally at the distal end, a large process is present and visible in the preacetabular notch 

of the ilium for articulation with the sacral rib, a straight dorsal margin of the ilium, a 

distally expanded prepubic process, and proximal caudal vertebral centra dorsoventrally 

expanded.  While it is clear that an iguanodontian similar to or synonymous with 

Barilium dawsoni was present in the Barremian of Spain, the species D. turolensis 

remains inadequately diagnosed, and is not included in this analysis. 
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Elrhazosaurus (=Valdosaurus) nigerensis (Galton and Taquet, 1982) 

Type horizon, locality, and age: Elrhaz Formation, Niger, late Aptian 

Holotype: MNHN GDF 332 

This species, assigned to its own genus by Galton (2009), is erected on a single femur.  

Galton (2009) assigns it to Dryosauridae based on the deep pit on the medial side of the 

femur, just cranial to the fourth trochanter.  However, this character state is found widely 

among basal neornithischians, in genera such as Anabisetia, Hexinlusaurus, and 

Orodromeus.  The other features cited by Galton (2009) in the diagnosis of the new genus 

are plesiomorphic within Ornithopoda (greater trochanter extends further dorsally than 

lesser trochanter) or vague (“transversely wide raised area separating deep pit from base 

of fourth trochanter”), except for the deep and obliquely inclined extensor groove.  This 

feature is similar to the extensor grooves in Valdosaurus and Dysalotosaurus, and 

therefore not sufficient to diagnose the species.  E. nigerensis is here considered a nomen 

dubium. 

 

Huxleysaurus (=Iguanodon) hollingtoniensis (Lydekker, 1889) 

=Hypselospinus fittoni, Norman 2010 

Type horizon, locality, and age: Wadhurst Clay Formation, England, Valanginian 

Holotype:  NHUMK R1148, 1629, 1632, 811, 811b, 604. 

The genus Huxleysaurus was named by Paul (2012) based on the holotype specimen of I. 

hollingtoniensis, which was previously referred to Hypselospinus fittoni (Norman, 2010).  
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While there is fairly little overlapping material between this specimen and that of the 

holotype of Hy. fittoni, the areas of overlap are consistent with one another, including a 

longitudinal ridge along the brevis shelf (Character 261).  Furthermore, the diagnosis of 

Hu. hollingtoniensis is inaccurate and entirely inadequate.  In full, it reads “Femur robust, 

moderately curved, 4th trochanter pendent.”  While the fourth trochanter of this specimen 

does come to a sharp point at its caudoventral margin, it is not pendant.  While Norman 

(2014) considers Hu. hollingtonensis a nomen dubium, it is here considered a junior 

subjective synonym of H. fittoni. 

 

Mantellodon carpenteri Paul, 2012 

=Mantellisaurus atherfieldenis (Hooley, 1925) 

Type horizon, locality, and age: Lower Greensand Formation, England, early Aptian 

Holotype:  NHMUK R3791 

This new genus and species was described based on the specimen often referred to as 

Mantell’s “Mantel-piece”, now on display at the Natural History Museum in London.  

The diagnosis of this taxon, in full, states: “Limb elements slender. Ilium deep, anterior 

process robust, posterior acetabular body short and very triangular, dorsal margin 

strongly arched.”  This diagnosis is vague, and does not differentiate this specimen from 

others assigned to Mantellisaurus atherfieldensis, or even from other genera such as 

Ouranosaurus.  It is here considered a junior subjective synonym of M. atherfieldensis. 
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Kukufeldia tilgatensis McDonald, Barrett, and Chapman, 2010 

Type horizon, locality, and age: Tunbridge Wells Sand Formation, Wealden Group, 

England, middle to late Valanginian 

Holotype:  NHMUK R28660 

This taxon, based on the single dentary NHMUK R28860, was diagnosed based on the 

autapomorphy of a distinct row of foramina.  While it is has been recognized as a nomen 

dubium by Norman (2014), who also cites that McDonald now agrees with this, it 

remains unclear whether this specimen can be assigned to Barilium or to Iguanodon.  As 

such, it was coded as a distinct OTU in this analysis. 

 

Osmakasaurus depressus (Gilmore, 1909)  

= Camptosaurus depressus  Gilmore, 1909 

=Planicoxa depressa Carpenter and Wilson 2008 

Type horizon, locality, and age: Lakota Formation, South Dakota, Barremian-Aptian 

Holotype:  USNM 4753 

This genus was erected by McDonald (2011).   The specific diagnosis for this taxon is by 

a unique combination of characters: distal end of preacetabular process of the ilium with 

a ventral flange (“horizontal boot” of McDonald, 2011), straight dorsal margin of the 

ilium, and the dorsal margin of the ilium transversely expanded.  However, these 

character states appear widely in Iguanodontia, and are found together in several genera, 
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including Mantellisaurus and Iguanacolossus.  Thus, O. depressus is considered a nomen 

dubium. 

 

Penelopognathus weishampeli Godefroit, Li and Shang, 2005 

Type horizon, locality, and age: Bayan Gobi Formation, Inner Mongolia, China, Albian 

Holotype:  IMM 2002-BYGB-1 

This species is erected on a single dentary.  As it displays only characters that are 

widespread among styracosternans, it is here considered a nomen dubium, and not used in 

the analysis.  This is supported by Norman (2014), who noted that the diagnosis contains 

no unique characters. 

 

Proplanicoxa galtoni Carpenter and Ishida, 2010 

Type horizon, locality, and age: Upper Wessex Formation, England, late Barremian 

Holotype:  NHMUK R8649 

This species is diagnosed by a postacetabular process of the ilium that is directed about 

50° dorsolaterally.  It is clear based on the wide variety of shapes present among the ilia 

in the specimens of I. bernissartensis that these elements are prone to post-mortem 

distortion, and this single character state is insufficient to diagnose a species.  It is here 

considered a nomen dubium. 
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Qantassaurus intrepidus Rich and Rich, 1999 

Type horizon, locality, and age: Wonthaggi Formation, Victoria, Australia, early Aptian 

Holotype: NMV P199075 

This taxon is diagnosed based on the deep, foreshortened dentary with only 10 alveoli.  

However, a low tooth count may be a juvenile trait (see Chapter 3), and the 

dorsoventrally deep dentary appears to be a taphonomic feature caused by mediolateral 

crushing of a transversely wide dentary.  The individuals referred to this taxon most 

likely pertain to the coeval Atlascopcosaurus loadsi, though the fragmentary nature of the 

specimens makes this difficult to determine. 

 

Sellacoxa pauli Carpenter and Ishida, 2010 

Type horizon, locality, and age: Lower Wadhurst Clay, England, early Valanginian 

Holotype:  NHMUK R3788 

The holotype of this species has previously been referred to Iguanodon dawsoni, and later 

to Barilium dawsoni (Norman 2010, 2014).  While this specimen lacks some features 

used to diagnose B. dawsoni, such as the transversely wide articular facet for the sacrum 

visible laterally through the preacetabular notch, it is also not clear that it is a distinct 

taxon.  The diagnosis of Carpenter and Ishida includes one character state that cannot be 

properly determined: the sharply cranioventrally sloped preacetabular process.  This 

region is reconstructed with plaster near its base, so the actual angle is unclear.  The other 

characters cited are all found widely within ankylopollexians (dorsal margin of ilium 
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concave, body of ilium deep, ischial peduncle extends laterally onto body of ilium, 

prepubic process mediolaterally compressed and expanded only at the distal end, ischium 

“T-shaped” with a straight shaft).  While the proper taxonomic position of NHMUK 

R3788 remains unclear, the name S. pauli is here considered a nomen dubium. 

 

Ratchasimasaurus suranareae Shibata, Jintaskul and Azuma, 2011 

Type horizon, locality, and age: Khok Kraut Formation, Thailand, Aptian 

Holotype:  NRRU-A2064 

Siamodon nimngami Buffetaut and Suteethorn, 201 

Type horizon, locality, and age: Khok Kraut Formation, Thailand, Aptian 

Holotype:  PRC-4 

Both of these species were named based on non-overlapping material from the Aptian-

aged Khok Kraut Formation of Thailand.  While they could offer intriguing 

biogeographic information, the fragmentary specimens reveal only characters that are 

widespread within Styracosterna, and are here considered nomina dubia. 

 

Taxonomy—Naming conventions for taxa follow the rules and recommendations of the 

International Code of Phylogenetic Nomenclature, version 4c (Cantino and deQueiroz, 

2010). 
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Parsimony versus Bayesian analysis—There has been conflict between the use of 

parsimony versus model-based criteria since these methods were introduced (Felsenstein, 

1978; Farris, 1983; Swofford et al., 2001).  Parsimony has remained common in 

paleontology, but model-based methods (particularly Bayesian methods) are increasingly 

being used.  In their re-analysis of bird origins Lee and Worthy (2012) found that overall 

topology remained similar between parsimony and Bayesian derived trees, but the 

placement of Archaeopteryx differed.  Wright and Hillis (2014) used simulated data on a 

known topology to test parsimony and Bayesian methods under a variety of conditions.  

Bayesian methods found topologies more similar to the true tree in all conditions, but 

especially with fast evolutionary rates (i.e. high rates of homoplasy). 

 The introduction of relaxed-clock Bayesian methods that create time-calibrated 

phylogenies is particularly useful within paleontology (Drummond et al., 2006; Pyron, 

2011; Ronquist et al., 2012).  While developed with combined data sets of extant and 

extinct taxa using molecular and morphological data, these methods have also been used 

for analysis of entirely extinct groups known only from morphological data (Gorscak and 

O’Connor, 2013). 

Ultimately, both parsimony and Bayesian methods are useful, though the results 

must be interpreted differently.  Parsimony provides the simplest representation of the 

data, with no added parameters.  Clades in these analyses tend to be supported by a 

higher number of characters, but those characters are more labile (Lee and Worthy, 

2012).  It does not take time into account, and therefore allows long ghost lineages.  

Given the sparsity of the fossil record, it is entirely possible that this is accurate. 
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 However, Bayesian analyses allow us to model evolutionary processes more 

explicitly, and to account for time as a factor in the phylogeny.  This is likely to disfavor 

long ghost lineages.  It is also important to note that the Bayesian tree presented here is 

not a consensus, but rather a Maximum Clade Credibility tree: of the 10,001 trees 

sampled, it is the single tree with the highest overall posterior probability.  The posterior 

probability of each node gives an indication of how strongly supported the node is.  

While support values are also used in parsimony analyses, they are especially important 

when the tree itself is not already a consensus. 

 Performing both parsimony and Bayesian analysis and comparing them shows 

which areas of the topology are robust and supported by both methods.  This is perhaps 

the best measure of support. 

Missing Data—The character matrix used here contains 49.85% missing data.  Much of 

this is attributable to a few taxa known only from fragmentary specimens (e.g. 

Kangnasaurus and Cedrorestes).  However, removing these taxa a priori is not 

recommended, as each specimen adds data to the matrix (Kearney and Clark, 2003). 

Simulation studies have shown that including fragmentary taxa is advisable in Bayesian 

analyses (Wiens and Moen, 2008; Wiens and Morrill, 2011).  In particular, Wiens and 

Moen (2008) find that high percentages of missing data are not problematic as long as a 

large number of characters are used.  In that study, the largest matrix contained 2000 

characters, but the largest difference in performance was between the matrix with 100 

characters and that with 500.  The matrix used in this study should still be further 

expanded, but it is a large improvement over previous studies that only used around 100 

characters.  However, others have found that Bayesian analyses with missing data will 
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recover nodes with erroneously high support values (Simmons, 2012; Simmons, 2014; 

Xu and Pol, 2013).  Comparisons between parsimony and Bayesian analyses will indicate 

which areas of the tree are supported by both methods, and which areas remain less 

certain. 

Parsimony Analysis—A parsimony analysis was conducted in TNT 1.1 (Goloboff et al., 

2003b).  A New Technology Search was conducted using a driven search set to find the 

best score 500 times using default settings of sectorial searches, ratchet, drift, and tree 

fusing.  Pruned consensus (reduced consensus of Wilkinson, 2003) was used to determine 

which, if any, taxa acted as wild cards for removal post hoc from the consensus tree.  

After pruning, a strict consensus tree was calculated.  Jackknife supports were calculated 

using 10,000 replicates in a traditional search.  Initially, the default value of 0.33 was 

used for the chance of dropping a character from the matrix.  As this resulted in overall 

low values, the analysis was redone using a 0.1 probability of dropping characters.  Note 

that this results in overall higher values, but allows for a better assessment of the relative 

support of the nodes present in the tree. Bremer supports were calculated by performing a 

traditional search with 5,000 RAS and tree bisection reconnection (TBR), while keeping 

trees suboptimal up to 5 steps.  The trees were rooted on the basal ornithischian Eocursor 

(Butler et al., 2007). 

Tip-dated Bayesian Analysis—A time-calibrated analysis was carried out in BEAST 2.0 

(Bouckaert et al., 2014) and xml files were set up using BEASTmasteR (Matzke, 2014).  

Ages of tips were determined based on temporal data given in descriptions, or from 

studies dating relevant beds (Appendix 4).  The entire possible age range, including error, 

was used in this analysis (O’Reilly et al., 2014).  For taxa constrained only to a particular 
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stage or substage, numerical dates were assigned according to Gradstein et al., (2012).  

However, note that error estimates are not given for substage boundaries.  Uniform priors 

were assigned to these age ranges.  Two tips known from well-dated localities were 

assigned fixed ages: Tenontosaurus dossi at 113ma (Jacobs et al., 1991) and Protohadros 

at 95ma (Kennedy and Cobban, 1990).  The root of the tree was constrained with a 

lognormal prior with both mean and standard deviation equal to 1.  This creates a 95% 

probability of the root occurring between 215 and 228 my, while allowing the possibility 

of older dates. 

A relaxed clock model was implemented in which branch lengths were 

uncorrelated to adjacent branches (Drummond et al., 2006; Rannala and Yang, 2007; 

Lepage, et al., 2007), and drawn from a lognormal distribution with mean=0.001 and 

standard deviation=1.  Characters used an Mk ordered or Mk unordered model, as 

appropriate (Lewis, 2001). 

A Birth-Death Skyline (BDSKY) model with serial sampling was used as a tree 

model (Stadler et al., 2013).  This is an extension of a birth-death model that allows those 

rates to change across time bins.  Broad priors were assigned to speciation rate (λ), 

extinction rate (μ), and sampling rate (ψ), with each allowed to vary between 0 and 10.  

The sampling rate is the rate at which a lineage is sampled, and allows for taxa of 

different ages to be included in the analysis; this should not be confused with the 

sampling probability (ρ), which represents the probability of sampling a lineage within a 

particular time bin.  This was fixed at 0.1, as assigning broad priors to all tree model 

variables provides too little constraint to the model, which often fails to converge 

(Drummond and Bouckaert, 2015).  Matzke (2014) suggested fixing ρ=1, but this is 
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obviously untrue, as it would indicate perfect sampling.  Given the incomplete nature of 

the fossil record, sampling probability is more likely (to an order of magnitude estimate) 

in the range of 1% to 10%, or possibly less.  As the assigned number is arbitrary, a 

second analysis was conducted with ρ=0.01 to determine the effect of different values of 

sampling probability.  While, as expected, it altered the posterior distributions of ʎ, µ, 

and ψ, there was no effect on tree topology.   

Both analyses were run for 100 million generations, saving trees every 5,000 

generations, producing a total sample of 20,001 trees.  Convergence was assessed based 

on Estimated Sample Size (ESS) of all posterior values: ESS>200 was considered the 

minimum threshold for convergence.  In addition, the trace plots for variables were 

assessed visually to ensure that stationarity and sufficient mixing occurred.  

TreeAnnotator was used to find the Maximum Clade Credibility (MCC) tree, with a burn-

in of 50%.  Synapomorphies were identified on the MCC tree by importing the tree to the 

character matrix in Mesquite and mapping the characters. 

Biogeographic Analyses—Ancestral areas were reconstructed using the R package 

BioGeoBEARS (Matzke, 2013a), which allows use of several different biogeographic 

models.  BioGeoBEARS calculates the maximum likelihoods for geographic areas at 

each node in a given time-calibrated tree, and depending on the model used, will also 

calculate values for various parameters including dispersal, extinction, range-switching, 

sympatry, vicariance, and founder events (Matzke, 2012, 2013b).  Each variable can be 

held constant or allowed to vary, allowing the testing of hypotheses about various 

biogeographic processes.  Models such as DEC (Ree and Smith, 2008) are more 

informative than simply mapping geographic characters onto a tree, since treating 
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geographical ranges in the same way as anatomical characters means that the character is 

only allowed to change from one state to another along a lineage. Geographically, this 

would represent a population simultaneously going extinct in one region while appearing 

in another, which is not a realistic approximation of biogeographic processes.  Thus these 

models reflect our understanding of the mechanisms by which populations move from 

one region to another, with distinct parameters for dispersal, extinction, and cladogenetic 

mechanisms. 

Ancestral areas were calculated for the consensus time-calibrated tree using DEC 

and DEC+J models.  The models then were compared using the Akaike Information 

Criterion (AIC) to determine which model best fit the tree.  A time stratified approach 

was used, in which switching areas was given equal weight through the Kimmeridgian, 

after which switching areas between Laurasian and Gondwanan areas became less likely 

by a factor of ten. 

 

Results 

Overview of Phylogenetic Results—The topology recovered in the parsimony (Figures 

2.7 and 2.8) and Bayesian analyses (Figure 2.9) is largely congruent among members of 

Dryosauridae and Ankylopollexia.  However, there are substantial differences in the basal 

section of the tree.  In the parsimony tree, this region is largely pectinate with long ghost 

lineages, though with Thescelosauridae and Rhabdodontoidea forming small clades (Fig. 

2.8).  In the Bayesian topology, most of the basal taxa are included within a large 

Hypsilophodontidae (which includes Thescelosauridae) and Rhabdodontoidea (which 
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Figure 2.7.  Strict consensus of 84 MPTs after pruning Oryctodromeus, 

Atlascopscosaurus, Planicoxa, Cumnoria, Iguanacolossus, and NHMUK R28860.  

Bremer supports above one are shown above and to the left of their respective nodes, 

and bolded.  Jackknife values above 10 (with 10% chance of character removal) are 

shown below and to the left. CI=0.272, RI=0.634. 
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includes many more genera than in the parsimony topology).  These differences are likely 

due to the birth-death model implemented in the Bayesian analysis, which favors a 

bifurcating topology, whereas parsimony analyses tend towards a pectinate topology 

when there is not a strong phylogenetic signal.  These topologies in the parsimony and 

Bayesian trees indicate that there is not a strong signal in the data.  While the recovered 

topologies of each method will be discussed below, it is clear that further work is needed 

to resolve the relationships in this area of the tree.   

There are several shared features of the two topologies: (1) Tenontosaurus and 

Muttaburrasaurus are sister taxa to Rhabdodontidae, forming a more inclusive 

Rhabdodontoidea, (2) Dryosauridae includes only Dryosaurus, Dysalotosaurus, and the 

Kirkwood taxon, (3) Uteodon is the most basal Ankylopollexian, (4) the small clade 

Iguanodontidae includes Iguanodon, Mantellisaurus, Equijubus, Proa, and Fukuisaurus, 

and (5) there is clear stratigraphic separation between basal ankylopollexians and 

hadrosauroids. 

Results: Parsimony Analysis 

Initial parsimony analysis yielded 2843 MPTs with a tree length of 1394 steps.  

After running “pruned trees” in TNT, six ingroup taxa were removed from the strict 

consensus: Oryctodromeus, Atlascopscosaurus, Planicoxa, Cumnoria, Iguanacolossus, 

and NHMUK R28860 (“Kukufeldia”).  Rerunning the analysis without these taxa yielded 

84 MPTs of length 1344.  The majority rule consensus of these is shown in Figure 2.7.  

Jackknife values at most nodes are low, but Bremer supports show some areas of 

the tree to be well supported.  Additionally, there are several clades within the tree that 
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Figure 2.8.  Time-scaled majority-rule consensus tree of the parsimony analysis, showing 

assigned temporal ranges and broad scale geographic data. 
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are worthy of discussion, some of which are novel or expanded from previous 

descriptions.  The phylogenetic definitions used here are summarized in Table 2.2. 

 The most notable features of this topology are the inclusion of Tenontosaurus and 

Muttaburrasaurus in a clade with Rhabdodontidae.  Additionally, there is a clade of 

styracosternans that includes Barilium, Bolong, Cedrorestes, Hypselospinus, 

Lurdusaurus, and Jinzhousaurus.  This group is characterized by robust forearm elements 

and enlarged pollex unguals (at least 25% of radial length).  There is also a small clade, 

sister to hadrosauroids, which includes Iguanodon and Mantellisaurus and is here 

referred to as Iguanodontidae, though this is a smaller, more closely related group of taxa 

than the historical conception of iguanodontids.  While there is some overlap with the 

‘iguanodontoids’ of Norman (2014), several taxa from that clade are recovered in other 

groups in this topology. 

 Also of note is that the holotype of M. atherfieldensis (NHMUK R5764) forms a 

clade with the holotype of “D. bampingi” (RBINS 1551).  This supports the contention 

that D. bampingi is a junior subjective synonym of M. atherfieldensis, as already 

discussed by McDonald (2012b) and Norman (2013, 2014).  

It is also worth noting that based on previous definitions, Ornithopoda cannot be 

easily delineated on this phylogeny, as there are no marginocephalians included.  

Following the topology of Butler et al., (2008), Ornithopoda here would lie at the node 

basal to Thescelosauridae and Clypeodonta, but this is contradicted by the phylogeny of 

Boyd (2012), in which Thescelosauridae lies outside of Cerapoda (Ornithopoda + 

Marginocephalia).  Further analysis with a wider sampling of basal ornithischians, and 
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Table 2.2.  Phylogenetic definitions used in this analysis. 

  

Clade Definition Original Author  

(Other Uses) 

Neornithischia All genasaurians more closely related to Parasaurolophus 

walker, Parks, 1922, than to Ankylosaurus magniventris 

Brown, 1908 or Stegosaurus stenops Marsh, 1877. 

Butler et al., 2008 

Ornithopoda All genasaurians more closely related to Parasaurolophus 

walker, Parks, 1922, than to Triceratops horridus Marsh, 

1889 

Butler et al., 2008 

Thescelosauridae All neornithischians more closely related to 

Thescelosaurus neglectus Gilmore, 1913 than to 

Hypsilophodon foxii Huxley, 1869, Dryosaurus altus 

(Marsh, 1878), or Parasaurolophus walkeri Parks 1922.  
 

This study, after 

Thescelosauridae, 

Buccholz, 2002  

(Boyd, 2012) 

Clypeodonta Hypsilophodon foxii, Edmontosaurus regalis, their most 

recent common ancestor, and all of its descendants. 

Norman, 2014 

Iguanodontia The most inclusive clade containing Parasaurolophus 

walkeri Parks 1922 but not Hypsilophodon foxii Huxley, 

1869, or Thescelosaurus neglectus Gilmore, 1913. 

Sereno, 2005, 

emended from 

Sereno 1998 

Rhabdodontidae A node-based taxon consisting of the most recent common 

ancestor of Zalmoxes robustus (Nopcsa 1902) and 

Rhabdodon priscus Matheron 1869 and all the descendants 

of this common ancestor. 

Weishampel et al., 

2003 

Dryomorpha The most inclusive clade containing Dryosaurus altus 

(Marsh, 1878) and Parasaurolophus walker, Parks 

1922 

Sereno, 2005, 

emended from 

Sereno, 1986 

Dryosauridae The most inclusive clade containing Dryosaurus altus 

(Marsh, 1878) but not Parasaurolophus walkeri Parks 

1922 

Sereno, 2005, 

emended from 

Milner and 

Norman, 1984 

Ankylopollexia The least inclusive clade containing Camptosaurus dispar 

(Marsh, 1879), Uteodon aphanoecetes (Carpenter and 

Wilson, 2008) and Parasaurolophus walker, Parks 1922. 

This study, 

emended from 

Sereno, 1998 

Styracosterna The most inclusive clade containing Parasaurolophus 

walker Parks, 1922 but not Camptosaurus dispar (Marsh 

1879) or Uteodon aphanoecetes (Carpenter and Wilson 

2008). 

This study, 

emended from 

Sereno, 1998 

Iguanodontidae The most inclusive clade containing Iguanodon 

bernissartensis Boulenger, 1881 but not Parasaurolophus 

walkeri Parks, 1922. 

Sereno, 2005, 

emended from 

Sereno 1998 

Hadrosauroidea The most inclusive taxon containing Parasaurolophus 

walkeri Parks, 1922 but not Iguanodon bernissartensis 

Boulenger 1881, or Mantellisaurus atherfieldensis (Hooley 

1925) 

Sereno, 2005, 

emended from 

Sereno, 1998 
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especially marginocephalians, is necessary to determine whether Thescelosauridae is 

included in Ornithopoda or not. 

  

Thescelosauridae—A monophyletic Parksosauridae, containing the sister clades 

Orodrominae and Thescelosaurinae, was previously reported by Boyd (2012).  However, 

Parksosauridae is a junior objective synonym of Thescelosauridae Sternberg, 1937.  The 

group is present in this tree, though poorly supported (Jackknife value=7).  Unlike in 

Boyd’s analysis, Haya is here recovered at a node basal to thescelosaurids, rather than 

within the Thescelosaurinae (though in the Bayesian tree, both Haya and Jeholosaurus 

are within Thescelosauridae—see below).  Macrogryphosaurus and Talenkauen, which 

Boyd also found within Thescelosaurinae, are here recovered as basal  

iguanodontians, based on the presence of opisthocoelus cervical vertebrae, and a 

postacetabular process that is less than 30% of total ilium length. 

Phylogenetic definition 

All neornithischians more closely related to Thescelosaurus neglectus Gilmore, 1913 than to 

Hypsilophodon foxii Huxley, 1869, Dryosaurus altus (Marsh, 1878), or Parasaurolophus 

walkeri Parks, 1922. 

Unambiguous synapomorphies 

Character 98: Dentary, tooth row straight in dorsal view. 

Character 136: Maxillary teeth with 10 or more ridges. 

Character 196: Scapula: Acromion process does not extend beyond the coracoid. 

 



42 
 

Clypeodonta—This tree topology differs substantially from that of Norman (2014), 

largely due to the inclusion of more basal iguanodontians and basal “ornithopods”.  In 

this topology, Clypeodonta is the sister clade to Thescelosauridae.  If the analysis of 

Boyd (2014) is supported, and many taxa formerly referred to as basal ornithopods are 

removed from that group, Clypeodonta may prove a useful clarification in terminology.  

This node has a jackknife value of only 14, but a relatively high Bremer support of 4. 

Phylogenetic definition 

Hypsilophodon foxii, Edmontosaurus regalis, their most recent common ancestor, and all 

of its descendants (Norman, 2012). 

Unambiguous synapomorphies 

Character 63: Quadrate buttress present. 

Character 69: Quadrate mandibular condyles, lateral condyle is larger than medial. 

Character 70: Quadrate mandibular condyles, horizontal or dorsomedially sloped. 

Characters 127 and 128: Maxillary and dentary teeth, crowns taper to roots. 

Character 139: Maxillary teeth, primary ridge present. 

Characters 146 and 147: Maxillary and dentary teeth, crowns defined by an everted lip 

that insets the crown from the root. 

Character 159:  Postaxial cervical vertebrae, centra are elongated, with craniocaudal 

length twice the dorsoventral height. 

This differs somewhat from the characters given by Norman (2014).  It should be noted 

that the only outgroup to Clypeodonta in that analysis was Lesothosaurus, on which the 

tree was rooted.  Some of the characters cited by Norman to diagnose Clypeodonta (e.g. 

the presence of ridges on the labial surface of maxillary teeth) are much more 
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widespread, also occurring in taxa within Thescelosauridae.  This highlights the problems 

that may arise when too few outgroup taxa are included in an analysis. 

 

Iguanodontia—In this analysis, the only clypeodontan not included in Iguanodontia is 

Hypsilophodon.  The most basal members of this group are Gasparinisaura and 

Leaellynasaura, both known only from juvenile material (Cerda and Chinsamy, 2012; 

Rich and Rich, 1988).  Of particular note in the synapomorphies recovered in the analysis 

are characters 185 and 188: these are found only in Gasparinisaura and Leaelynnasaura 

(though asymmetrically expanded chevrons are also found in Parksosaurus).  While they 

are present at the base of the clade, these characters are not particularly widespread, and 

therefore not useful in diagnosing the clade.  Iguanodontia is recovered with jackknife 

support of 18 and Bremer support of 4.   

Phylogenetic definition 

The most inclusive clade containing Parasaurolophus walkeri Parks, 1922 but not 

Hypsilophodon foxii Huxley, 1869, or Thescelosaurus neglectus Gilmore, 1913 (Sereno, 

2005). 

Unambiguous synapomorphies 

Character 60: Quadratojugal, well-removed from the mandibular condyle of the quadrate. 

Character 131: Cheek teeth with one wear facet on each tooth. 

Character 157: Postaxial cervical vertebrae, at least slightly opisthocoelous. 

Character 185: Caudal vertebrae, prezygopophyses on distal caudals elongate, extend 

nearly to the midpoint of the preceeding vertebra. 
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Character 188: Chevrons, strongly asymmetrically expanded distally, width greater than 

length in mid caudals. 

Character 199: Scapula, supraglenoid fossa present. 

Character 236: Manus digit III with three or fewer phalanges. 

Character 263: Ilium, postacetabular process, length 30% or less of the total ilium length. 

Character 311: Astragulus forms a peg-in-socket joint with the calcaneum. 

 

Rhabdodontoids—Weishampel et al. (2003) erected Rhabdodontidae as a node-based 

taxon containing Zalmoxes robustus and Rhabdodon priscus.  In this analysis, there is a 

larger clade around this, including the genera Tenontosaurus and Muttaburrasaurus, 

which are here referred to as rhabdodontoids.  This larger group is supported by a 

jackknife value of 23, and Bremer support of 4.  Because of differences in the topology 

between the parsimony and Bayesian analysis, a formal phylogenetic definition is not 

given here; the term is used informally. 

Unambiguous synapomorphies 

Character 34: Orbit shape subrectangular at least in its lower margin. 

Character 54: Infratemporal fenestra: ventral end similar in width to dorsal end. 

Character 56: Jugal with sinuous ventral edge. 

Character 265: Ilium, postacetabular process extends caudodorsally, so the postacetabular 

process reaches farther dorsally than the body of the ilium. 

Character 290: Femur straight in lateral view. 
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Rhabdodontoids excluding Muttaburrasaurus—While the inclusion of 

Muttaburrasaurus within rhabdodontoids is fairly well supported, it is an odd grouping 

from a biogeographic viewpoint.  This may indicate that rhabdodontoids were 

geographically widespread (see also the results of the Bayesian analysis), and have been 

especially poorly sampled from Gondwana, or it may be a case of convergence.  In either 

case, it seems useful to consider the characters common to Tenontosaurus, Rhabdodon, 

and Zalmoxes.  This smaller group has lower support values than that for rhabdodontoids 

(JV=21, BS=2). 

Unambiguous synapomorphies 

Character 49: Jugal forms a ‘finger-in-recess’ joint with maxilla. 

Character 55: Jugal-quadratojugal suture is a tongue and-groove contact whereby the 

jugal lies lateral to the quadratojugal dorsally while ventrally the jugal lies medial to the 

quadratojugal. 

Character 65: Quadrate notch absent. 

Character 123: Maxillary teeth, 13 or fewer. 

Character 212: Humerus, deltopectoral crest forms a well-developed projection. 

Character 275: Pubis, obturator foramen completely enclosed. 

 

Rhabdodontidae—This small clade contains only two genera, Zalmoxes and Rhabdodon, 

both known from the Late Creteaceous of Europe.  The history of these taxa is 

summarized well by Weishamepel et al., (2003).  This clade is well supported in the 

analysis, with a jackknife value of 81 and a Bremer support of 4. 

Phylogenetic definition 
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A node-based taxon consisting of the most recent common ancestor of Zalmoxes robustus 

and Rhabdodon priscus and all the descendants of this common ancestor (Weishampel et 

al., 2003). 

Unambiguous synapomorphies 

Character 138: Cheek teeth: apicobasal ridges present on cutting surface of unworn teeth 

(lingual surface of maxillary teeth, labial surface of dentary teeth). 

Character 196: Scapula, acromion process does not extend beyond the edge of the 

coracoid. 

Character 216: Humerus, medial distal condyle wider than lateral condyle. 

Character 219: Ulna, flange on proximal end that wraps around the lateral edge of the 

radius. 

Character 249: Ilium, preacetabular process, orientation: distinctly twisted about its long 

axis. 

Character 280: Ischium, pubic peduncle, shape: dorsoventrally compressed. 

Character 304: Femur, distal condyles, shape in lateral view: strongly expanded (condyle 

extends cranially as well as caudally). 

Character 320: Metatarsal V absent. 

 

Dryomorpha—Previous iterations of this analysis have found Rhabdodontoidea as the 

sister group to Ankylopollexia, with Dryosauridae at a more basal node (Poole, 2014).  

Subsequent first-hand examination of specimens of both Dysalotosaurus and Rhabdodon 

has greatly improved the character state codings of these genera, leading to this more 
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traditional interpretation (Weishampel et al., 2003; Norman, 2004).  Dryomorpha has a 

Bremer support value of 4, jackknife value of 16, and 11 unambiguous synapomorphies. 

Phylogenetic definition 

The most inclusive clade containing Dryosaurus altus (Marsh, 1878) and 

Parasaurolophus walkeri Parks, 1922 (Sereno, 2005). 

Unambiguous synapomorphies 

Character 6: Premaxilla, posterolateral process contacts lacrimal. 

Character 18: Maxilla, rostrolateral process in addition to the premaxillary process. 

Character 26: Maxilla, shape of tooth row in ventral view: medially bowed, with rostral 

and caudal ends curving laterally. 

Character 27: Maxilla-lacrimal articulation: lacrimal fits into slot between medial and 

lateral portions of the dorsal process of the maxilla. 

Character 47: Jugal, rostral process participates in the margin of the antorbital fenestra. 

Character 57: Quadratojugal, shape: no dorsal process, element is small and blocky. 

Character 58: Quadratojugal, foramen through center of element: absent. 

Character 109: Coronoid process, relative craniocaudal widths of dentary and surangular 

(at midpoint of coronoid process): subequal. 

Character 145: Cheek teeth, secondary ridges, shape in cross-section: thin, sharp ridges, 

formed mainly by enamel. 

Character 224: Radius, triangular in distal view. 

Character 287: Ischium, obturator process within the proximal 25% of the element. 
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Dryosauridae—In addition to Dryosaurus and Dysalotosaurus, which have previously 

been found to form a clade (McDonald et al., 2010b), this analysis finds the as yet 

unnamed Kirkwood taxon from South Africa within the group, as sister to 

Dysalotosaurus.  This is well supported, with a jackknife value of 60, and Bremer 

support of 4.  The Kirkwood specimens were originally thought to belong to a 

styracosternan due to the morphology of the sternal.  However, the “hatchet-shaped” 

sternal appears to be homoplastic within Iguanodontia, also appearing in 

Macrogryphosaurus. 

Phylogenetic definition 

The most inclusive clade containing Dryosaurus altus (Marsh, 1878) but not 

Parasaurolophus walkeri Parks, 1922 (Sereno, 2005). 

Unambiguous synapomorphies 

Character 9: Premaxilla, medial dorsal (nasal) process does not contact the nasal. 

Character 42: Palpebral(s), traverses entire width of orbit. 

Character 97: Dentary, dorsal and ventral margins (under the tooth row) converge 

rostrally. 

Character 143: Maxillary teeth, primary ridge centered. 

Character 161: Fifteen or fewer dorsal vertebrae. 

Character 167: Posterior dorsal vertebrae, length of transverse processes greater than 

centrum height. 

Character 195: Scapula, acromion process weakly developed. 

Character 273: Pubis, prepubic process, horizontal ridge on medial side. 

Character 275: Pubis, obturator foramen completely enclosed. 
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Ankylopollexia—When Ankylopollexia was named, Uteodon aphanoecetes had not yet 

been recognized, and the specimens which now represent the taxon were referred to 

Camptosaurus dispar, which Sereno (1986) used to define Ankylopollexia.  In light of 

these taxonomic events, and Sereno’s original description of ankylopollexians as those 

iguanodontians that displayed fused carpals, it seems prudent to emend Sereno’s 

definition to include both U. aphanoecetes and C. dispar as reference taxa for 

Ankylopollexia.  It is a moderately supported clade, with a Jacknife value of 37 and 

Bremer support of 4. 

Phylogenetic definition 

The least inclusive clade containing Camptosaurus dispar (Marsh, 1879), Uteodon 

aphanoecetes (Carpenter and Wilson 2008) and Parasaurolophus walkeri Parks, 1922 

(emended from Sereno, 1986). 

Unambiguous synapomorphies 

Character 181: Caudal vertebrae, length of transverse processes on proximal caudals 

shorter than neural spine. 

Character 198: Scapula, deltoid ridge nearly parallel to long axis of scapula. 

Character 212: Humerus, deltopectoral crest forms a well-developed projection. 

Character 219: Ulna, flange on proximal end that wraps around the lateral edge of the 

radius. 

Character 227: Carpals, fusion present. 

Character 232: Manus digit I diverges at least 45 degrees from the antebrachial axis. 

Character 233: Metacarpal I short and block-like.   
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Character 241: Manus ungual I subconical. 

Character 323: Tendons, ossified epaxial and hypaxial tendons arranged in a double-

layered lattice. 

 

Styracosterna—As with Ankylopollexia, the definition of Styracosterna is emended here 

to exclude both C. dispar and U. aphanoecetes.  It should also be noted that the defining 

feature of this group, the “hatchet-shaped” sternal, with a caudolateral process projecting 

from the main plate of the sternal, is actually more widespread than previously known, 

and found in at least two genera outside of Styracosterna: the basal iguanodontian 

Macrogryphosaurus, and the unnamed dryosaurid from the Kirkwood Formation.  

However, the clade itself remains consistent with previous analyses, and is supported 

here with JV=37 and BS=3. 

Phylogenetic definition 

The most inclusive clade containing Parasaurolophus walkeri Parks 1922 but 

not Camptosaurus dispar (Marsh, 1879) or Uteodon aphanoecetes (Carpenter and Wilson 

2008). 

Unambiguous synapomorphies 

Character 5: Premaxilla, oral margin denticulated. 

Character 137: Dentary teeth, two to four ridges extending from the base to the tip of the 

crown on lingual side of teeth. 

Character 149: Maxillary crowns narrower than dentary crowns. 

Character 164: Dorsal vertebrae, proportions of mid to posterior centra: length is much 

shorter than height. 



51 
 

 

Unnamed node—A small, weakly supported clade of styracosternans was recovered that 

includes Barilium, Cedrorestes, Hypselospinus, and Lurdusaurus.  In the majority rule 

consensus, Bolong and Jinzhosaurus are also included in this clade.  While it is poorly 

supported, it is also recovered in the Bayesian analysis, though in that case, Barilium is 

recovered outside this node.  However, this clade can still be diagnosed by several 

synapomorphies, and some genera share character states that are found nowhere else in 

the analysis: Hypselospinus and Lurdusaurus each have olecranon processes that 

compose more than 17% of the ulna length, and a radial tubercle for the insertion of M. 

biceps.  These features are also present in NHMUK R2357, which Norman referred to 

Barilium.  However, this specimen was not used in the analysis, due to the lack of 

overlapping material with the holotype, and similarity with the coeval Hypselospinus.  

However, the close relationship of these taxa recovered without accounting for 

similarities in the forelimb may lend weight to the referral of NHMUK R2357 to the 

genus Barilium. 

 As many of these features are associated with heavier, more muscular forearms 

and a larger pollex ungual, it is entirely possible that these characters are functionally 

linked, and represent parallelisms within Styracosterna rather than a closely related 

group.  New fossils and future analyses will hopefully address this issue. 

Unambiguous synapomorphies 

Character 37: Frontal is excluded from orbital rim.  

Character 192: Sternal, pronounced caudomedial process ("posterior apron" of Norman 

2014) projects from plate of sternal in addition to caudolateral process. 
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Character 210: Coracoid, lateral protrusion on dorsal border for origin of M. biceps 

absent. 

Character 221: Robust radius, minimum diameter greater than 12% of radial length. 

Character 242: Manus ungual I length more than 30% the length of the radius. 

 

Iguanodontidae—This is another small clade of ankylopollexians that includes 

Iguanodon.  As such, the name Iguanodontidae seems fitting, although the taxa included 

within it are far more closely related to each other than those within the historical 

conception of Iguanodontidae (e.g., Huxley (1870) included Hypsilophodon and 

hadrosaurs within Iguanodontidae).  The jackknife value supporting the clade containing 

Iguanodon, Equijubus, Proa, and Fukuisaurus is 23, but the value for the larger clade 

including Mantellisaurus and RBINS 1551 is only 4, making it doubtful that 

Mantellisaurus should be included in the group.  However, Mantellisaurus does form a 

clade with RBINS 1551 (jackknife=39).  Though the support is not high, this result 

supports the taxonomic conclusion of Norman (2013, 2014) and McDonald (2012b) that 

Dollodon be considered a subjective junior synonym of Mantellisaurus. 

Phylogenetic definition 

A stem-based taxon including all taxa more closely related to Iguanodon bernissartensis 

than to Edmontosaurus regalis. 

Unambiguous synapomorphies 

Character 42: Palpebral(s), traverses entire width of orbit. 

Character 45: Squamosal process of postorbital bifurcated. 
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Character 112: Surangular, small rostral fenestra lies entirely within the surangular.  

(Note that this fenestra is not present in Iguanodon or Equijubus.) 

 

Hadrosauroidea—This group is characterized largely by features related to the “dental 

battery”, which become even more exaggerated in the Hadrosaurids.  Though the support 

is low (jackknife=6), this node has remained stable throughout early versions of this 

analysis, and is in agreement with the results of other recent studies (e.g. Gates and 

Scheetz, 2014; Prieto-Marquez, 2012). 

Phylogenetic definition 

The most inclusive taxon containing Parasaurolophus walkeri Parks, 1922 but not 

Iguanodon bernissartensis Boulenger, 1881 (Sereno, 2005). 

Unambiguous synapomorphies 

Character 73: Squamosal, relationship of right and left squamosals on skull roof: 

separated by only a narrow band of the parietal. 

Character 94: Dentary, rostral extent of Meckel's groove does not meet the dentary 

symphysis. 

Character 136: Maxillary teeth, maximum number of ridges extending from the base to 

the tip of the crown on labial side of teeth: primary ridge only. 

Character 150: Dentary teeth, maximum number of functional teeth exposed on the 

occlusal plane: one functional tooth rostrally and caudally, and up to two teeth 

approaching the middle of the dental battery. 

Character 151: Dentary teeth, maximum of two replacement teeth.  

Character 152: Dentary alveoli, parallel grooves lining a continuous dental battery. 



54 
 

Character 186: Most proximal chevron is at the distal end of third caudal vertebra or 

further distal. 

Character 207: Coracoid, ratio between the length of the scapular articulation and the 

length of the lateral margin of the glenoid in lateral view is less than 1.25. 

Character 251: Ilium, preacetabular process, morphology of distal end: parallel-sided or 

slightly tapering. 

Character 281: Ischium, shaft, straight in lateral view.  

 

Results: Bayesian Analysis 

 The MCC tree with posterior probabilities is shown in Figure 2.9.  The value of 

ESS was well over 200 for all variables; the posterior distributions for key variables are 

given in Table 3.  As the differences between the parsimony and Bayesian analyses are 

minor within Dryosauridae and Ankylopollexia, this description is limited to the basal 

portion of the tree. 

Table 2.3.  Distributions of modeled variables in Bayesian analysis. 

Clypeodonta—Given the more basal position of Hypsilophodon within this topology, 

Clypeodonta is a more inclusive clade than in the parsimony tree, excluding only a few of 

the most basal taxa in this analysis.  It is fairly well supported, with a posterior 

probability (PP) of 0.76.  Given that Thescelosauridae falls within Clypeodonta in this 

Statistic ESS Mean Standard 

Deviation 

Posterior 444 -5608.6 13.54 

Likelihood 248 -4914.9 11.17 

Birth rate (ʎ) 1371 0.0797 0.0267 

Death rate (µ) 3293 0.0320 0.0324 

Sampling rate (ψ) 1742 0.0355 0.0093 

Sampling proportion (ρ) - 0.1 - 
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topology, it is possible that the latter term may be equivalent or at least similar in 

taxonomic composition to Ornithopoda.  In order to test this further, several 

marginocephalians and relevant characters need to be added to this analysis.   

Phylogenetic Definition 

As above. 

Unambiguous synapomorphies 

Character 101: Dentary, coronoid process height; high, extends more than one tooth 

height above tooth row. 

Character 111: Surangular, small fenestra positioned dorsally on or near the dentary joint. 

Character 114: Surangular foramen, position relative to the lateral lip of the glenoid: 

foramen is placed more rostrally. 

Character 134: Cheek teeth, enamel asymmetrically distributed. 

Character 135: Cheek teeth, apicobasal ridges on labial side of maxillary teeth and lingual 

side of dentary teeth. 

Character 170: At least six sacral vertebrae. 

Character 176: Ventral sulcus on caudal vertebral centra. 

Character 292: Femur head, distinct constriction separates head and greater trochanter. 

 

Thescelosauridae—In the Bayesian analysis, this group is nested within 

Hypsilophodontidae.  Though it is poorly supported (PP=0.17), the internal nodes have 

increasingly higher support values.  Thescelosauridae includes Jeholosaurus and Haya at 

the basalmost node.  In Boyd (2012), Haya was also recovered within “Parksosauridae”, 

but Jeholosaurus was not.  While Boyd’s (2012) analysis and the parsimony analysis 
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Figure 2.9.  Maximum Clade Credibility tree produced by Bayesian analysis.  

Posterior probabilities are shown to the left of their nodes.  The geologic timescale is 

shown across the top.  Tips represent the average age found for each OTU across all 

sampled trees. 



57 
 

above found a distinct Thescelosaurinae and Orodrominae, that is not the case here; a 

small Thescelosaurinae can still be recognized (PP=1), but contains only Thescelosaurus 

and Parksosaurus, with Orodromeus, Zephyrosaurus, and Haya+Jeholosaurus at 

successively more distant nodes. 

Phylogenetic Definition 

As above. 

Unambiguous synapomorphies 

Character 169: Sternal segments of the anterior dorsal ribs at least partially ossified. 

Character 263: Ilium, postacetabular process, 34% or more total length of the ilium. 

Excluding Othnielosaurus: 

Character 10: Premaxilla, discrete rugose rostral margin, extending onto the medial 

dorsal (nasal) process. 

Character 24: Maxilla, form of emargination: angular ridge. 

Character 138: Cheek teeth: apicobasally extending ridges on cutting surface of unworn 

teeth (lingual surface of maxillary teeth, labial surface of dentary teeth).  (This is 

ambiguous: it may be shared by all thescelosaurids, or the smaller clade excluding 

Othnielosaurus.) 

Character 186: Most proximal chevron is at the distal end of the second caudal vertebrae. 

Character 216: Medial condyle of the humerus wider than the lateral condyle. 

Character 217: Ulna, length relative to dorsoventral thickness at mid-shaft greater than 

9.5. (This is ambiguous: it may be shared by all thescelosaurids, or the smaller clade 

excluding Othnielosaurus.) 
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Iguanodontia—In this topology, Iguanodontia (PP=0.52) lacks the basal pectinate region 

found in the parsimony analysis, and is instead composed of the sister groups of 

Rhabdodontoidea and Dryosauridae plus Ankylopollexia.  Gasparinisaura and 

Leaellynasaura are excluded from Igunodontia, as they group with the 

hypsilophodontids. 

Phylogenetic Definition 

As above. 

Unambiguous synapomorphies 

Character 3: Premaxilla, shape of subnarial region: ventral premaxilla flares laterally to 

form a partial floor of the narial fossa. 

Character 11: External naris, size: enlarged, extends posteriorly to overlie both the 

premaxilla and maxilla. 

Character 31: Antorbital fenestra, size: relatively small (10% basal skull length or less). 

Character 75: Posttemporal foramen/fossa, position: forms a notch in the dorsal margin of 

the paroccipital process, enclosed dorsally by the squamosal.  (Note that this character is 

unknown for many basal rhabdodontoid genera.) 

Character 87: Predentary, denticulate oral margin. 

Character 89: Predentary, ventral process, deeply bifurcated. 

Character 125: Cheek teeth; dentary teeth do not extend further rostrally than maxillary 

teeth. 

Character 126: Cheek teeth, spaces between the roots absent, teeth are closely packed. 

Character 129: Maxillary teeth, ratio of crown height to width (for unworn teeth) greater 

than 1.25. 
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Character 131: Cheek teeth: one wear facet on each tooth. 

Character 148: Cheek teeth, at least moderately developed labiolingual expansion at the 

base of the crown ("cingulum") absent. 

Character 199: Scapula, supraglenoid fossa present. 

Character 214: Humerus, deltopectoral crest length: 43% or more humerus length. 

Character 236: Manus digit III, three or fewer phalanges. 

Character 239: Phalanges of manual digits II-IV, length: first phalanx more than twice the 

length of the second phalanx. 

Character 283: Ischium shaft not twisted along its length. 

Character 300: Femur, cranial (extensor) intercondylar sulcus on distal end. 

Character 302: Femur, caudal (flexor) intercondylar sulcus of the femur: medial condyle 

inflated laterally, partially covers opening of flexor sulcus. 

 

Rhabdodontoids—The Bayesian analysis also finds Tenontosaurus and 

Muttaburrasaurus as the sister taxa to Rhabdodontidae, but this is included within a 

larger clade with many Gondwanan taxa.  The basal node of the clade is poorly supported 

(PP=0.26), and there are no unambiguous synapomorphies for the group (and only one 

synapomorphy under ACCtran).  Thus it seems likely that the additional taxa included in 

this clade (Valdosaurus, Kangnasaurus, Anabisetia, Trinisaura, Macrogryphosaurus, and 

Talenkauen) are due to the model favoring a bifurcating, rather than pectinate, topology. 

Phylogenetic Definition 

As above. 

Unambiguous synapomorphies 
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There are no unambiguous synapomorphies for this extended version of 

Rhabdodontoidea. 

Synapomorphies under ACCtran 

Character 26: Maxilla, shape of tooth row in ventral view: straight. 

 

Dryomorpha—There are only a few minor differences between the parsimony and 

Bayesian results in this portion of the tree.  Dakotadon joins a small clade with 

Owenodon and Theiophytalia in the Bayesian tree; it is at a node just basal to that in the 

parsimony topology.  Barilium is not found in the unnamed clade described in the 

parsimony tree, instead grouping with Lanzhousaurus, just basal to that group.  

Otherwise, the topology of the unnamed node remains consistent with that in the majority 

rule consensus of the parsimony tree.  Hippodraco groups with Ouranosaurus, higher 

than the unnamed node, whereas it was at a node just basal to it in the parsimony 

analysis.  Levnesovia and Shuangmiaosaurus switch places in the two trees, and the sister 

taxon to Gilmoreosaurus is Tethyshadros, rather than Bactrosaurus, in the Bayesian 

analysis.  The genera found in Dryosauridae, Ankylopollexia, Styracosterna, 

Iguanodontidae, and Hadrosauroidea are all identical in the parsimony and Bayesian 

topologies.  This overall consistency indicates that the topology is supported by the data, 

regardless of the model. 

 

Results: Biogeographic Analysis 

Geographic background—As basal neornithischians were diversifying in the Early 

Jurassic, Pangaea was still extant, with the Tethys Ocean lying between Asia and Eastern 



61 
 

Gondwana (Blakey, 2008). Gondwana and Laurasia were united via northern Africa.  

While rifting between Africa and North America began in the Triassic, the formation of 

oceanic crust (and therefore continental separation) did not occur until the Early Jurassic, 

approximately 190-180 Ma (Bartolini and Larson, 2001; Veevers, 2004).  Through the 

Cretaceous, the Laurasian continents maintained intermittent contact, although epeiric 

seas divided North America in two large landmasses, and Europe into a series of smaller 

landmasses (Esmerode et al., 2007; Miall et al., 2008; Scotese, 2014).  Meanwhile, rifting 

continued in Gondwana, producing the southern continents we are familiar with today.  

Given these physical constraints, it is expected that endemism within neornithischians 

would increase from the Triassic through the Cretaceous, and any late appearing clade 

will have more restricted ranges. 

Ancestral Area Reconstruction—Both DEC and DEC+J (where J represents founder 

events) models were used in the Ancestral Area Reconstruction (AAR) analysis run in 

BioGeoBEARS.  There are not substantial differences in the results of the two models, 

though the DEC+J had a better AIC score.  It also showed higher confidence in particular 

continents as ancestral areas as compared to the DEC model.  However, the DEC is 

favored here on a theoretical basis.  Given the wide geographic range the taxa in the basal 

portion of this tree, and the sparseness of the fossil record, including founder events in 

the model does not seem theoretically sound.  While it does create a model better fitted to 

the data, this is more likely due to fossil lineages suddenly “appearing” in the record of 

an area due to changes in sedimentology regimes or access to outcrops.  The results of 

AAR for the DEC model are shown in Figure 2.10.  
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Figure 2.10.  Ancestral Area Reconstruction on MCC tree from Bayesian analysis.  

Squares at tips show taxon ranges, pie charts at nodes show likelihoods of ancestral 

ranges.  Blended colors (e.g. the orange wedge in the node leading to Leaellynasaura 

and Gasparinisaura) indicate an ancestral range in both descendant ranges. 
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Few clades in this analysis form distinct geographic clusters.  Ankylopollexians 

are largely restricted to Laurasia, but the presence of Ouranosaurus and Lurdusaurus 

indicate they were also present in what is today northern Africa.  Based on the maximum 

likelihoods found in the AAR, ankylopollexians are most likely to have originated in 

North America, and hadrosauroids are most likely to have evolved in Asia.  However, 

this is heavily contingent on both sampling and tree topology.  New fossil discoveries 

(particularly from Gondwanan deposits) could alter these results. 

While the large rhabdodontoid group recovered in the Bayesian analysis is not 

well supported, if this clade existed it was geographically widespread, and the ancestral 

area is not clear.  A small clade within the rhabdodontoids is restricted to Gondwana; this 

includes the genera Kangnasaurus from South Africa, Anabisetia, Macrogryphosaurus, 

and Talenkauen from Argentina, and Trinisaura from Antarctica.  The estimated mean 

age of the node at which this clade branches from the rest of the rhabdodontoids is 141 

ma, with a 95% confidence interval ranging from a minimum age of 126 ma to a 

maximum of 163 ma.  The large range here is due to the poorly constrained age of 

Kangnasaurus.  While this range overlaps with the opening of the North Atlantic Ocean 

and the separation of Laurasia from Gondwana (Blakey, 2008), the large range of 

potential node ages makes it difficult to determine with any certainty whether this clade 

diverged due to vicariance. 

The more basal Hypsilophodontidae are geographically wide-ranging, although 

they are best represented in the Late Cretaceous by Thescelosauridae from North 

America.  The position of Agilisaurus, Hexinlusaurus, and the Shishugou taxon just 

outside of Clypeodonta indicates that Middle Jurassic aged deposits should be productive 
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for finding fossils that elucidate the relationships at the base of Clypeodonta, and across 

basal Ornithischia. 

 

Discussion 

Comparison to previous analyses—In overall structure, this analyses largely agrees with 

previous work (Sereno, 1998; McDonald et al., 2010; McDonald et al., 2012; Norman, 

2014), in finding a series of nested clades within Iguanodontia: Ankylopollexia, 

Styracosterna, and Hadrosauroidea.  The sister group to Ankylopollexia is Dryosauridae; 

together these form the node-based Dryomorpha, and the sister group to this is the 

rhabdodontoids. 

 As in the work of McDonald et al., (2012), this analysis recovers 

Muttaburrasaurus in a clade with Rhabdodontidae.  However, in this analysis, that clade 

also includes Tenontosaurus.  

Furthermore, the presence of a large 

number of basal neornithischians in 

this analysis allowed the potential for 

Muttaburrasaurus to be recovered 

outside of Iguanodontia.  This is 

important, as it has previously been 

considered both an iguanodontian and 

a basal ornithopod (Bartholomai and 

Molnar, 1981; Molnar, 1996).  

Including many basal 

Figure 2.11.  Sillhouettes showing the radius, 

ulna and manus of A, Iguanodon (from RBINS 

1534 and 1558) and B, Lurdusaurus (from 

MNHN.F.GDF 1700). 
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neornithischians in the analysis, particularly taxa from Gondwana, allowed for other 

plausible positions of Muttaburrasaurus.  The fact that it continues to group with 

rhabdodontids in both parsimony and Bayesian analyses here lends much more support to 

the hypothesis that these taxa are closely related.  The larger clade including many more 

Gondwanan taxa recovered in the Bayesian analysis is intriguing, and seems to fit well, 

particularly with dental characters.  These taxa are all characterized by teeth that are 

relatively wide mesiodistally, with a high number of secondary ridges that are thick, 

composed of both dentine and enamel (rather than being formed only of crenulations in 

the enamel).  While more work is necessary to better resolve this portion of the tree, it 

seems likely that a clade of largely Gondwanan taxa existed, and was closely related in 

some way to rhabdodontids.  Since the similarities in these taxa are found mainly in the 

dental characters, it is also possible that these character states are paralellisms, due to 

similar diets or chewing mechanisms. 

 This analysis agrees partly with that of Norman (2014) in finding a clade within 

Styracosterna including Iguanodon, Mantellisaurus, and Proa, but differs in placing 

Barilium, Bolong, and Jinzhousaurus outside this clade.  That there are two separate 

clades within Styracosterna, one with more robust forelimb elements and a larger ungual 

on the first digit (Figure 2.11), indicates evolutionary divergence of these clades.  The 

lack of clear temporal succession or geographic separation between these two groups 

(Figure 2.10) indicates this was not due to a faunal turnover or vicariance, and could 

represent niche partitioning.  It certainly indicates that iguanodontian evolution is more 

complex than previous trees indicate; it is neither a simple pectinate progression of taxa, 
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nor a single monophyletic clade of “Iguanodontoids”, but a complex group that includes 

many small clades. 

Sternals—One of the most surprising outcomes of this analysis in terms of character 

distribution is the homoplasy found in “hatchet shaped” sternals (those with a 

caudolateral process).  This feature was thought to be diagnostic of Styracosterna, even 

giving the name to the group (Sereno, 1986).  However, it seems to have arisen at least 

three times within Iguanodontia: in Macrogryphosaurus, in the Kirkwood taxon 

Figure 2.12.  Sternals of A, Tenontosaurus (YPM 5456); B, the Kirkwood taxon (AM 

6067); C, Macrogryphosaurus (MUCPv 321); D, Hypselospinus (NHMUK R1885). A 

and B are right sternals in ventrolateral view, C and D are coosified left and right 

sternals, C in caudodorsal view and D in cranioventral view, including the midline 

intersternal ossification.  Abbreviations: cl, caudolateral process; cm, caudomedial 

process; iso, intersternal ossification.  Scale bar equals 10 cm in A, C, and D, and 1 

cm in B. 
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(Dryosauridae), and in Styracosterna (Figure 2.12).  Additionally, a similar morphology 

occurs in Pachycephalosauridae (Maryańska and Osmólska, 1974; Perle et al., 1982).  

Previous studies of comparative myology (e.g. Dilkes, 2000) have not discussed the 

sternal in great detail.  While it presumably would have served as the origin of M. 

pectoralis, other potential functions are unclear.  The lateral placement of the process 

seems unlikely as an extension of the origin of pectoral muscles, as the lateral placement 

would decrease the moment arm of the muscle.  It seems more likely the process served 

as an attachment point for abdominal or trunk musculature.  

Dental Characters—There are some clear trends among dental characters that are 

especially helpful in distinguishing ankylopollexians, rhabdodontoids, and 

thescelosaurids. 

Thescelosauridae retain the most plesiomorphic teeth, with five to six 

premaxillary teeth, cheek teeth with a distinct angle between crown and root, spaces 

between roots, and a cingulum (Figure 2.13A).  Rhabdodontoidea, Dryosauridae, and 

Ankylopollexia all have a reduction or complete loss of premaxillary teeth, cheek teeth 

that are closely packed, with crowns that taper towards the root, and no cingulum.  While 

rhabdodontoids trend towards fewer but wider teeth with many ridges (Figure 2.13B), the 

teeth of ankylopollexians become more numerous and narrower (especially in the 

maxilla), with fewer ridges.  Additionally, the number of ridges present the teeth is high 

in rhabdodontids, which display thick, regularly spaced secondary ridges (Figure 2.13B), 

while ankylopollexians have thin, often irregular secondary ridges that merge or split 

with other.  In this respect, Tenontosaurus is similar to ankylopollexians (Figure 2.13C).  
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Within hadrosauroids, the secondary ridges are lost altogether, as the tooth crowns 

become relatively narrow and more numerous. 

Figure 2.13.  Dentary teeth in labial view of A, Thescelosaurus infernalis (SDSM 

7210); B, Rhabdodon (MC.CY.QR1); C, Tenontosaurus tilletti (AMNH 3034); and D, 

Owenodon (NHMUK R2998).  Abbrevations: c, cingulum; pr, primary ridge; sr, 

secondary ridge.  Scale bars equal 5mm. 
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Locomotor Changes—Maidment and Barrett (2014) surveyed Ornithischians to 

determine osteological correlates for quadrupedality using taxa that were either clearly 

bipedal or clearly quadrupedal.  While they found five characters that consistently 

correlated with quadrupedality, only four are examined here, as there is not a character in 

this matrix that corresponds to their “transversely broadened ilium”.  Changes in these 

character states are mapped onto the Bayesian phylogeny (Figure 2.14).  

Four characters that Maidment and Barrett found to be correlates of 

quadrupedality are present in this analysis: 

Character 219: Ulna, flange on proximal end that wraps around the lateral edge of the 

radius. 

Character 243: Manus unguals II and III, shape: dorsoventrally compressed, with a 

rounded tip. 

Character 289: Femur, length relative to tibia: longer than the tibia. 

Character 296: Femur, fourth trochanter, shape: prominent ridge (not pendant). 

These characters change in a stepwise manner near the base of Ankylopollexia, 

indicating that quadrupedality evolved near the base of this group.  The accumulation of 

traits associated with quadrupedality across several nodes indicates that the evolution of 

quadrupedality occurred in a stepwise manner, such that basal ankylopollexians such as 

Uteodon and Camptosaurus were likely facultative quadrupeds, while styracosternans 

were most likely obligate quadrupeds.  Other characters distinguish ankylopollexians 

from dryosaurids, and may indicate anatomical changes associated with quadrupedality.  

One is the muscle scar for M. caudifemoralis longus on the medial side of the fourth 
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Figure 2.14.  MCC tree from Bayesian analysis with changes in osteological 

correlates of quadrupedality mapped onto the tree. 
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trochanter, which is a large oblong depression on the medial side of the fourth trochanter, 

in ankylopollexians, but a small depression on the shaft of the femur in dryosaurids 

(Character 299).  Another is the more complex arrangement of the ossified tendons 

(Character 323).  The changes in the carpals and metacarpals and their relationship with 

quadrupedality will be further discussed in Chapter 4.  Additionally, there are two 

correlates of quadrupedality that occur within Rhabdodontoidea.  While not as clear as 

the shift at the base of Ankylopollexia, there may have been some degree of 

quadrupedality in this group. 

Pruned taxa—Four of the taxa that were pruned from the analysis (Atlascopscosaurus, 

Cumnoria, NHMUK R28860, and Planicoxa) were examined firsthand, but are based on 

fragmentary material.  The fifth pruned taxon, Oryctodromeus, is known from more 

material, but only a few forelimb elements were observed firsthand, leaving many 

character states unknown in this anaylsis.  Discovery and descriptions of material 

referable to these genera may allow them to be included in future analyses.  The same is 

true of several genera that were excluded from this analysis a priori based on dubious 

taxonomic status, such as Delapparentia, Ratchasimasaurus, and Siamodon. 

Effect of Postcranial Characters—In order to determine the effect of the 80 postcranial 

characters added to this matrix, an additional parsimony analysis excluding these 

characters was run.  This produced 3,086 MPTs, with a strict consensus that is 

considerably less resolved than the primary analysis discussed here (Figure 2.15).  In 

particular, Styracosterna is recovered as a large polytomy including 18 terminals and 2 

clades. Both Iguandontidae and the unnamed node collapse in this analysis.  

Thescelosauridae, rhabdodontoids, and Dryosauridae are recovered in this tree, and  
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Figure 2.15.  Strict consensus of 3,086 MPTs produced from a parsimony analysis 

excluding the 80 novel postcranial characters used in this analysis.  Styrcosterna is 

composed of a large polytomy, and smaller polytomies are found outside 

Rhabdodontoidea and Thescelosauridae. 
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Camptosaurus and Uteodon are recovered as basal ankylopollexians outside of 

Styracosterna, which is a slight improvement over the strict consensus found by 

McDonald (2012), in which Ankylopollexia formed a large polytomy.  The poor 

resolution of this tree indicates the improvement in resolution achieved with a concerted 

effort to include more postcranial characters. 

Future work—More fossils are needed to determine the origins of Iguanodontia (both 

within and outside of the clade).  These will most likely be found in Middle to Late 

Jurassic and Early Cretaceous strata.  North America has a high likelihood as the 

ancestral area for these groups, but that is likely skewed due to the high number of fossils 

already found there.  Given the uncertainty at these nodes, and the geographic 

arrangement of the continents at the time, these basal taxa are likely to be geographically 

widespread. 

The long ghost lineages in the basal portion of the tree in both parsimony and 

Bayesian analyses indicate that sampling for these generally smaller taxa has been poorer 

than that for ankylopollexians.  Only in scrutinizing the fossil record for these more 

diminutive species will we be able to understand the evolution of Iguanodontia.  
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Chapter 3: Accounting for Ontogeny 

Introduction 

 A link between ontogeny and phylogeny has been recognized since the work of 

Haeckel (1891), despite the flaws in his drawings (Richardson, 1995; Bininda-Emonds et 

al., 2002).  Hennig (1966) briefly mentioned that paedomorphic characters may be 

problematic within phylogenetic systematics, but offers no explanation on how they 

should be dealt with.  His concept of the semaphoront as the basic unit of biology 

acknowledges the importance of developmental stage in practicing phylogenetic 

systematics. 

 After a long hiatus in which ontogeny was rarely considered in the evolutionary 

literature, this connection was discussed by Gould (1977), and subsequently by many 

others (e.g. Alberch et al., 1979; Fink, 1982; Kluge, 1985).  Nelson (1978, 1985) argued 

that ontogeny, rather than outgroups, should be used to determine character polarity.  

This was contested by Rieppel (1979), Kluge (1985), Krause (1988), and Mabee, (1989, 

1996, 2000).  Mabee showed experimentally that using a tree optimized to the 

ontogenetic criterion for character polarization only created congruence for about half the 

characters.  Today, outgroup rooting is commonly accepted, and ontogeny is not used in 

this capacity (Bininda-Emonds et al., 2002; Mabee, 2000).  However, there is no such 

consensus in how to handle phylogenetic characters that also change through ontogeny.  

A few strategies that have been employed to incorporate ontogenetic data into 

phylogenetic analyses are discussed here. 
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 A frequently used method of including ontogentic sequences in phylogenetic 

inference is event pairing (Mabee and Trendler, 1996; Koenemann and Schram, 2002; 

Maxwell and Harrison, 2009).  This method takes a series of ontogenetic events, and 

creates an individual character for each pair of events.  For two events, A and B, A can 

occur before B, contemporaneously with B, or after B, and this can be coded as 0, 1, or 2 

in a character matrix.  This method can be useful for mapping developmental characters 

onto previously hypothesized trees, but it is problematic to use in determining 

phylogenies due to lack of independence of these characters (Koenemann and Schram, 

2002; Schulmeister and Wheeler, 2004).  Schulmeister and Wheeler (2004) 

recommended coding each series of developmental events as one character, using a step-

matrix.  Mabee and Humphries (1993) and Mabee (2000) also found the best strategy for 

dealing with ontogenetically variable characters was to code each series of ontogenetic 

events as a step-matrix.  However, step-matrices are computationally unwieldy, and there 

is not currently an effective way to implement them in Bayesian analyses.   

 Wiens et al., (2005) found that paedomorphosis in some species can lead to 

statistically well-supported, but erroneous, results in both parsimony and Bayesian 

analyses.  They attempted to eliminate this both by coding characters affected by 

paedomorphosis as unknown for taxa that do not undergo metamorphosis, and by 

removing those paedomorphic characters entirely.  In both cases, they found that three 

families composed entirely of paedomorphic species grouped together, though this did 

not occur in a phylogeny determined solely from molecular data. 

 Within fossil taxa, several studies have found that ignoring the effects of 

ontogeny tends to result in juvenile specimens being found at nodes basal to conspecific 
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adults (Tykoski, 2005; Kammerer, 2010).  The approach of coding ontogenetically 

variable characters as unknown for juvenile semaphoronts was used for the juvenile 

holotype of the coelurosaurian theropod Aorun zhaoi (Choniere et al., 2013).  When 

coding the specimen as an adult, it was found in a more basal position in the tree; when 

ontogenetically variable characters were coded as unknown, Aorun was found in a more 

derived position. 

 This study takes advantage of the several neornithischian taxa known from 

ontogenetic sequences to expand upon and test the methodology of coding 

ontogenetically sensitive characters as unknown for juvenile specimens.  There are two 

key differences between the method used here and that of Wiens et al., (2005) and 

Choiniere et al., (2013): (1) all phylogenetic characters were examined for ontogenetic 

variability, rather than focusing on particular paedomorphic characters, or features 

previously described in the literature as ontogenetically variable, and (2) ontogenetic 

sequences of species that phylogenetically bracket the area of interest were examined to 

determine which characters should be considered ontogenetically sensitive. 

Methods 

 Of the 68 OTUs included in the analysis of Chapter 2 (after pruning), five are well 

represented from both juvenile and adult material: Orodromeus, Tenontosaurus, 

Dryosaurus, Maiasaura, and Hypacrosaurus.  Of these taxa, juvenile and adult 

specimens were examined first-hand for Orodromeus, Dryosaurus, and Hypacrosaurus.  

While Orodromeus and Hypacrosaurus form a phylogenetic bracket for non-hadrosaurid 

iguanodontians, Dryosaurus provides information within the group itself.  For each of 

these taxa, two OTUs were created, representing adult and juvenile stages.  Any character 
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that differed between juveniles and adults in any of these taxa was considered to be an 

ontogenetically sensitive character (OSC).  Further characters were found to be 

ontogenetically sensitive through literature descriptions (Dysalatosaurus, Hubner and 

Rauhut, 2010; Zalmoxes, Weishampel et al., 2003; Maiasaura, Dilkes, 2001). 

 For all OSCs, the character codings were changed to unknown in OTUs 

represented by juvenile specimens.  In addition to the juvenile specimens of Orodromeus, 

Dryosaurus, and Hypacrosaurus, this also includes all specimens of Leaellynasaura, 

Gasparinisaura, Anabisetia, Bolong, and the Kirkwood taxon.  Much of the 

Dysalotosaurus material examined was juvenile, so OSC coding was used for this genus 

as well.  Ontogenetically variable characters are described in Appendix 5, and the 

modified character states for these taxa are shown in Appendix 6. 

 With these alterations in character codings, three new parsimony analyses were 

run, following the methods outlined in Chapter 2.  In each analysis, OSCs are coded as 

unknown for all taxa known only from juvenile specimens.  In the first variation, juvenile 

OTUs for Orodromeus, Dryosaurus, and Hypacrosaurus were added to the analysis to 

verify that juvenile specimens grouped with their respective congeneric adult specimens.  

Second, the adult specimens were removed to determine whether an analysis of juvenile 

OTUs without congeneric adults recovers a similar topology to that with adults.  Lastly, 

adult OTUs only were used for Orodromeus, Dryosaurus, and Hypacrosaurus, while 

OSC codings were used for taxa not known from adults.  This represents the best estimate 

of the phylogeny that can be made given the current data. 

The Kirkwood taxon—Between 1995 and 1999, remains of at least 27 juvenile 

individuals of an as yet unnamed iguanodontian taxon were collected in the Valanginian-
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aged Kirkwood Formation of South Africa. These were determined to be juvenile based 

on their small size, the presence of open sutures between elements, and histological 

analysis (Forster et al., 2012).  The “hatchet-shaped” sternals led to early conjecture that 

these remains belonged to a styracosternan.  However, the juvenile status of these 

specimens has made determination of their phylogenetic affinity problematic.  In addition 

to testing the OSC coding method, this analysis attempts to place the Kirkwood taxon 

more accurately in the phylogeny.  

 

Results 

Paired Analysis—Unsurprisingly, when juvenile OTUs were added to the analysis of 

Chapter 2, each one was recovered as a sister taxon to its congeneric adult OTU (Figure 

3.1).  Notably, despite the changes made in the character states of Gasparinisaura, 

Leaellynasaura, Anabisetia,   

Bolong, and Dysalotosaurus, there are no changes in the tree topology relating to these 

taxa, though jackknife values are decreased.  However, the addition of the juvenile 

Orodromeus caused several topological changes.  It caused Orodromeus to be recovered 

outside Thescelosauridae, at a node just basal to that clade.  This is perplexing, because 

only one of the three unambiguous synapomorphies that unites Orodromeus and 

Zephyrosaurus is unknown in the juvenile OTU.  The unambiguous synapomorphies of 

these taxa are: 

Character 20:  Presence of a rostrolateral boss on the maxilla that articulates with 

the lateral side of the premaxilla. 
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Figure 3.1.  Strict consensus tree for parsimony analysis including both adult and 

juvenile specimens of Orodromeus, Dryosaurus, and Hypacrosaurus.  Other genera 

known only from subadult specimens are labelled as “OSC” to indicate that 

ontogenetically sensitive characters have been changed to unknown in the character 

matrix.  Jackknife values (with 10% chance of character removal) are shown above 

and to the left of their respective nodes. 
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Character 50:  Presence of a jugal boss. 

Character 71:  Length of the ventral (quadratic) process of the squamosal more 

than 30% of quadrate length. 

 Characters 20 and 50 remain unchanged in the juvenile OTU (although these 

features are less well-developed in juvenile specimens, they are clearly present).  Only 

character 71 is unknown from juvenile specimens of Orodromeus.  The collapse of 

Thescelosauridae in this analyses seems to be related to ambiguity created by changing 

the state of the ontogenetically sensitive character 157 (cervical vertebrae at least slightly 

opisthocoelus) from present to unknown in Gasparinisaura.  This character becomes 

ambiguous at the base of Iguanodontia, and further reduces the resolution in this portion 

of the topology.  

There is a further effect of this topological change: previously Haya, 

Othnielosaurus, and Jeholosaurus had formed a small clade basal to Thescelosauridae.  

When the juvenile Orodromeus is included in the analysis, those taxa collapse into a 

polytomy in the majority rule consensus tree.  The characters uniting Haya, 

Othnielosaurus, and Jeholosaurus are:  

Character 61:  Ventral portion of the quadrate shaft concave. 

Character 92: Presence of a diastema in the dentary. 

Character 205: Craniocaudal length of the coracoid contribution to the glenoid 

longer than scapular contribution. 

Character 61 is of particular note, as it is an OSC and shifts from concave to straight 

through ontogeny in Orodromeus.  The juvenile OTU being coded as unknown for this 
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Figure 3.2.  Strict consensus tree for parsimony analysis including only juvenile 

specimens of Orodromeus, Dryosaurus, and Hypacrosaurus.  Other genera known 

only from subadult specimens are labelled as “OSC” to indicate that ontogenetically 

sensitive characters have been changed to unknown in the character matrix.  Jackknife 

values (with 10% chance of character removal) are shown above and to the left of 

their respective nodes. 
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character seems to have created enough ambiguity in the character polarization to 

collapse this node, as well. 

Removal of Congeneric Adult OTUs—The adult OTUs of Orodromeus, Dryosaurus, and 

Hypacrosaurus were removed from the analysis in order to determine whether the 

juvenile specimens could be recovered at the same position as their respective adult 

OTUs (Figure 3.2). 

 The juvenile Hypacrosaurus OTU and the juvenile Dryosaurus OTU were both 

recovered at nodes congruent with those of their conspecifics, but in each case a node 

was lost in the strict consensus.  However, the juvenile Orodromeus OTU moves several 

nodes up the tree and is found as the sister taxon to Gasparinisaura, supported by the 

following synapomorphies:  

Character 100: Caudoventral extension of dentary below angular. 

Character 178: Height of the neural spines of the proximal caudal vertebrae less 

than 50% taller than the centrum. 

Character 211: Humerus, length less than 62% femur length. 

This change in topology appears to occur due to the change in coding of character 157 

(opisthocoely of the cervical vertebrae).  With Gasparinisaura scored as unknown for 

this character, it is more likely to group with non-Iguanodontian taxa.  However, why 

Orodromeus moves up the tree and away from Zephyrosaurus, rather than 

Gasparinisaura moving rootward is not clear.  There seems to be a repolarization some 

characters in this part of the tree, as Hypsilophodon moves to a position basal to 
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Thescelosauridae, and the Gondwanan genera Anabisetia, Trinisaura, and Talenkauen, 

and Valdosaurus form a clade. 

 While this is too small a sample size for meaningful statistical tests, it is worth 

noting that the amount of change in the topology when juvenile specimens are substituted 

for their adult counterparts seems to correlate with the support values of the nodes.  

Hypacrosaurus, which was at a node with a jackknife value of 99 in the original analysis, 

and Dryosaurus, which was at a node with a jackknife value of 60, were both had 

juvenile OTUs recovered at congruent nodes to the adults, although resolution was lost.  

Orodromeus, at a node with a jackknife value of 19 in the original analysis, was much 

more problematic.  As a general rule, it would seem that finding the phylogenetic position 

of a juvenile specimen is possible in a tree that is well supported, but is likely to cause 

confounding effects in a poorly supported area of the tree.  Indeed, the fact that the node 

containing Gasparinisaura and Orodromeus juveniles has a higher jackknife value (39) 

than that supporting Orodromeus and Zephyrosaurus in the analysis of Chapter 2 (19) 

indicates that juvenile specimens can give positively misleading results in an area of a 

tree with low phylogenetic signal. 

Using Adult OTUs if known—In a final analysis, adult specimens were coded wherever 

possible, meaning the original, adult codings were used for Orodromeus, Dryosaurus, 

and Hypacrosaurus (Figure 3.3).  The taxa known only from juvenile specimens were 

scored with OSCs as unknown (Gasparinisaura, Leaellynasaura, Kirkwood taxon, 

Dysalatosaurs).  Despite the caveats noted above, this is the best approximation that can 

be made of the true tree given the available data.  With only the adult specimens of 

Orodromeus included, Thescelosauridae is present in this tree.  Indeed, the topology of 
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Figure 3.3.  Strict consensus tree for parsimony analysis including only adult 

specimens of Orodromeus, Dryosaurus, and Hypacrosaurus.  Other genera known 

only from subadult specimens are labelled as “OSC” to indicate that ontogenetically 

sensitive characters have been changed to unknown in the character matrix.  Jackknife 

values (with 10% chance of character removal) are shown above and to the left of 

their respective nodes. 
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the strict consensus trees is identical between this analysis and that of Chapter 2.  The 

jackknife values within Dryosauridae are lower in this analysis, probably due to the larger 

number of characters coded as unknown in Dysalotosaurus.  However, the support values 

for the nodes including Gasparinisaura, Leaellynasaura, and Bolong differ little. 

 Bayesian Analysis—Bayesian analyses were also conducted substituting juveniles for 

adults, and for the final, realistic model (Figure 3.4).  In these analyses, Orodromeus did 

not change position in the tree.  Since it was already the sister to Parksosaurus + 

Thescelosaurus rather than Zephyrosaurus, the loss of a synapomorphy with the latter is 

less problematic.  The support for the position of Orodromeus is also higher than in the 

parsimony tree, with a posterior probability of 0.79 (although posterior probabilities 

cannot be compared directly with jackknife values, this is a moderately high value within 

the tree, whereas a jackknife of 19 in the parsimony tree is moderately low).  Thus, where 

Orodromeus has better support values and its position is not based on characters that are 

also OSCs, its position in the topology is much more robust. 

 Two other changes of note occur in these maximum clade credibility trees, for 

both analyses.  Macrogryphosaurus moves from its position in the rhabdodontoids to 

become the sister taxon to Gasparinisaura.  (Note that these taxa are close together, 

though not sister taxa, in the parsimony analyses.)  The reason for this move is not clear: 

none of the OSCs are known from Macrogryphosaurus, so changes to these characters in 

Gasparinisaura and in Anabisetia (which is close to Macrogryphosaurus in the original 

topology) should not change the relationships of these taxa.  It is most likely a stochastic 

effect due to the probabilistic nature of choosing an MCC tree, rather than using a 

consensus tree.  The other notable change is that Mantellisaurus moves outside of 
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Figure 3.4.  Maximum clade credibility tree for Bayesian analysis including only 

adult specimens of Orodromeus, Dryosaurus, and Hypacrosaurus.  Other genera 

known only from subadult specimens are labelled as “OSC” to indicate that 

ontogenetically sensitive characters have been changed to unknown in the character 

matrix. 
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Iguanodontidae to a node just outside of Hadrosauroidea.  As Iguanodontidae in the 

original Bayesian analysis was only supported by a posterior probability of 0.56, and no 

character state changes for the taxa in this region of the tree were made, it seems likely 

that this is also a stochastic effect of a slightly different MCC tree. 

 

Discussion 

 The recovery of both Hypacrosaurus and Dryosaurus juveniles at a congruent 

node with their respective conspecific adult specimens shows that this method can work 

in placing juvenile specimens in a phylogentetic analysis.  Orodromeus, however, 

demonstrates the problems that can occur when the synapomorphies of a particular group 

are OSCs, and when the topology is poorly resolved.  The most troubling implication is 

that including a juvenile specimen rather than an adult can significantly alter the 

surrounding topology of the tree.  This can be mitigated by improving the resolution of 

the tree through adding more characters, and/or taxa.  It is also imperative to check for 

clades in which the synapomorphies contain OSCs; these nodes may prove to be more 

problematic than those upheld by characters that are not ontogenetically variable, and 

caution should be excercised when making interpretations about regions of the topology 

where this is the case. 

The fact that juvenile Orodromeus was found at a less inclusive node than the 

adult specimens demonstrates that juveniles cannot always be expected to move to more 

basal positions in the tree due to their more plesiomorphic character states, although this 

is sometimes the case (Campione et al., 2013; Choiniere et al., 2013; Tykowski, 2005; 
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Kammerer, 2011).  The fact that the node supporting juvenile Orodromeus and 

Gasparinisaura had higher jackknife support than that for adult Orodromeus and 

Zephyrosaurus indicates that in certain cases, juvenile specimens can produce incorrect 

results with relatively high support values. 

This study also points to the problems of over-reliance on cranial characters to the 

exclusion of postcranial characters.  Of the characters found to be ontogenetically 

variable, 20 are cranial (this is 13.1% of all cranial characters), while only 12 are 

postcranial (7.0% of postcranial characters).  While this may not prove universal, it seems 

that within Neornithischia, cranial characters are more likely to vary through ontogeny.  

Indeed, the ontogenetic changes in skulls of other ornithischian taxa has led to recent 

taxonomic reevaluations of Torosaurus and Triceratops, as well as several 

pachycephalosaurs (Scannella and Horner, 2010; Horner and Goodwin, 2009). 

As a general rule, it may prove useful to increase the number of postcranial 

characters in phylogenetic analyses, as these are often more conserved, and less prone to 

large ontogenetic changes than cranial characters, particularly in groups like 

Lambeoaurinae, Neoceratopsia, and Pachycephalosauria. 
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Chapter 4: Functional Morphology and Evolution of the Carpal-Digit I Complex in 

Ankylopollexia 

 

Introduction 

 As discussed in Chapter 2 (Figure 2.7), there is a series of changes in character 

states near the base of Ankylopollexia that indicate a shift to quadrupedality.  In the same 

region of the tree, two other trends occur: (1) the carpals and the metacarpals and 

phalanges of the first digit show varying degrees of fusion from Camptosaurus through 

the clade containing Barilium and Hypselospinus, to Iguanodontidae, and (2) the ungual 

of the first digit becomes larger and the metacarpal and first phalanx become shorter and 

medially directed, diverging from the long axis of the forelimb at least 45 degrees in 

Camptosaurus and Uteodon, and at a right angle in Barilium, Lurdusaurus, and 

Iguanodon.  The two phalanges of the digit are fused together in Iguanodon and 

Mantellisaurus, and this, in turn, is fused to the carpal-metacarpal block in Barilium and 

Hypselospinus.  Hadrosaurids dispatched with the complex entirely, and have no first 

digit and only two small carpals in some specimens.  These trends are illustrated in the 

simplified phylogeny in Figure 4.1. 

 These three suites of co-occurring changes suggests two potential functional 

explanations for the evolution of the carpal-digit I complex in basal ankylopollexians.  

First, it could be driven by a shift to quadrupedality, with fused carpals providing greater 

stability and lower stresses when loaded along the axis of the limb (Norman, 1980).  

Alternatively, this fusion could be driven by some function of the first digit, with the 

fusion of the first digit to the carpals allowing for better transfer of stresses through the 
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first digit and carpal.  While there are not good analogues with similar synostosis 

involving carpals, metacarpals, and phalanges, some chalicotheres and xenarthrans 

exhibit fusion between phalanges and metacarpals (Coombs and Rothschild, 1999) which 

are sometimes associated with digging behaviors.  These alternate loading schemes—

applying weight to the forelimb and applying a load to the first digit—can be modeled 

using Finite Element (FE) analysis. 

 This technique has been used extensively in recent years to model the stresses 

bones are subjected to under various loads, in both extant and extinct taxa (Cox et al., 

Figure 4.1.  Simplified phylogeny showing the changes in carpal, metacarpal, and 

phalangeal elements.  All drawings are of right forelimbs, shown in cranial view. 
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2015; Degrange et al., 2010; McHenry et al., 2006; McHenry et al., 2007; Strait et al., 

2007).  There are distinct limitations to these models (Rayfield, 2007; Dumont et al., 

2009; Walmsley et al., 2013) especially when working with fossil taxa with no clear 

modern analogue for validation studies.  However, when models are properly scaled 

(Dumont et al., 2009) and contain roughly the same number of elements (McCurry et al., 

2015), model parameters can be held constant between different morphologies in order to 

test the performance of those different morphologies in a comparative context.  Even 

under these conditions, sensitivity studies should also be performed to determine whether 

any model parameters have a large effect on results (Walmsley et al., 2013).  

 This study uses models of the partially fused carpal-digit I complex of 

Camptosaurus dispar and the larger, fully fused carpus of Barilium dawsoni to determine 

whether that of Barilium exhibits different patterns of effective stress than that of 

Camptosaurus.  Two alternative hypotheses are tested.  The first is that fusion of the 

carpals is an adaptive feature of quadrupedality: if this is the case, the expectation would 

be that when a ground reaction force is modeled, areas of high stress in Camptosaurus, 

particularly along the contact between bones, are reduced in the homologous regions in 

Barilium.  The second hypothesis is that fusion of the carpals better distributes forces 

transferred from the first digit.  If this is the case, then when a load is placed on digit I, 

areas of high stress in the carpals of Camptosaurus should have relatively lower stresses 

in Barilium.  These two hypotheses are not mutually exclusive: rather, each is being 

tested for individuals with fused carpals versus those with unfused carpals. 
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Methods 

CT scans were obtained for three specimens: USNM 4277 and 5473, both referred 

to Camptosaurus dispar (Gilmore, 1909), and NHMUK R2357, referred by Norman 

(2010, 2011) to Barilium dawsoni.  The scans of the Camptosaurus specimens were 

conducted at the George Washington Medical Faculty Associates Diagnostic Radiology 

Center, while those of Barilium were done using the micro-CT scanner at the Natural 

History Museum, London.  Initial analyses were performed on both specimens of 

Camptosaurus, though the model for USNM 5473 contained more pieces due to the 

lower degree of fusion in this specimen.  Because of the extra complexities this 

introduced to the model, only USNM 4277 is discussed here.  

 The scans were examined and three-dimensional models were created in Mimics 

v.15.  These were exported to the 3-Matic module where they were converted to a surface 

mesh.  This was repaired, filling in holes and fixing any inverted elements, then the mesh 

was smoothed and reduced, producing more consistently-sized elements.  A volume mesh 

was then created from the surface mesh.  The smaller Camptosaurus specimens were 

scaled so that the combined width of the radial and ulnar articular surfaces equaled that of 

B. dawsoni (NHMUK R2357).  The finalized volume mesh for USNM 4277 

(Camptosaurus) contained a total of 1.1 million tetrahedral elements, while that of 

NHMUK R2357 (Barilium) contained 1.3 million. 

Volume meshes were exported as Abaqus files to the PreView 1.9 module of the 

FEBio suite (Maas et al., 2012).  Surfaces of finite elements in articular surfaces were 

partitioned so they could be easily selected when assigning boundary conditions and 

loads.  Anatomical elements were assigned homogeneous material properties of an 
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isotropic elastic with Young’s modulus=20 gigapascals (GPa) and a Poisson ratio=0.3.  

Articular surfaces with the radius and ulna were assigned immobile boundary conditions 

in order to hold the models in place when a load was applied.  In life, the radius and ulna 

would have transferred weight from the animal to the carpals during a quadrupedal 

stance, putting them under compression.  Holding this surface still while applying a 

ground reaction force models compression.  Without this boundary condition, the carpals 

would simply be displaced upwards when a force was applied, rather than exhibiting 

stress.  In order to replicate a ground reaction force transferred through metacarpals II-IV, 

a pressure load of 10 megapascals (MPa) was applied to those articular surfaces.  In a 

separate test, a pressure load of 10 MPa was applied to the distal-most surface of digit I 

present in the model.  In C. dispar, that was the distal surface of metacarpal I, while in 

Figure 4.2.  Right carpus and manus of USNM 4277, missing phalanges of digit I and 

distal phalanges of digit IV.  A, photograph in cranial view, with dashed lines showing 

approximate planes of B and C.  B, CT image showing cross section of medial carpal 

block.  The intermedium (left) is clearly a distinct element from the radius/metacarpal I 

(right).  The smaller distal carpal II can be seen wedged between these elements.  C, 

CT image through the ulnare and distal carpal IV shows that these elements are also 

tightly articulated, but distinct elements.  Scale bar=5cm. 
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Barilium, it was a flat plane in the ungual of digit I, which was truncated because the 

specimen did not fit entirely within the microCT scanner. 

After setting the material properties, boundary conditions, and loads, the FE 

analysis was run using FEBio 1.5, running through 10 linear time-steps.  Results were 

examined using the PostView 1.4 module of the FEBio suite. 

Changes in values of the material properties and model set-up were tested to 

ensure the pattern of stresses was unaffected. Changes of an order of magnitude in 

Young’s modulus and Poisson’s ratio affected the magnitude, but not the pattern of 

effective stresses.  Additionally, small changes to the marked edges of articular surfaces 

were made, but these produced only minor changes to the pattern of effective stress seen 

in the results, and did not change the interpretation. 

Taxonomic Note—The specimen NHMUK R2357 was referred, perhaps mistakenly, to 

Hypselospinus fittoni by Norman (2010), who later referred the specimen to Barilium 

dawsoni (2011, 2014).  However, this specimen contains little overlapping material with 

the holotype, and the forelimb and carpal elements are remarkably similar to those 

referred to Hypselospinus, also found in the Valanginian-aged Wadhurst Clay Formation 

of England (Norman, 2010, 2014).  Due to this taxonomic uncertainty, this specimen was 

not used in the phylogenetic analyses of Chapters 2 and 3, which relied only on the 

holotype material of Barilium.  Even so, the two taxa are found to be closely related, and 

whether the scanned specimen actually belongs to Hypselospinus or to Barilium does not 

affect the results of this study.  Therefore, to seek the least confusing path, this study 

follows Norman (2011, 2014) in referring to this specimen as Barilium. 
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Results  

Observations from CT scans—It should be noted that the radiale and intermedium of 

USNM 4277 (Camptosaurus) are not actually fused (contra Gilmore, 1909), although 

they are preserved as one block (Figure 4.2).  The elements do articulate much more 

closely than in the similarly sized USNM 5473, so it remains likely that there is some 

degree of individual (perhaps ontogenetic) variation in the carpals, but it cannot be 

confirmed that the radiale and intermedium are completely fused in this specimen.  

However, in order to simplify the model created from USNM 4277, the intermedium, 

radiale, and metacarpal I are modeled as a single block.  Because of the closely fitted 

joint, there would have been little flexibility, and modeling the structure as one functional 

unit seems reasonable. 

Carpal Anatomy—In outgroups to Ankylopollexia such as Dryosaurus and 

Tenontosaurus, there are three proximal carpal elements and five distal carpal elements.  

The proximal row, from medial to lateral, is composed of the radiale, intermedium, and 

ulnare, while the distal carpals are simply numbered I-V from medial to lateral.  Based on 

the phylogeny in Ch. 2, the first elements that fuse together, in Camptosaurus and 

Uteodon, are the radiale and metacarpal I.  Distal carpal I is likely within this block as 

well, but it is not distinguishable in any way.  In USNM 4277 (C. dispar), this radiale-

metacarpal I block is tightly appressed, though not completely fused, to the intermedium.  

In other specimens this joint does not fit nearly as tightly, indicating some degree of 

individual variation in how closely the elements articulate, and perhaps in the degree of 

fusion.  While this seems likely to be tied to ontogeny, histological studies have not been 

performed on these specimens, and their relative ages at death are unknown. 
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In Barilium and Hypselospinus, the carpals and entire first digit are fused into one block.  

The exterior surface of these blocks has a fibrous texture, and appears to be composed of 

ossified ligaments (Norman, 2010, 2014).  In the closely-related Lurdusaurus, however, 

the carpals form two major blocks: the lateral block contains the ulnare and distal carpals 

IV and V, and the medial block contains the intermedium, radiale, metacarpal I and distal 

carpals I-III. The ungual of the first digit remains free.  In the more derived 

iguanodontids Mantellisaurus and Iguanodon, and in Ouranosaurus, the carpal-digit I 

complex is similar to that of Lurdusaurus.  While no histological analyses have been 

performed on any of these specimens (and indeed, the pyritized specimens of Iguanodon 

and Mantellisaurus from Bernissart, Belgium would be poor candidates for successful CT 

scanning), there are no indications that any of these specimens are juveniles. 

A few carpals known from Altirhinus (Norman, 1998) appear to be entirely 

unfused.  Norman considered the specimen to be an adult based on its large size, but 

ideally this should be confirmed through histological studies.  Jinzhousaurus also exhibits 

carpals that are completely unfused, indicating that this feature may be somewhat plastic 

among basal ankylopollexians. 

The pattern of fusion in the elements of the carpal and first digit within 

Ankylopollexia begins with the fusion of the first metacarpal and the radiale, then 

proceeds laterally across the carpus.  It reaches its greatest extent in Barilium and 

Hypselospinus, which, along with Lurdusaurus, exhibit massive carpals and a greatly 

enlarged pollex ungual.  A high degree of fusion is still seen in Iguanodontidae, with only 

two distinct functional blocks in the carpus.  The isolated carpals of Altirhinus may 

indicate that fusion is lost among hadrosauroids; the carpals are certainly less massive 
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Figure 4.3.  

Results of FE 

analyses of ground 

reaction forces.  

A, Surface plot for 

USNM 4277, B, 

slice through 

center of USNM 

4277, C, surface 

plot for NHMUK 

R2357, D, slice 

through center of 

NHMUK R2357. 

Dashed lines in A 

and C indicate 

approximate 

boundaries 

between elements, 

inferred from 

landmarks. 

Solid lines in B 

and D show the 

articular surfaces 

mapped in the 

model where they 

intersect the slice 

plane. 

Scale in MPa 
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Figure 4.4.  

Results of FE 

analyses of pollex 

loading.  A, 

Surface plot for 

USNM 4277, B, 

slice through 

center of USNM 

4277, C, surface 

plot for NHMUK 

R2357, D, slice 

through center of 

NHMUK R2357. 

Dashed lines in A 

and C indicate 

approximate 

boundaries 

between elements, 

inferred from 

landmarks. 

Solid lines in B 

and D show the 

articular surfaces 

mapped in the 

model where they 

intersect the slice 

plane. 

Scale in MPa. 
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than those of more basal ankylopollexians.  And finally, hadrosaurids have only two 

small discs within the carpals that are difficult to homologize with specific elements; they 

also lack a first digit.  These conditions may first appear somewhere within basal 

hadrosauroids, as carpals are unknown from many of these species. 

FE Analysis—When a ground reaction force is applied to carpo-metacarpal joints II-IV, 

the effective stresses propagate proximally through the carpus toward the articulations 

with the radius and ulna (Figure 4.3).  In Camptosaurus, there is a region of higher stress 

angling medially and proximally, close to the boundary between the radiale and 

metacarpal I.  This seems to be due to the articulation with the radius extending further 

medially than that with metacarpal II.  This, coupled with the fact that part of metacarpal 

II articulates with the ventral edge of metacarpal I, creates effective stresses extending 

onto metacarpal I, despite no load being applied directly to that digit.  This suggests that 

the fusion of metacarpal I and the radiale may have helped to distribute loads placed on 

the second digit in a quadrupedal stance.  Barilium shows a similar pattern to this, 

although there is less difference in the medial extent of the articulations with the radius 

and metacarpal II, making the edge of the area undergoing effective stress more vertically 

oriented.   

The fusion of the intermedium and ulnare does not seem to create a significant 

change between Camptosaurus and Barilium: both genera show high effective stresses 

along the articulations with metacarpals III and IV, with that stress decreasing proximally 

through the intermedium, but continuing proximally through distal carpal IV and the 

ulnare to the articular surface with the ulna. 
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When a load is applied to the first digit (the distal face of the metacarpal in 

Camptosaurus and the truncated end of the ungual in Barilium), there are notable 

differences (Figure 4.4).  In Camptosaurus, the effective stress is higher distally than 

proximally, with high effective stresses along the articulation with metacarpal II.  This 

would have created a tendency for the radiale-metacarpal block to bend and for 

metacarpal II to be stressed or displaced laterally when the first digit was loaded.   

In contrast, the effective stresses seen in Barilium are more evenly distributed.  

There are small areas with peaks of effective stress: one is along the medial edge of the 

articulation with the radius (which may be an edge effect), the other is at the apex of the 

shallow socket where metacarpal II articulates.  There is a narrow cleft in this region 

which seems to be the cause of the peak stress.  It seems likely that this would have been 

filled with in vivo cartilage or ligament, which may have reduced the effective stress in 

this area.  Regardless, it is clear that the morphology of the carpals in Barilium allowed it 

to apply loads to the first digit with much less risk of injury than that for Camptosaurus.   

However, the lower bending stresses in Barilium seem more related to the overall 

morphology of the first digit and carpus than to the degree of fusion between elements.  

In both species, the load applied was approximately orthogonal to the long axis of the 

carpals.  In Barilium, the load is also reasonably centered around that axis, but in 

Camptosaurus, the first metacarpal extends further distally than the radiale or 

intermedium.  What actually improves the distribution of effective stress in Barilium is 

the greater proximodistal depth of the carpals.  It is also improved by the first digit being 

at a right angle to the axis of the limb, another feature that is not present in 

Camptosaurus.   
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In both taxa, the effective stresses continue across the radiale and into the 

intermedium, so the fusion of these elements may have helped to distribute stresses 

across the carpus. 

 

Discussion 

 There is no clear explanation found here for the carpal-digital fusion seen in basal 

ankylopollexians.  That effective stresses from ground reaction forces are shared by the 

radius and first metacarpal in both taxa examined argues that this initial fusion may have 

been beneficial to distribute loads when in a quadrupedal stance.  However, the effective 

stress extending into the intermedium when the first digit is loaded indicates that the 

fusion of the radiale and intermedium may have helped distribute loads from the first 

digit.  The fusion of the ulnare and distal carpal IV onto the intermedium in Barilium 

does not appear to make any significant difference in these cases. 

 It does seem clear that the massive carpals in genera such as Barilium, 

Hypselopsinus, and Lurdusaurus, (and to a lesser extent Iguanodon) helped to distribute 

loads from the first digit.  What this enigmatic digit was used for remains unknown.  

Norman (1980) suggested it could be used in feeding, though did not describe how; while 

a narrow, scythe-like claw may be useful for raking in vegetation, the robust, nearly 

conical morphology found here seems ill-suited to such a task.  The conical shape of the 

claw, and the robust carpals supporting it, suggest that it was most effective at poking or 

stabbing.  While it is possible this could be associated with feeding behavior, it seems 

more likely to be indicative of intraspecific competition. 
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 Future tests could examine the carpals of closely related taxa, such as 

Tenontosaurus, that exhibit no fusion in the carpals.  This has not yet been attempted 

because modeling multiple elements requires the inclusion of soft tissue, or some way of 

tying the pieces of the model together.  This lack of precise fit creates a model that is 

highly speculative in nature.  This can be alleviated somewhat by modeling both low and 

high estimates of realistic values for features such as cartilage thickness, but may also 

lead to large ranges in the results, making them difficult to interpret.  However, finding a 

modern analogue for validation studies would be much easier for unfused carpals, and 

this approach will be explored in the future. 

 A simpler extension of this study would be to model somewhat different loads, 

introducing shear stresses to the ungual.  This is not straightforward to do within FEBio 

(though it could be accomplished by creating a separate object in the model and pushing 

it toward the ungual at an oblique angle).  Other FEA programs, such as Strand allow this 

to be done more easily. 
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Chapter 5: Summary and Future Directions 

Summary 

 This dissertation explores the phylogeny, biogeography, and functional 

morphology of iguanodontian dinosaurs.  The phylogeny produced here shows better 

resolution than previous analyses, mainly due to the increase in the number of characters 

examined (323); a particular effort was made to increase the proportion of postcranial 

characters, which now represent 53% of the total. 

 The parsimony and Bayesian trees are largely congruent among Dryosauridae and 

Ankylopollexia, but the more basal portions of the trees are different.  In both cases, the 

Rhabdodontoidea is expanded to include Tenontosaurus and Muttaburrasaurus, though 

the Bayesian analysis further includes the Gondwanan taxa Talenkauen, 

Macrogryphosaurus, Trinisaura, Anabisetia, and Kangnasaurus, as well as Valdosaurus. 

 The two methods both recover a small Dryosauridae as a sister group to 

Ankylopollexia, which includes Dryosaurus, Dysalotosaurus, and the Kirkwood taxon.  

Within Ankylopollexia, parsimony and Bayesian analyses both recover a small, unnamed 

clade that includes Lurdusaurus, Cedrorestes, Hypselospinus, Jinzhousaurus, and 

Bolong.  The parsimony analysis also includes Barilium in this group.  While support 

values for this group are low in both analyses, its robusticity to model choice gives some 

support to the clade. 

 Parsimony and Bayesian analyses also both recover a monophyletic 

Iguanodontidae which includes Iguanodon, Equijubus, Proa, Fukuisaurus, and 

Mantellisaurus, which groups with RBINS_1551, supporting Norman (2013, 2014) and 

McDonald (2012b) in retaining this specimen within Mantellisaurus. 
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 Ancestral area reconstruction did not find any particularly surprising results: 

Ankylopollexians have a Laurasian distribution, and have a high likelihood of having 

originated in North America.  However, the discovery of a basal ankylopollexian from 

outside North America would change that. 

 There is an intriguing division among rhabdodontoids in the Bayesian analysis 

between a Gondwanan group and a mostly Laurasian group (though this includes the 

Australian Muttaburrasaurus).  However, the large uncertainty in the age of 

Kangnasaurus makes the 95% confidence interval for the age of this node large, so the 

timing of this divergence cannot be tied to rifting between Laurasia and Gondwana.  

Discovery of more species from the Late Jurassic and earliest Cretaceous would help to 

determine the age of this node. 

 In general, better sampling is needed of the basal Neornithischians from the 

Middle to Late Jurassic and earliest Cretaceous. 

 In order to explore the effects of specimens of varying ontogenetic stages on 

phylogeny, a new technique modified from that of Wiens et al., (2005) was used.  This is 

shown to recover juvenile specimens of some species at the same node in the tree as their 

conspecific adults when the node is supported by characters that are not ontogenetically 

sensitive.  However, when juvenile specimens of Orodromeus are substituted for adults, 

they are not recovered at the same node, and substantially change the surrounding 

topology of the tree.  Without adult specimens available, it is not possible to determine if 

a given juvenile specimen might have these effects.  Inspecting the characters that 

support all nodes near the recovered position of the juvenile specimen is necessary, 
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though this still does not guarantee it will be recovered at the same node as an adult of the 

same species. 

 Finally, the biomechanics of the fused carpal-digit I complex of basal 

Ankylopollexians was examined using finite element analysis.  Character changes 

mapped on the trees indicate that this fusion occurred during the same interval in which 

quadrupedality evolved in the lineage, and in which the ungual of the first digit became 

relatively large and set at a right angle to other digits.  Fusion of the carpals cannot be 

easily attributed as a result of either of these trends.  However, it has some structural 

benefits both for quadrupedalism and for functions of the enlarged first digit. 

Future Directions 

 Questions remain regarding how to define Ornithopoda, and which taxa should be 

included in this group.  In order to determine this, I will add basal marginocephalians, 

thyreophorans, and heterodontosaurids to the matrix, along with relevant characters.  This 

will help to elucidate the relationship of Thescelosauridae with Cerapoda and 

Iguanodontia. 

 In regards to biomechanical analysis, I would like to compare the models 

discussed here with those from a species with no carpal fusion, such as Tenontosaurus.  

However, this makes the model hugely more complicated, as soft tissues must be 

modeled to hold the structure together.  This adds a layer of creative morphology that is 

bound to have a large impact on results, and would make it difficult to compare to the 

current models.  Expanded models including the radius, ulna, and metacarpals could 

result in something more comparable across species, but reconstructing the soft tissues 

means that these models would be at least somewhat speculative. 
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 Another avenue for future investigation is the loss of the carpals and digit I in 

hadrosaurs.  Digit reduction is common in dinosaurs and other animals; in recent years 

the most prominent example of this is the digit identity in non-avian theropods and birds, 

and the frameshift hypothesis (Wagner and Gauthier, 1999; Xu et al., 2009; Bever et al., 

2011).  The situation in hadrosaurs seems much more straightforward, but the potential 

developmental connection between carpals and digit I is intriguing—it may be a subject 

worth further exploration. 

 In any case, the biomechanics of the hadrosaur manus are certainly worth 

examining.  The lack of carpals and the much longer metacarpals indicate that hadrosaurs 

used their forelimbs in a different manner than basal ankylopollexians. 
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Appendix 1. 

List of characters and character state used in the phylogenetic analyses.  * indicates an 

ontogenetically sensitive character, o indicates an ordered character. 

1. *Preorbital skull length: less than or equal to 50% of the basal skull length (0); 

more than 55% of the basal skull length (1). (Modified from Weishampel et al., 

2003) 

2. Premaxilla, width of the oral margin in dorsal view: narrower than width across 

orbital region of skull roof (0), equals or exceeds width across orbital region of 

skull roof (1). (Modified from Norman 2002) 

3. *Premaxilla, shape of subnarial region: narial portion of the body of the 

premaxilla slopes steeply from the external naris to the oral margin (0); ventral 

premaxilla flares laterally to form a partial floor of the narial fossa (1).  

(Weishampel et al., 2003; Butler et al., 2008) 

4. Premaxilla, oral margin reflected dorsally: absent (0); present (1).  (Modified 

from Norman, 2002) 

5. Premaxilla, oral margin denticulation: absent (0); present (1). (Weishampel et al., 

2003; McDonald 2012) 

6. *Premaxilla, posterolateral process contacts lacrimal: absent (0); present (1).  

(Modified from Weishampel et al., 2003, Milner and Norman 1984, 1990; Sereno 

1984, 1986) 

7. Premaxilla, posterolateral process, shape: tapers to a point (0); does not taper, 

caudal end is blunt (1). (modified from McDonald 2012, Prieto-Márquez and 

Salinas 2010). 
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8. Premaxilla, position of the ventral (oral) margin: level with the maxillary tooth 

row (0); ventral to maxillary tooth row (1).  (Norman 2002; Butler et al., 2008) 

9. Premaxilla, medial dorsal (nasal) process contacts the nasal: present (0); absent 

(1). (Butler et al., 2008) 

10. Premaxilla, discrete rugose rostral margin, extending onto the medial dorsal 

(nasal) process: absent (0); present (1). (new) 

11. External naris, size: small, entirely overlies the premaxilla (0); enlarged, extends 

posteriorly to overlie both the premaxilla and maxilla (1). (Weishampel et al., 

2003; Butler et al., 2008)  

12. Nasals, deep elliptic fossa along midline: absent (0); present (1). (Butler et al., 

2008)  

13. *Nasals, placement of most dorsal point: caudally, at junction with frontals (0); 

more rostral, such that the nasal extends further dorsally than the frontals (1). 

(new) 

14. Nasals, thickened, paired domes on caudal portion: absent (0); present (1). (new) 

15. Premaxilla-maxilla boundary, fossa or foramen just dorsal to the oral margin: 

absent (0); present (1). (Butler et al., 2008) 

16. Maxilla, diastema: absent, maxillary teeth begin directly caudal to the premaxilla 

(0); present, first maxillary tooth is at least one crown width away from the 

premaxilla (1).  (Modified from Butler et al 2008) 

17. Maxilla, diastema length: one to two tooth widths (0); three tooth widths or more 

(1). 
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18. Maxilla, rostrolateral process in addition to the premaxillary process: absent (0); 

present (1). (Weishampel et al., 2003; Butler et al., 2008) 

19. Maxilla, rostrolateral process of the maxilla, length: shorter than the premaxillary 

process (0); longer than the premaxillary process (1). (new) 

20. Maxilla, prominent rostrolateral boss articulates with the lateral face of the 

premaxilla: absent (0); present (1). (Butler et al., 2008) 

21. Maxilla, dorsal process, shape in lateral view: narrow, parallel-sided, (0); broad 

and triangular (1). (Modified from Norman, 2002) 

22. o*Maxilla, dorsal process, position: rostral to the midpoint of the maxilla (0); at 

the midpoint (1); caudal to the midpoint (2). (new) 

23. Maxilla, emargination of the caudal end of the tooth row: absent (0); present (1). 

(new) 

24. Maxilla, form of emargination: smooth curve (0); angular ridge (1). (new) 

25. Maxilla, horizontal ridge, caudal portion covered by a series of obliquely inclined 

ridges: absent (0); present (1).  (Modified from Boyd et al., 2009) 

26. Maxilla, shape of tooth row in ventral view: medially bowed, with rostral and 

caudal ends curving laterally (0); laterally bowed (1); straight (2). (McDonald 

2012) 

27. Maxilla, articulation with lacrimal: simple scarf or butt joint (0); lacrimal fits into 

slot between medial and lateral portions of the dorsal process of the maxilla (1).  

(Modified from Butler et al., 2008) 

28. Maxilla, exclusion from the antorbital fenestra by rostral extension of the jugal: 

absent (0); present (1). (new) 
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29. Antorbital fenestra: present (0); absent (1). (Butler et al., 2008) 

30. Antorbital fenestra, shape: triangular (0); oval or circular (1). (Butler et al., 2008) 

31. Antorbital fenestra, size: large (at least 15% basal skull length) (0); relatively 

small (10% basal skull length or less) (1); reduced to a small foramen (2).  

(Modified from Weishampel et al., 2003) 

32. Antorbital fossa, additional fenestra(e) within fossa rostral to external antorbital 

fenestra: absent (0); present (1). (Butler et al., 2008) 

33. Lacrimal-nasal contact: present (0); absent (1). (Norman 2002) 

34. Orbit shape: circular (0), subrectangular at least in its lower margin (1); 

dorsoventrally elongated, either oblong or subtriangular (2).  (Modified from 

Winkler et al., 1997) 

35. *Frontal, proportions: short and broad (length roughly equal to width) (0); narrow 

and elongate (length roughly 2 times the width) (1); very elongate (length roughly 

3 times the width) (2). (Modified from Weishampel et al., 2003; Butler et al., 

2008; state 2 based on Barrett and Han 2009) 

36. Frontal, shape in dorsal view: widest point is posterior to midorbit level (0); 

widest point is at midorbital level (1).  (Modified from Boyd et al., 2009) 

37. Frontal, participation in dorsal orbital rim: present (0); absent (1). (Norman 2002; 

McDonald 2012). 

38. Frontal, participation in the border of the suptratemporal fenestra: present (0); 

absent, excluded by contact between the postorbital and parietal (1). (new) 

39. Palpebral(s): free and separated from orbital rim, articulate only to the prefrontal 

(0); fused to orbit rim (1). (Modified from Butler et al., 2008) 
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40. Palpebral(s), shape in dorsal view: rod-shaped (0); platelike (1).  (Butler et al., 

2008) 

41. Palpebral/supraorbital, number of ossified segments: one (0); two (1). (Butler et 

al., 2008) 

42. *Palpebral(s), length relative to rostrocaudal width of orbit if unfused to orbital 

rim: does not traverse entire width of orbit (0); traverses entire width of orbit (1).  

(Butler et al., 2008) 

43. Palpebral, dorsoventrally flattened and rugose along the medial and distal edges: 

absent (0); present (1). (Boyd et al., 2009) 

44. *Postorbital, projection into orbital margin or rugose area for articulation of the 

palpebral: absent (0); present (1).  (Modified from Butler et al., 2008) 

45. Postorbital, shape of squamosal process: tapered (0); bifurcated (1). (modified 

from McDonald 2012; Prieto-Márquez 2010). 

46. *Jugal, proportions: length of rostral process greater than or equal to caudal 

process (0); caudal process longer than rostral process (1). (new) 

47. Jugal, exclusion of the rostral process from the antorbital fenestra by lacrimal-

maxilla contact: absent (0); present (1). (Weishampel et al., 2003; Butler et al., 

2008) 

48. o Jugal, shape of rostral end in lateral view: tapering (0); near parallel sided with a 

rounded or blunt rostral end (1) expanded dorsoventrally (2).  (Modified from 

Norman, 2002) 

49. o Jugal, type of suture with maxilla: scarf joint (0); 'finger-in-recess' joint, (1); 

butt-joint, (2).  (Norman, 2002). 
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50. Jugal, boss extending laterally from suborbital portion: absent (0); present (1). 

(Butler et al., 2008) 

51. Jugal, articulation with ectopterygoid: present (0); absent (1). (Head, 1998; 

Norman 2002; McDonald, 2012) 

52. Jugal, caudal ramus, bifurcated caudal end: absent (0); present (1).  (Butler et al 

2008) 

53. Jugal, participation in infratemporal fenestra: forms cranial and ventral margin 

(0); also forms part of caudal margin (1). (Weishampel et al., 2003; Butler et al., 

2008) 

54. Infratemporal fenestra: ventral end narrower than dorsal end: absent (0); present 

(1). (new) 

55. Jugal, form of articulation with quadratojugal: contact is relatively simple, 

consisting of a butt or high-angle scarf joint, jugal lies entirely lateral to the 

quadratojugal (0); tongue and-groove contact whereby the jugal lies lateral to the 

quadratojugal dorsally while ventrally the jugal lies medial to the quadratojugal 

(1).  (Weishampel et al., 2003) 

56. Jugal, shape of ventral edge: straight (0); sinuous (1). (Modified from Norman 

2002) 

57. Quadratojugal, shape: a central body with a dorsally projecting quadrate process 

that meets or nearly meets the squamosal (often on the medial side of the 

quadrate) (0); no dorsal process, element is small and blocky (1). (new) 

58. Quadratojugal, foramen through center of element: absent (0); present (1). (new) 
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59. Quadratojugal foramen, position: located within quadratojugal (0); on jugal-

quadratojugal boundary (1).  (Modified from Butler et al., 2008) 

60. Quadratojugal, position of ventral margin relative to mandibular condyle of the 

quadrate: approaches the mandibular condyle (0); well-removed from the 

mandibular condyle (1). (Butler et al., 2008) 

61. *Quadrate, ventral portion of shaft: cranially convex (0); straight (1); caudally 

convex (2).  (Modified from Butler et al 2008) 

62. Quadrate, caudally curved proximal portion: present (0); absent, straight (1). 

(Boyd et al., 2009) 

63. Quadrate buttress ("hamular process"): absent (0); present (1). 

64. Quadrate, prominent oval fossa on pterygoid ramus: absent (0); present (1). 

(Butler et al., 2008) 

65. Quadrate (paraquadratic) foramen or notch on boundary between quadrate and 

quadratojugal: absent (0); present (1).  (Butler et al., 2008; Norman, 2002) 

66. *Quadrate, paraquadratic foramen or notch, size: small, height less than 1/8th 

quadrate height (0); large, height more than 1/7th quadrate height (1). (Modified 

from Butler et al., 2008) 

67. Quadrate, paraquadratic notch completely covered by quadratojugal: absent (0); 

present (1). (new) 

68. Quadrate, articular condyle shape: much wider transversely than craniocaudally 

(0); transverse width less than or equal to craniocaudal length (1).  (Modified 

from Norman 2002) 
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69. o Quadrate, mandibular condyle proportions: medial condyle is larger than lateral 

condyle (0); quadrate condyles subequal in size (1); lateral condyle is larger than 

medial (2). (Butler et al., 2008) 

70. o Quadrate, mandibular condyles, orientation of distal margin relative to long axis 

of quadrate: dorsomedially sloped (0); horizontal (1); dorsolaterally sloped (2). 

(new) 

71. Squamosal, ventral (quadratic) process length: less than 25% length of the 

quadrate (0); greater than 30% (1). (Modified from Boyd et al 2009) 

72. Squamosal, relative lengths of pre- and post-quadratic processes: pre-quadratic 

process is longer than or subequal to the post-quadratic (0); pre-quadratic process 

is shorter (1). 

73. o Squamosal, relationship of right and left squamosals on skull roof: widely 

separated by parietal (0); separated by only a narrow band of the parietal (1); in 

broad contact with each other (2) (Horner et al., 2004; McDonald, 2012) 

74. Paroccipital processes, shape: extend laterally (0); pendant, distal end curves 

ventrally (1). (Modified from Weishampel et al., 2003; Butler et al., 2008) 

75. Posttemporal foramen/fossa, position: totally enclosed with the paroccipital 

process (0); forms a notch in the dorsal margin of the paroccipital process, 

enclosed dorsally by the squamosal (1); enclosed entirely by the squamosal (2).  

(Modified from Butler et al., 2008) 

76. Supraoccipital, participation in the dorsal margin of the foramen magnum: present 

(0); absent, excluded by exoccipitals, (1). (You et al., 2003; McDonald, 2012) 
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77. *Supraoccipital, sharp, well-defined median nuchal crest: absent (0); present (1). 

(Boyd et al., 2009) 

78. Supraoccipital, inclination of caudal surface: rostrodorsally inclined (0); vertical 

(1) (McDonald, 2012; modified from Horner et al., 2004)  

79. Basioccipital: participation in the ventral border of the foramen magnum: present 

(0); absent, excluded by the exoccipitals (1). (Weishampel et al., 1993; McDonald 

2012) 

80. Basioccipital, ventral keel: absent (0); present (1). (Boyd et al., 2009) 

81. o Basipterygoid processes, orientation: anteroventral (0); ventral (1); 

posteroventral (2). (Butler et al., 2008) 

82. Premaxilla, contact with vomer: present (0); absent, excluded by maxillae (1). 

(Modified from Butler et al., 2008) 

83. Pterygoid, contact with maxilla at posterior end of tooth row: absent (0); present 

(1). (Butler et al., 2008) 

84. Predentary, size: short, caudal oral margin of the premaxilla opposes rostral 

dentary margin (or teeth) (0); subequal in length to the oral margin of the 

premaxilla (1).  (Modified from Butler et al, 2008) 

85. Predentary, rostral end in dorsal view: rounded (0); pointed (1); straight transverse 

margin (2). (Weishampel et al., 2003; Butler et al., 2008) 

86. Predentary, sulci extending rostrally from the intersections of the lateral processes 

and the ventral process: absent (0); present (1). (Modified from McDonald 2012)  

87. Predentary, denticulate oral margin: absent (0); present (1). (Weishampel et al., 

2003; Butler et al., 2008) 
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88. Predentary, ventral process: single (0); bilobate (1). (Butler et al 2008) 

89. Predentary, ventral process, depth of bifurcation: restricted to distal end (0); deep 

bifurcation (1). (new) 

90. Predentary, short midline process dorsal to dentary symphysis: absent (0); present 

(1).  (Modified from McDonald 2012) 

91. o Predentary, relative length of the dorsal and ventral processes: ventral process 

longer than dorsal (0); processes roughly equal in length (1); dorsal process longer 

than ventral (2). (new) 

92. Dentary, diastema between predentary and first tooth: absent (0); present (1). 

(McDonald 2012) 

93. Dentary, length of diastema: short, the width of one to two teeth (0); long, the 

width of three teeth or more (1).  (Modified from Norman, 2002) 

94. Dentary, rostral extent of Meckel's groove meets the dentary symphysis: present 

(0); absent, ends more caudally (1). (new) 

95. *Dentary ramus, shape of rostral end: straight (0); strongly downturned (1).  

(Norman, 2002) 

96. o Dentary, position of rostral tip: dorsal to the ventral margin of the dentary ramus 

(0); level with the ventral border of the dentary ramus (1); well below the ventral 

border of the dentary ramus (2). (new) 

97. o*Dentary, relationship of dorsal and ventral margins (under the tooth row): 

converge anteriorly (0); subparallel (1); diverge anteriorly (2).  (Modified from 

Butler et al., 2008; Norman, 2002; Weishampel et al., 2003; McDonald, 2012) 
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98. Dentary, shape of tooth row in dorsal view: straight (0); bowed medially (1). 

(Boyd et al., 2009; McDonald, 2012) 

99. Dentary, position of apex of curve in medially bowed tooth row: at mid-length 

(0); in the caudal half of the dentary (1). (McDonald 2012, modified from Prieto-

Márquez et al., 2006) 

100. Dentary, caudoventral extension below angular: absent (0); present (1). (new) 

101. Dentary, coronoid process, height; short, extends no more than one tooth height 

above tooth row (0); distinctly higher (1). (Modified from Weishampel et al., 

2003) 

102. Dentary, medial edge of coronoid process, position: in line with dentition (0); 

lateral to dentition (1).  (Modified from Butler et al., 2008) 

103. o*Dentary: caudal extent of tooth row: terminates rostral to coronoid process (0); 

terminates between rostral margin and apex of coronoid process (1); terminates 

directly ventral to apex or more caudally (2). (Modified from Wu and Godefroit, 

2012) 

104. Dentary: if coronoid is lateral to dentition, trough present between toothrow and 

coronoid: absent (0) present (1). (new) 

105. o Dentary, coronoid process orientation: caudally inclined (0); subvertical (1); 

rostrally inclined (2). (modified from Prieto-Márquez et al., 2006; McDonald 

2012) 

106. Coronoid process, shape in lateral view: subtriangular, tapers dorsally (0); 

rectangular (rostral and caudal margins are nearly parallel (1). (new) 
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107. Coronoid process, rostrocaudally expanded apex: absent (0); present (1). 

(Modified from McDonald 2012) 

108. Coronoid process, surangular contribution: present (0); absent (1). (new) 

109. o Coronoid process, relative craniocaudal widths of dentary and surangular (at 

midpoint of coronoid process): surangular wider than dentary (0); subequal (1); 

surangular narrower than dentary (2). (new) 

110. External mandibular fenestra, situated on dentary-surangular-angular boundary: 

present (0); absent (1).  (Butler et al., 2008) 

111. Surangular, small fenestra positioned dorsally on or near the dentary joint: absent 

(0); present (1). (Modified from Butler et al., 2008) 

112. Surangular, position of small rostral fenestra: lies on boundary of dentary and 

surangular (0); lies within the surangular (1). (new) 

113. Surangular foramen near mandibular glenoid: present (0); absent (1). (Norman 

2002) 

114. Surangular foramen, position relative to the lateral lip of the glenoid: foramen is 

directly ventral to process (0); foramen is placed more rostrally (1). (new) 

115. Surangular, lateral lip of the glenoid expanded dorsally into a distinct process: 

absent (0); present (1).  (Modified from Butler et al., 2008; Boyd et al., 2009) 

116. Angular position, visible on the lateral surface of the mandible: present (0); absent 

(1). (Norman 2002) 

117. Jaw joint, position: weakly depressed ventral to toothrow (0); strongly depressed 

ventrally, more than 30% of the height of the quadrate is below the level of the 

maxilla (1). (Modified from Butler et al., 2008)  
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118. Articular, retroarticular process: elongate (0); rudimentary or absent (1).  (Butler 

et al., 2008) 

119. Premaxillary teeth: present (0); absent (1). (Butler et al., 2008) 

120. o* Premaxillary teeth, number: six (0); five (1); two (2); one (3). (modified from 

Butler et al., 2008) 

121. Premaxillary teeth, mesiodistal crown expansion above root: absent (0); present 

(1). (Butler et al., 2008) 

122. Premaxillary teeth, spacing: closely spaced (0); gaps of about one crown width 

between teeth (1). (new) 

123. o*Maxillary teeth, number; 13 or fewer tooth positions (0); 14 to 16 positions (1); 

18-28 positions (2); 30 or more positions (3).  (Modified from Weishampel et al 

2002) 

124. o*Dentary teeth, number. 13 or fewer tooth positions (0); 14 to 16 positions (1) 18 

to 25 positions (2); 27 or more positions (3).  (Modified from Weishampel et al 

2002) 

125. Cheek teeth; dentary teeth extend futher rostrally than maxillary teeth: absent (0); 

present (1). (new) 

126. Cheek teeth, spaces between the roots: present (0); absent, teeth are closely 

packed (1). (Modified from Boyd et al., 2009)  

127. o Maxillary teeth, morpholgy of roots: distinct neck between crown and root (0); 

crown tapers to root (1); crown not significantly wider than root (2).  (Modified 

from Boyd et al., 2009). 
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128. Dentary teeth, morpholgy of roots: distinct neck between crown and root (0); 

crown tapers to root (1).  (Modified from Boyd et al., 2009) 

129. o*Maxillary teeth, ratio of crown height to width (for unworn teeth): less than 1.2 

(0); 1.25 to 1.9 (1); greater than 2 (2). (new) 

130. o*Dentary teeth, ratio of crown height to width (for unworn teeth): less than 1.5 

(0); 1.7 to 2.2 (1); greater than 2.5 (2). (new) 

131. Cheek teeth: number of wear facets on each tooth: two (0); one (1). (Modified 

from Boyd et al., 2009; Norman 2014) 

132. Cheek teeth, apicobasally extending thickening of crown along midline (not a 

primary ridge): absent (0); present (1). (new) 

133. Cheek teeth, form of marginal denticles: simple, arcuate (0); labiolingually 

expanded, with a mammillated edge (1); absent or reduced to small papillae (2). 

(Modified from Norman 2002) 

134. Cheek teeth, enamel distribution: symmetrical (0); asymmetrical: thicker on the 

labial side of maxillary teeth and on the lingual side of dentary teeth (1). 

(Weishampel et al., 2003; Butler et al., 2008) 

135. Cheek teeth, apicobasally extending ridges on labial side of maxillary teeth and 

lingual side of dentary teeth: absent (0); present (1). (Butler et al., 2008) 

136. o Maxillary teeth, maximum number of ridges extending from the base to the tip 

of the crown on labial side of teeth: primary ridge only (0); one primary and one 

secondary ridge (1); three to eight ridges (2); ten to twelve ridges (3); fourteen to 

seventeen ridges (4). (Modified from Weishampel et al., 2003) 
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137. o Dentary teeth, maximum number of ridges extending from the base to the tip of 

the crown on lingual side of teeth: primary ridge only (0); two to four ridges (1); 

five to eight ridges (2); nine to eleven ridges (3); twelve to seventeen ridges (4). 

(Modified from Weishampel et al., 2003) 

138. Cheek teeth: apicobasally extending ridges on cutting surface of unworn teeth 

(lingual surface of maxillary teeth, labial surface of dentary teeth): absent (0); 

present (1). (new) 

139. Maxillary teeth, primary ridge on labial side of crown: absent (ridges may be 

present, but none is more prominent than others) (0); present (1). (Modified from 

Weishampel et al., 2003; Butler et al., 2008) 

140. Maxillary teeth, primary ridge size: only slightly larger than secondary ridges (0); 

much larger than secondary ridges (1).  (Modified from Weishampel et al., 2003; 

Butler et al., 2008) 

141. Dentary teeth, primary ridge on lingual side of crown: absent (ridges may be 

present, but none is more prominent than others) (0); present (1). (Modified from 

Weishampel et al., 2003; Butler et al., 2008) 

142. Dentary teeth, primary ridge size: only slightly larger than secondary ridges (0); 

much larger than secondary ridges (1).  (Modified from Weishampel et al., 2003 

and Butler et al., 2008) 

143. Maxillary teeth, primary ridge position: centered, although some teeth within the 

same dental battery may display a slight offset of the primary ridge (0); offset, 

giving crown asymmetrical appearance (1). (Modified from Butler et al 2008 and 

Prieto Marquez and Salinas 2010) 
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144. Dentary teeth, primary ridge position: centered, although some teeth within the 

same dental battery may display a slight offset of the primary ridge (0); offset, 

giving crown asymmetrical appearance (1). (Modified from Butler et al 2008; 

Prieto Marquez and Salinas 2010) 

145. Cheek teeth, secondary ridges, shape in cross-section: thick and rounded, 

composed of both enamel and dentine (0); thin and sharp-edged, formed by 

crenulations in enamel (1). (new) 

146. Maxillary teeth, base of crown defined by an everted lip which makes the crown 

slightly inset from the root: absent (0); present (1). (new) 

147. Dentary teeth, base of crown defined by an everted lip which makes the crown 

slightly inset from the root: absent (0); present (1). (new) 

148. Cheek teeth, at least moderately developed labiolingual expansion at the base of 

the crown ("cingulum"): present (0); absent (1). (Butler et al., 2008) 

149. Maxillary and dentary crowns, relative width: maxillary crowns approximately 

equal in width with dentary crowns (0); maxillary crowns narrower (1). (Norman 

2002) 

150. o Dentary teeth, maximum number of functional teeth exposed on the occlusal 

plane: one (0); one functional tooth rostrally and caudally, and 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).  (Prieto-Marquez and Salinas, 2010) 

151. o Dentary teeth, maximum number of replacement teeth: one (0); two (1); three or 

more (2).  (Norman 2002) 



149 
 

152. Dentary alveoli: distinct, separate alveoli (0); parallel grooves lining a continuous 

dental battery (1).  (Modified from Wu and Godefroit, 2012) 

153. o Cervical vertebrae, number: nine or fewer cervical vertebrae (0); 10 to 11 (1); 

12 or more (2).  (Modified from Butler et al., 2008, Weishampel et al., 2003 and 

Prieto-Marquez and Salinas 2010) 

154. Axis, neural spine, shape of dorsal margin in lateral view: concave to straight (0); 

convex (1); sinuous (convex in the cranial portion and concave in the caudal 

portion) (2).  (new) 

155. Axis, postzygopophyses, position: below dorsal margin of the neural spine (0); at 

or above the dorsal margin of the neural spine (1). (new) 

156. Postaxial cervical vertebrae, epipophyses: present on anterior vertebrae (0); absent 

(1). (Butler et al., 2008) 

157. *Postaxial cervical vertebrae, form of central surfaces: amphicoelous (0); at least 

slightly opisthocoelus (1).  (Butler et al., 2008) 

158. Postaxial cervical vertebrae, degree of opisthocoely: cranial surfaces slighly 

convex (0); cranial surfaces distinctly convex (1). (new) 

159. Postaxial cervical vertebrae, proportions of centra: craniocaudal length about 

equal to dorsoventral height (0); very elongate: craniocaudal length more than 

twice the dorsoventral height (1). (new) 

160. Cervical vertebrae, ventral keel on centra: absent (0); present (1). (new) 

161. Dorsal vertebrae, number: 15 or fewer dorsal vertebrae (0); 16 or more dorsals 

(1). (Weishampel et al., 2003; Butler et al., 2008) 
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162. o Dorsal vertebrae, length of mid-dorsal neural spines: short and rectangular, 

height and length roughly equal (0); height more than twice length (1); height 

more than four times length (2). (Norman, 2002)  

163. Dorsal vertebrae, cranial and mid dorsals, ventral keel on centra: absent (0); 

present (1). (new) 

164. Dorsal vertebrae, proportions of mid to posterior centra: craniocaudal length is 

subequal to or longer than dorsoventral height (0); length is much shorter than 

height (1). (new) 

165. Dorsal vertebrae, shape of neural spines in posterior dorsals: straight (0); bowed 

caudally (1). (new) 

166. Dorsal vertebrae, prezygapophyses on posterior dorsals extend well past the 

cranial edge of the centrum: absent (0); present (1). (new) 

167. Dorsal vertebrae, posterior dorsals, length of transverse processes: less than or 

equal to centrum height (0); greater than centrum height (1). (new) 

168. Ossified intercostal plates: absent (0); present (1). (Modified from Calvo et al., 

2007) 

169. Sternal segments of the anterior dorsal ribs: not ossified (0); at least partially 

ossified (1).  (Modified from Weishampel et al 2003) 

170. Sacral vertebrae, number, including dorsosacrals and sacrocaudals: five or fewer 

(0); six or more (1). (Weishampel et al., 2003; Butler et al., 2008)  

171. Sacral vertebrae, transverse thickening and increase in rugosity at tips of neural 

spines: present (0); absent (1). (new) 
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172. o Sacral vertebrae, neural spines, extent of fusion: spines do not touch (0); some 

spines overlap, but are not fused (1); spines are fused into a single plate (2). (new) 

173. Sacral vertebrae, form of ventral surface of centra: rounded (0); keeled (1); 

grooved (2). (new) 

174. Sacral ribs, coalesce laterally to form a sacral yolk: absent (0); present (1). (new) 

175. Caudal vertebrae, proportions of proximal centra: craniocaudal length is subequal 

to or longer than dorsoventral height (0); length is much shorter than height (1). 

(new) 

176. Caudal vertebrae, ventral sulcus on centra: absent (0); present (1). (new) 

177. Caudal vertebrae, position of the most distal caudal rib (transverse process): 12th 

caudal vertebrae or more proximal (0); 13th or more distal (1). (new) 

178. Caudal vertebrae, height of neural spines on proximal caudals: height the same or 

up to 50% taller than the centrum (0); more than 50% taller than the centrum (1). 

(Weishampel et al., 2003; Butler et al., 2008) 

179. Caudal vertebrae, orientation of neural spines on proximal caudals: project 

dorsally from centra (0); project caudodorsally from centra (1). (new) 

180. Caudal vertebrae, shape of neural spines on proximal caudals: straight (0); bowed 

caudally (1). (new) 

181. Caudal vertebrae, length of transverse processes on proximal caudals: longer than 

or subequal to neural spine height (0); shorter than neural spine (1). (Modified 

from Butler et al., 2008) 
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182. Caudal vertebrae, craniocaudal length of the distal facet for chevrons on proximal 

caudals: shorter than the ventral surface of the vertebrae (between the proximal 

and distal facets) (0); longer than the ventral surface (1). (new) 

183. Caudal vertebrae, proportions of articular facets for chevrons: the distal facet on a 

given vertebra is much larger than the proximal facet (0); facets are subequal (1). 

(new) 

184. Caudal vertebrae, form of chevron articular facets: fairly flat surface (0); deep 

fossa surrounded by a rim (1). (new) 

185. Caudal vertebrae, length of prezygopophyses on distal caudals: extend slightly 

over the preceeding vertebra (0); elongate, extend nearly to the midpoint of the 

preceeding vertebra (1). (new) 

186. o Chevrons, position of most proximal chevron: distal end of first caudal vertebra 

(0); distal end of second caudal vertebra (1); distal end of third caudal vertebra or 

more distal (2). (new) 

187. Chevrons, length relative to the length of the neural spines in the proximal caudal 

vertebrae: chevrons shorter than or equal in length to the neural spines, (0); 

chevrons longer than neural spines (1).  (Modified from Prieto-Marquez and 

Salinas 2010) 

188. Chevrons, shape: edges are near parallel in lateral view, often with slight distal 

expansion (0); strongly asymmetrically expanded distally, width greater than 

length in mid caudals, (1). (Modified from Butler et. al 2008) 

189. Sternal plates, rod-like caudolateral process: absent (0); present (1).  (Modified 

from Butler et al 2008, Norman 2002) 
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190. Sternals, caudolateral process, shape of cross-section: round (0); flattened (1). 

(new) 

191. Sternal, caudolateral process, length relative to that of the craniomedial plate: 

caudolateral process slightly shorter or as long as the craniomedial plate (0); 

caudolateral process longer than the craniomedial plate (1). (Prieto Marquez and 

Salinas 2010) 

192. Sternal, pronounced caudomedial process ("posterior apron" of Norman 2014) 

projects from plate of sternal in addition to caudolateral process: absent (0); 

present (1). 

193. Sternals, midline fusion: absent (0); present (1). (new) 

194. *Forelimb, proportions of humerus and scapula: scapula longer or subequal to the 

humerus (0); humerus substantially longer than the scapula (1). (Weishampel et 

al., 2003; Butler et al., 2008) 

195. Scapula, acromion process size: weakly developed (0); projects prominently from 

the cranio-dorsal edge of the proximal scapula (1).  (Modified from Butler et al 

2008) 

196. Scapula, acromion process, length: does not extend beyond the edge of the 

coracoid (0); extends past the coracoid (1). (new) 

197. Scapula, deltoid ridge shape: wide and rounded (0); sharp, narrow (1). (new) 

198. *Scapula, deltoid ridge, orientation relative to long axis of scapula: close to 

parallel (0); more than 20 degrees from axis (1). (new) 

199. Scapula, supraglenoid fossa: absent (0); present (1). (new) 
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200. o*Scapula, length of blade relative to minimum width: short and broad, ratio of 

length to width 5.7 or less (0); ratio of length to width 6 to 7.3 (1); elongate, ratio 

of 7.5 or greater (2).  (modified from Butler et al., 2008) 

201. Scapula blade, shape: expanded distally (0); parallel-sided (1). (Modified from 

Butler et al., 2008)  

202. Scapula, expanded distal blade shape: caudoventral edge curves away from a 

fairly straight craniodorsal edge, creating a deep asymmetric expansion (0); edges 

gradually diverge from each other, forming a symmetrically expanded end (1). 

(new) 

203. Scapula blade, shape of dorsal edge in lateral view: straight (0); curved (1). 

(Norman 2002) 

204. o Scapula and coracoid, relative contributions to the glenoid fossa in transverse 

width: scapula wider (0); subequal (1); coracoid wider (2). (new) 

205. o Scapula and coracoid, relative contributions to the glenoid fossa in craniocaudal 

length: scapular portion longer (0); subequal (1); coracoid portion longer (2). 

(new) 

206. Coracoid, depth of preglenoid embayment: wide and shallow, depth of 

embayment less than 40% of its width (0); deep, depth 45% of its width or greater 

(1). (new)  

207. Coracoid, ratio between the length of the scapular articulation and the length of 

the lateral margin of the glenoid in lateral view: greater than 1.30 (0); less than 

1.25 (1). (Modified from Prieto-Marquez and Salinas, 2010) 
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208. Coracoid, position of lateral opening of coracoid foramen: within coracoid (0); on 

suture between the coracoid and scapula (1). (new) 

209. Coracoid, position of medial opening of coracoid foramen: within coracoid (0); on 

suture between the coracoid and scapula (1). (new) 

210. Coracoid, lateral protrusion on dorsal border for origin of M. biceps: absent (0); 

present (1). (new) 

211. Humerus, length relative to femur: less than 62% of femoral length; (0); greater 

than 65% of femoral length (1).  (Modified from Butler et al., 2008) 

212. *Humerus, deltopectoral crest form: a well-developed projection (0); slight 

projection (1).  (Modified from Butler et al 2008; Norman 2002) 

213. Humerus, deltopectoral crest orientation: projects laterally (0); curves cranially 

(1). (new) 

214. *Humerus, deltopectoral crest length: 40% of total humeral length or less (0); 

43% or more (1). (new) 

215. Humerus, humeral head position: centered within the proximal end (0); offset 

towards the medial edge (1). (new) 

216. o Humerus, relative width of medial and lateral distal condyles: lateral condyle 

wider (0); subequal (1); medial condyle wider (2). (new) 

217. Ulna, length relative to dorsoventral thickness at mid-shaft: less than 9 (0); greater 

than 9.5 (1). (Modified from Prieto Marquez and Salinas 2010) 

218. o Ulna, olecranon process length as a percentage of total ulnar length: 9% or less 

(0); 9.5 to 15% (1): 17% or greater (2). (new) 
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219. Ulna, flange on proximal end that wraps around the lateral edge of the radius: 

absent (0); present (1). (new) 

220. Radius, length: less than 67% of the length of the humerus (0); greater than 70% 

of humeral length (1).  (Modified from Norman 2002) 

221. Radius, proportions: relatively gracile, minimal radial width 11% of radial length 

or less (0); relatively robust, the minimal radial width is equal to or greater than 

12% radial length (1). (modified from Weishampel et al., 2003)  

222. Radius, notch in proximal view, rostrolateral to articulation with the ulna: absent 

(0); present (1). (new) 

223. Radius, tubercle near proximal end of radius for insertion of M. biceps: absent 

(0); present (1). (new) 

224. Radius, shape in distal view: round to oblong (0); triangular (1). (new) 

225. Carpals, full ossification of all elements: present (0); absent (1).  (Norman, 2002) 

226. Carpals, relative sizes of proximal carpals: radiale is the largest element (0); 

ulnare is the largest element (1). (new) 

227. Carpals, fusion: absent (0); present (1).  Modified from (Sereno 1986; Norman 

1986, 1990, Weishampel et al., 2003) 

228. o Carpals, degree of fusion: metacarpal I fused to radiale (0); radiale is further 

fused to intermedium (1); all carpals and the first metacarpal are fused (2). 

Modified from (Sereno 1986; Norman 1986, 1990, Weishampel et al., 2003) 

229. Carpals, ossified ligaments around carpals: absent (0); present (1). (new) 
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230. Metacarpal III, ratio between length and width at mid-shaft: short, ratio less than 

5 (0); long and slender, ratio greater than 5.5 (1). (modified from Horner et al., 

2004; Prieto Marquez and Salinas 2010) 

231. Manus digit I: present (0); absent (1). (Norman 2002) 

232. Manus digit I, orientation: nearly parallel to the long axis of the antebrachium (0); 

diverges at least 45 degrees from the antebrachial axis (1). (Modified from 

Weishampel et al 2002) 

233. Metacarpal I, shape: regula, elongate metacarpal (0); short, block-like (1).  

(Modified from Norman 2002) 

234. Metacarpals II-IV arrangement: distally divergent (0); nearly parallel (1).  

(Modified from Norman, 2002) 

235. Metacarpals II and IV, relative length: subequal (0); metacarpal II is much shorter 

than metacarpal IV (1); metacarpal IV is much shorter than metacarpal II (2). 

(new) 

236. Manus digit III, number of phalanges: four (0); three or fewer (1).  (Butler et al., 

2008) 

237. Manus, digit V: present (0); absent (1). (new) 

238. Manus, digit V, number of phalanges: one or two phalanges (0); three or four 

phalanges (1).  (Modified from Wu and Godefroit, 2012) 

239. Phalanges of manual digits II-IV, length: first phalanx less than twice the length 

of the second phalanx (0); first phalanx more than twice the length of the second 

phalanx (1). (Modified from Butler et al., 2008 and Weishampel et al, 2002) 
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240. Phalanges, extensor fossae on the dorsal surface of the distal end of metacarpals 

and manual phalanges: absent or poorly developed (0); deep, well-developed (1). 

(Butler et al., 2008) 

241. Manus ungual I, shape: curved and transversely compressed (0); subconical (1). 

(Sereno 1984, 1986; Norman 1986, 1990, 2002, Weishampel et al., 2003) 

242. Manus ungual I, length: less than 25% the length of the radius (0); greater than 

30% the length of the radius (1). (new) 

243. Manus unguals II and III, shape: transversely compressed and pointed (0); 

dorsoventrally compressed, with a rounded tip (1). (Modified from Norman 2002; 

Weishampel et al., 2003) 

244. Ilium, medial flange partly closes acetabulum: present (0); absent (1). (new) 

245. Ilium, acetabulum size; large and concave, extends deeply into body of ilium (0); 

very narrow (1). (Modified from Weishampel et al., 2003) 

246. Ilium, relative lengths of pubic and ischial peduncles: extends ventrally to the 

same level (0); ischial peduncle extends beyond the pubic peduncle (1). (new)  

247. Ilium, Ischial peduncle extends distinctly laterally from the body of the ilium: 

absent (0); present (1). (new)  

248. o Ilium, ischial peduncle morphology: formed by a single large ventral protrusion 

(0); composed of a large oval ventral protrusion and by a smaller, caudodorsally 

located prominence (1); formed by two protrusions of similar size (2). (Modified 

from Prieto Marquez and Salinas 2010) 
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249. Ilium, preacetabular process, orientation; external surface faces laterally, in 

approximately the same plane as the iliac body (0); process is distinctly twisted 

about its long axis (1). (Weishampel et al., 2003) 

250. Ilium, preacetabular process, lateral deflection relative to midline: 10-20 degrees 

(0); more than 30 degrees (1). (Butler et al., 2008) 

251. Ilium, preacetabular process, morphology of distal end: parallel-sided or slightly 

tapering (0); small ventral flange, with a narrower distal tip (1). (new)  

252. Ilium, cranial sacral facets transversely widened so that the base of the 

preacetabular process is thicker ventrally than dorsally: absent (0); present (1). 

(new)  

253. Ilium, preacetabular process, ridge on medial side originating from medial sacral 

ridge: absent (0); present (1). (new)  

254. Ilium, preacetabular process, second medial ridge starting from the ventral edge 

of the process, along the notch above the pubic peduncle: absent, (0); present (1). 

(new)  

255. Ilium, dorsal margin of iliac body, shape in lateral view: straight or convex (0); 

concave (1). 

256. Ilium, dorsal margin of the iliac body, shape in dorsal view: narrow, not 

transversely expanded (0); transversely expanded laterally to form a narrow shelf 

(1).  (Modified from Butler et al 2008) 

257. Ilium, pendant process ("pendule" sensu Norman 2014) extending from lateral 

ilial shelf dorsal to the ischial peduncle: absent (0); present (1). 

258. Ilium, brevis shelf: present (0); absent (1). (Modified from Norman 2014) 
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259. Ilium, brevis fossa, well defined by a lateral lip: absent (0); present (1). (Modified 

from Norman, 2014) 

260. Ilium, brevis shelf and fossa, orientation: fossa faces ventrolaterally and shelf is 

near vertical, creating a deep postacetabular portion (0); fossa faces ventrally and 

shelf is horizontal (1).  (Modified from Butler et al 2008) 

261. Ilium, ridge originating from the ischial peduncle and continuing caudally along 

the brevis shelf, often disappearing around the middle of the postacetabular 

process (this is distinct from the medial boundary of the brevis shelf): absent (0); 

present (1). (new) 

262. o Ilium, postacetabular process, width as a percentage of its length: less than 30% 

(0); between 35 and 55% (1); over 60% (2). (new) 

263. o Ilium, postacetabular process, length as a percentage of the total length of the 

ilium: 20% or less (0); 23-30% (1); 34% or more (2).  (Modified from Butler et 

al., 2008) 

264. Ilium, postacetabular process, shape: dorsal and ventral margins are parallel and 

roughly the same length, so the process has a square or rounded caudal end (0); 

the dorsal margin is shorter than the ventral, so that the caudal margin slopes 

caudoventrally (1); the dorsal and ventral edges slope smoothly towards each 

other, forming a pointed caudal end (2). (new) 

265. Ilium, postacetabular process, orientation: extends subhorizontally, does not 

extend above the body of the ilium (0); extends caudodorsally, so the 

postacetabular process reaches further dorsally than the body of the ilium (1). 

(new) 
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266. Ilium, orientation of the medial sacral ridge: craniocaudally directed, parallel to 

the dorsal margin of the ilium, and ending caudal to the level of the ischial 

peduncle, well into the proximal region of the postacetabular process (0); 

diagonal, cranioventrally to caudodorsally oriented, concave ventrally and 

converging with the dorsal margin at the level of the ischial peduncle (1). (Prieto 

Marquez and Salinas 2010) 

267. Pubis, prepubic process: absent (0); present (1).  (Butler et al., 2008) 

268. Pubis, prepubic process, width: compressed mediolaterally, dorsoventral height 

exceeds mediolateral width (0); mediolateral width exceeds dorsoventral height 

(1). (Butler et al., 2008) 

269. Pubis, prepubic process, shape in lateral view: unexpanded distally (0); 

constricted proximal portion followed by a distal expansion (1). (Modified from 

Norman, 2002) 

270. Pubis, prepubic process, depth of the dorsoventral expansion of the distal region 

greater than the width of the acetabular margin; absent (0); present (1). (Modified 

from Prieto Marquez and Salinas 2010) 

271. o Pubis, prepubic process, craniocaudal length of the proximal constriction 

relative to the length of the dorsoventral expansion: constriction longer than the 

dorsoventral expansion (0); constriction and distal expansion subequal (1); 

constriction shorter than the dorsoventral expansion (2). (Modified from Horner et 

al., 2004; Prieto Marquez and Salinas 2010) 

272. Pubis, prepubic process shape, if unexpanded distally: straight (0); concave 

dorsally (1). (new) 
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273. Pubis, prepubic process, horizontal ridge on medial side: absent (0); present (1). 

(new) 

274. Pubis, prepubic process, extends beyond distal end of preacetabular process of 

ilium: absent (0); present (1). (Butler et al., 2008) 

275. Pubis, obturator foramen completely enclosed: present (0); absent (1). (new) 

276. Pubis, obturator foramen shape: elliptical (0); circular (1). (new) 

277. Pubis, obturator foramen, orientation when the prepubis is oriented in a 

parasagital plane: the obturator foramen faces laterally (0); the obturator foramen 

faces somewhat dorsally (1). (new) 

278. o Pubis, shaft (postpubis), length: approximately equal in length to the ischium 

(0); reduced, extends for about half the length of the ischium (1); very short, 

extends less than 20% the length of the ischium (2).  (Modified from Butler et al., 

2008) 

279. Ischium, iliac peduncle, orientation of the acetabular and caudodorsal margins: 

divergent approaching the articulation with the ilium (0); either parallel or slightly 

convergent (1). (Prieto Marquez and Salinas 2010) 

280. Ischium, pubic peduncle, shape: transversely compressed (0); dorsoventrally 

compressed (1). (Butler et al., 2008) 

281. Ischium, shaft, shape in lateral view: straight (0); downwardly curved (1).  (Butler 

et al., 2008; Weishampel et al., 2003; Norman, 2002) 

282. Ischium, shaft, orientation: axis of shaft is caudoventral (0); axis of shaft is caudal 

(1). (new) 
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283. Ischium, shaft, twisted along its length so that the lateral side faces ventrally on 

the distal part of the shaft: present (0); absent (1). (new) 

284. Ischium, cross-section at mid-shaft: compressed mediolaterally (0); ovoid or 

subcircular (1). (Modified from Weishampel et al 2002, and Butler et al 2008) 

285. Ischium, obturator process: absent (0); present (1).  (Modified from Weishamepel 

et al., 2003 and Butler et al., 2008) 

286. Ischium, obturator process, shape: discrete tab (0); elongate ridge extending 

distally down ischial shaft (1).  (new) 

287. Ischium, obturator process, position of proximal edge: beyond the proximal 29% 

of the length of the ischium (measured from the acetabular rim to the distal end) 

(0); within the proximal 25% (1). (Modified from Weishampel et al., 2003) 

288. Ischium, distal end expanded to 50% or more the depth of the adjacent ischial 

shaft; absent (0); present (1). (Modified from Weishampel et al., 2003, Norman 

2002) 

289. *Femur, length relative to tibia: shorter than or equal to (0); longer than the tibia 

(1). (Milner and Norman 1984; Norman 1984b, modified from Weishampel et al 

2003) 

290. *Femur, shape in lateral view: straight (0); bowed cranially (1).  (Butler et al., 

2008) 

291. Femur, shape in cranial view: straight (0); bowed laterally (1). (Weishampel et al., 

2003) 

292. Femur, head: confluent with greater trochanter (0); distinct constriction separates 

head and greater trochanter (1). (Butler et al., 2008) 
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293. Femur, head, ventromedially oriented sulcus on caudal side: absent (0); present 

(1). (new)  

294. Femur, 'anterior' or 'lesser' trochanter, craniocaudal width: subequal to that of the 

greater trochanter (0); substantially less than that of the greater trochanter (1). 

(Modified from Butler et al., 2008) 

295. Femur, anterior trochanter, level of most proximal point relative to level of 

proximal femoral head: positioned distally on the shaft (0); positioned proximally, 

approaches level of proximal surface of femoral head (1). (Modified from Butler 

et al 2008) 

296. Femur, fourth trochanter, shape: pendant (0); prominent ridge (1). (Butler et al., 

2008; Weishampel et al., 2003; Norman 2002) 

297. Femur, fourth trochanter, if ridge-shaped, lateral profile of the caudoventral 

margin: triangular and ending in a caudally, and slightly ventrally, directed point 

(0); smooth and arcuate (1).  (Modified from Wagner, 2001; Prieto-Marquez and 

Salinas, 2010) 

298. *Femur, fourth trochanter, position: located entirely on proximal half of femur 

(0); positioned at midlength or distal to midlength (1). (Weishampel et al., 2003; 

Butler et al., 2008)  

299. Femur, muscle scar for M. caudifemoralis longus on medial side of fourth 

trochanter, position and size: a small, distinct fossa on the shaft of the femur (0); a 

large oblong depression mainly on the medial side of the fourth trochanter (1). 

(new) 
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300. Femur, cranial (extensor) intercondylar sulcus on distal end: absent (0); present 

(1). (Norman 2002; Weishampel et al., 2003; Butler et al., 2008) 

301. o Femur, cranial intercondylar sulcus, shape: open, U-shaped (0); partially 

enclosed by cranial expansion of condyles (1); fully enclosed by cranial condyles 

(2).  (Norman 2002)  

302. *Femur, caudal (flexor) intercondylar sulcus of the femur: fully open (0); medial 

condyle inflated laterally, partially covers opening of flexor sulcus (1).  

(Weishampel et al., 2003; Butler et al., 2008). 

303. Femur, lateral (fibular) condylid, position and size: not inset from the lateral edge, 

and only slightly narrower in width than the medial condyle (0); strongly inset 

medially, reduced in width relative to medial condyle (1). (Modified from Butler, 

2008) 

304. Femur, distal condyles, shape in lateral view: moderately expanded 

craniocaudally (0); strongly expanded (condyle extends cranially as well as 

caudally) (1).  (Modified from Norman, 2002) 

305. Femur, distal condyles, shape of articular surface: flat articular surface (0); 

rounded articular surface (1); flat to concave lateral condyle and convex medial 

condyle (2). (new)  

306. Tibia, fibular process shape: single (0); double (1). (new) 

307. Tibia, expansion of proximal end in lateral view: width of proximal tibia is less 

than 2.3 times the diameter at midshaft (0); proximal tibia is more than 2.5 times 

the diameter at midshaft (1). (new) 
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308. Fibula, expansion of proximal end, shape: flared, with concave cranial and caudal 

margins (0); nearly straight cranial and caudal margins (1). (new) 

309. Astragalus, astragular notch on lateral margin of ascending process: absent (0); 

present (1). (new) 

310. Astragalus, small fossa on cranial side of astragulus (this is directly ventral to 

astragalar notch when both are present): absent (0); present (1). (new) 

311. Astragalus, joint with calcaneum, morphology: peg-in-socket (0); straight butt 

joint (1). (new) 

312. Astragalus, width relative to calcaneum width: less than 2.25 times calcaneum 

width (0); greater than 2.5 times calcaneum width (1). (new) 

313. Distal tarsals II and III: present (0); absent (1). (Horner et al., 2004, character 102; 

Prieto Marquez and Salinas 2010) 

314. Medial distal tarsal: articulates distally with metatarsal III only (0); articulates 

distally with metatarsals II and III (1). (Butler et al., 2008) 

315. Metatarsal I: absent (0); present (1). (new) 

316. Metatarsal I, bears digits: present (0); absent (1). (Norman 2002; Weishampel et 

al., 2003; Butler et al., 2008) 

317. Digit I, length: metatarsal I robust and well-developed, distal end of phalanx I-1 

projects beyond the distal end of metatarsal II (0); metatarsal I reduced and 

proximally splint-like, end of phalanx I-1 does not extend beyond the end of 

metatarsal II (1). (Modified from Butler 2008) 

318. Metatarsal II, tab-like process on craniolateral edge that articulates with 

metatarsal III: absent (0); present (1). (new) 
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319. Metatarsal III, ratio of length to mediolateral width at midshaft: less than 6.5 (0); 

greater than 7.5 (1). (Modified from Prieto Marquez and Salinas 2010) 

320. Metatarsal V: present (0); absent (1). (Modified from Weishampel et al 2003; 

Milner & Norman 1984; Sereno 1984; Norman 1986; Coria & Salgado 1996) 

321. o Pedal unguals, shape: mediolaterally compressed, tapering, and pointed (0); 

dorsoventrally compressed, proximally wider, tapering to a bluntly truncated tip 

(1); dorsoventrally compressed, mediolaterally broad and proximodistally 

shortened, rounded distal end ("hoof-shaped") (2).  (Modified from Prieto 

Marquez and Salinas 2010; Butler et al., 2008; Weishampel et al., 2003; Norman, 

2002) 

322. Tendons, ossified hypaxial tendons on caudal vertebrae: absent (0); present (1). 

(Butler et al., 2008) 

323. Tendons, ossified epaxial and hypaxial tendon arrangement: longitudinal (0); 

double-layered lattice (1). (Butler et al., 2008) 
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Appendix 2.  Character Matrix.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 
 

 

Taxon 10 20 30 40 50 

Eocursor                     ??????????  ??????????  ??????????  ??????????  ??????????  

Agilisaurus                  0000000000  ?10000 - 0?0  001000?000  000?200101  1101?00100  

Altirhinus                   101011110?  111001?100  121?0??01 -  -- 00010?0?  000?00 - 010  

Anabisetia                   ??????????  ??????????  ??1???????  ????110???  ??????????  

Atlascopcosaurus             ??????????  ??????????  ??110?????  ??????????  ????????0?  

Bactrosaurus                 ?0101??100  1000010110  1211000???  ???0010?00  0???11?120  

Barilium            ??????????  ??????????  ??????????  ??????????  ??????????  

Batyrosaurus                 ??????????  ??????????  ??????????  ????010???  ???????010  

Bolong                       1?1011110?  1?00?11??0  12100?001 -  -- 1?????0?  0??0??101?  

Camptosaurus                 001001?001  1000010110  0010001001  1000000000  0000000000  

Cedrorestes                  ??????????  ??????????  ??????????  ??????????  ??????????  

Cumnoria                     ??10??????  10?0?0 - ???  0?1??0?00?  ?0?????1??  ??????????  

Dakotadon                    ?0101100?1  11000100 - 0 1110001001  101?010100  0?01??00a?  

Dryosaurus                   0010010?1?  1100?111?0  0010001001  1010110?00  0101000000  

Dysalotosaurus               001001?010  1?00010100  0a11001001  1010100100  0101000100  

Edmontosaurus                1111110100  1000011100  11100?0 - 1-  -- 020101??  ???011 - 220  

Eolambia                     ?0100?1100  1???011110  10100000??  ????0101??  ???10a?210  

Equijubus                    1?10010100  1?00111? - 0 11100?0101  2010??0???  ???1?10000  

Fukuisaurus                  ?01001????  1?????????  121??2????  ??????????  ?????1?110  

Gasparinisaura               0?????????  ??0??10??0  10110?0001  ?0?0??0?00  010?001000  

Gilmoreosaurus               ?????1????  ??00?101?0  11???b????  ????010???  ??????????  

Haya                         0000000000  01001100 - 0 00110?0000  ?100200?00  1101001000  

Hexinlusaurus                ?????0????  ?100??????  00?????000  0000100100  00?1001000  

Hippodraco                   ?????11???  ???0??????  12100??001  1010?10???  ???00010a0  

Hypacrosaurus                1111?1?100  1?10011??0  11????0 - 1-  -- 120?1???  ???011 - 220  

Hypselospinus                ??????????  ??????????  ??????????  ??????????  ??????????  

Hypsilophodon                0000000001  01001100 - 0 0011000000  0100200100  000100a000  

Iguanacolossus               ??????????  ??????????  110 -- 2????  ??????????  ??????????  

Iguanodon                    1010110100  10001101?0  111100?001  1010010100  1101111010  

Jeholosaurus                 0000010001  010010 - 0- ? 001?0??000  0002200100  0000001000  

Jeyawati                     ??1???????  ?????????0  121??1????  ??????????  ???1????1?  

Jinzhousaurus                1?00?1110?  11?011???0  12110??01 -  -- 10011001  1???00 - 010  

Kangnasaurus                 ??????????  ??????????  ??????????  ??????????  ??????????  

Kirkwood_taxon               ???0?????0  ?????1010?  ??1102??0?  ?????00???  ???10??000  

Lanzhousaurus                ??????????  ??????????  ??????????  ??????????  ??????????  

Leaellynasaura               ??????????  ?????0 - 0- 0 ??1112?00?  ?????00???  ?????01000  

Lesothosaurus                ?00000000?  1?0000 - 0?0  000 -- 21000  0000100000  00?1000000  

Levnesovia                   ??????????  ?????1????  1110?0????  ????01010?  ???01??120  

Lurdusaurus                  ???0??????  ??????????  ??????????  ????0111??  ??????????  
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Taxon 10 20 30 40 50 

Macrogryphosaurus            ??????????  ??????????  ??????????  ??????????  ??????????  

Maiasaura                    1111110100  1000011110  11100?0 - 1-  -- 12011110  1-- 011 - 220  

Mantellisaurus 

holotype      

??10????00  1?001101?0  1210021001  10?0??????  ????10?010  

Muttaburrasaurus             ?????00???  ??10??????  121?0200??  ??010101??  ?????01100  

NHMUK_R28660                 ??????????  ??????????  ??????????  ??????????  ??????????  

Orodromeus                   ?00010?001  0100110??1  0011020001  10?0200100  0001000001  

Oryctodromeus                ?000?????1  1?????????  ??????????  ??????????  ??????????  

Othnielosaurus               ??????????  ??????????  ??????????  ??????????  ??????????  

Ouranosaurus                 1011111101  10110?1??0  1211020001  0000010?01  0000000210  

Owenodon                     ??????????  ??????????  ??????????  ??????????  ??????????  

Parksosaurus                 ?????00???  ?000?1????  101?0?0001  1010??????  ???0??1100  

Planicoxa                    ??????????  ??????????  ??????????  ??????????  ??????????  

Proa                         ?010011101  1??????1 - 0 121??2????  ?0????0???  ????1?????  

Probactrosaurus              ??10?11100  1??001???0  12100?0???  ??1?0101??  ???0a???1?  

Protohadros                  1?1001?100  1??001?110  1211000 - 1-  -- ??010???  ???0?0 - 220  

RBINS_1551                   1000???10?  1???110??0  1211???001  10?00?0?00  01?1??1010  

Rhabdodon                    ?0100???00  ???010 - 0- 0 ??1??20001  ?0?10101??  ???00?1?10  

Shishugou_taxon              0000000000   010000 - ??0  0010000000  0010200000  0101001000  

Shuangmiaosaurus             ?????11???  ?????????0  1211????1 -  -- ????????  ????????2?  

Stormbergia                  ??????????  ??????????  ??????????  ??????????  ??????????  

Talenkauen                   ??1000??00  1???01?0 - 0 1110020?0?  ?0????????  ??????????  

Telmatosaurus                101011?100  ?000010??0  011002??1 -  -- ?00?0???  ???0?? - 220  

Tenontosaurus dossi          101001010?  1?0000 - 0- 0 1110020001  1001??0100  00?00?1??0  

Tenontosaurus tilletti       101000?000  10a010 - 0- 0 110 -- 20001  1001a10100  0000001110  

Tethyshadros                 ??10110100  ?000?11???  11110?0 - 1-  -- 10010?0?  ???001 - 120  

Theiophytalia                ?010110001  11000????0  1110???001  101???????  ?????01??0  

Thescelosaurus 

infernalis    

?0000??00?  0000?10??0  0011120001  0010101000  0010001100  

Thescelosaurus 

neglectus     

1000 - 00001  0?001100 - 0 00111??000  ??00010100  0111001?00  

Trinisaura                   ??????????  ??????????  ??????????  ??????????  ??????????  

Uteodon                      ??????????  ??????????  ??????????  ??????????  ??????????  

Valdosaurus                  ??????????  ??????????  ??????????  ??????????  ??????????  

Xuwulong                     ?010?1000?  1?00011??0  12100??0??  ??00??0?00  0000011010  

Zalmoxes robustus            100000?000  ??0010 - 0- 0 00100c100?  100101010?  00?010?010  

Zalmoxes 

shqiperorum         

??????????  ??????????  ??????????  ??????1???  ??????????  

Zephyrosaurus                ??000??101  0??0?10?01  00??00??0?  ???0210?01  0001?0??01  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 
 

Taxon 60 70 80 90 100  

Eocursor                     ??????????  ??????????  ??????????  ??????????  ????000???  

Agilisaurus                  ?0010?00?0  ?0?1????0?  ??00001001  ??00??00 - ? ???0000100  

Altirhinus                   00100110 - 1 101?1000??  0?????????  ??11011110  2111122??1  

Anabisetia                   ??????????  ??????????  ?????0??01  ??????????  ?0- 0001???  

Atlascopcosaurus             ??????????  ??????????  ??????????  ??????????  ???0?010 - ? 

Bactrosaurus                 101001?0 - ? 011?1100?0  ?111?11000  1?1?0110 - 1 20- 011110?  

Barilium            ??????????  ??????????  ??????????  ??????????  ??????????  

Batyrosaurus                 0????1?0 - ? 101?11????  ??a??11000  ????0110 - 0 2???0?211?  

Bolong                       ??????????  101???????  ??????????  ?0?1?1111?  20- ?001???  

Camptosaurus                 0?1?0010 - 1 101111?0?a  100a001000  2??1011111  ?0- 001110a  

Cedrorestes                  ??????????  ??????????  ??????????  ??????????  ??????????  

Cumnoria                     ??????????  ??????????  ????????01  ??????????  ???????11?  

Dakotadon                    0?????????  ??????????  ??0?1??00?  ?0?101111?  20- ?011???  

Dryosaurus                   00110010 - 1 101110002a  00011a1000  0?01??111?  00- ?000100  

Dysalotosaurus               00110010 - ? 101111001a  0001101001  1?01001111  10- 0000100  

Edmontosaurus                10110110 - 1 111?111120  0111?1??0?  111121111?  211?0a1??1  

Eolambia                     0010?1????  101011?020  ?111110101  1???0110 - 1 2111a120 - 0 

Equijubus                    ?01001?0 - 1 11??110???  ?1?11???1?  ???1?11110  211?011???  

Fukuisaurus                  0010?1????  111?10?02?  ??????????  ???101?110  00- ?001???  

Gasparinisaura               ?001000101  001?0 -- ???  000000?010  - ?????????  ?0- ?0????1  

Gilmoreosaurus               1??????0 - ? 111?11?020  ?1????????  ????011??1  ????011???  

Haya                         010?000100  00?10 -- 0??  0000001?01  ?00111010?  0100000???  

Hexinlusaurus                ?00000???0  10????????  ?001?0100?  ??????????  ??????????  

Hippodraco                   ?011?00???  101??????0  0101???0??  ??????????  ??????1??0  

Hypacrosaurus                1011?110 - 1 100?101120  0121?1010?  ???10110 - 1 211?122??1  

Hypselospinus                ??????????  ??????????  ??????????  ??????????  ???101?10?  

Hypsilophodon                0001000100  10110 -- 02a  0?0a001001  1000110???  ????0?0100  

Iguanacolossus               ??????????  111?11????  00????????  ?????????1  ??????????  

Iguanodon                    00100110 - 1 111?11000a  0101?11110  ??1101111?  2100a1c111  

Jeholosaurus                 0101000100  0?000 -- 012  00000010?1  01?111010?  0100000???  

Jeyawati                     ??????????  100111001?  ??????????  ???10?????  211?12111?  

Jinzhousaurus                ?0110110 - 0 00??1100??  ?110??????  ???10110 - ? 210?011??0  

Kangnasaurus                 ??????????  ??????????  ??????????  ??????????  ??????????  

Kirkwood_taxon               0?????????  ??1????020  ???1??????  ??????????  ?0- ?00?10?  

Lanzhousaurus                ??????????  ??????????  ??????????  ??????????  ?0- ?011100  

Leaellynasaura               0?11?0???1  01?111????  ??0???????  ??????????  ??????????  

Lesothosaurus                01000?0??0  00?00??01?  100000100?  00000100 - ? 00- 0000100  

Levnesovia                   10????????  1???1??020  0111??????  ????2?????  ?10?0?110?  

Lurdusaurus                  ??????????  1011111011  ??01?0?100  ????0?????  ??????????  
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Taxon 60 70 80 90 100  

Macrogryphosaurus            ??????????  ??????????  ??????????  ??????????  ??????????  

Maiasaura                    101101?0 - 1 1111111120  ?121?10??0  1??1201 -- 1 - 11?112???  

Mantellisaurus 

holotype      

001001???1  101111?020  01????????  ??????????  210011211?  

Muttaburrasaurus             ??10010??1  11?11??020  ??0???1101  0?????????  ??????????  

NHMUK_R28660                 ??????????  ??????????  ??????????  ???????11?  210101211?  

Orodromeus                   ?00000?a00  10000 -- 0c?  1001100001  0???1100 - 0 ?0- 00000 - 1 

Oryctodromeus                ??????????  ?????????c  ???1??1?01  0?????????  ??????????  

Othnielosaurus               ??????????  ??????????  ??????????  ??????????  ??????????  

Ouranosaurus                 00100100 - 1 11??10001a  000111?100  1??0211??1  ?11001211?  

Owenodon                     ??????????  ??????????  ??????????  ??????????  ?0- ?0100 - 1 

Parksosaurus                 ?000?????1  ??????????  ??????????  ??????????  ????000??0  

Planicoxa                    ??????????  ??????????  ??????????  ??????????  ??????????  

Proa                         ????1??0 - ? 110?111020  ?100c1?01?  1??1111101  20- 012111?  

Probactrosaurus              0?1001?0 - ? 001?11?020  0?11????0?  ???1011??1  ?0- 101111?  

Protohadros                  0?100110 - 1 1??111102?  ??????????  ???1011??1  211?12211?  

RBINS_1551                   ?01??1?0 - 1 101?1100??  ??01??1?0?  ???10?111?  210?111???  

Rhabdodon                    0????1???0  1?1????0c0  ????101?00  2?????????  ?0- 000a10?  

Shishugou_taxon              110??00a - 0 10010 -- 0??  0?01?01001  000001010?  00- 0000100  

Shuangmiaosaurus             ??????????  ??????????  ??????????  ??????????  ?10001110?  

Stormbergia                  ??????????  ??????????  ??????????  ??????????  ??????????  

Talenkauen                   0?????????  ??????????  ??????????  ???11?1110  20- ?000100  

Telmatosaurus                1????1????  10??11?02?  ????11??0?  1?????????  ?10?1110 - ? 

Tenontosaurus dossi          000?11?11?  100?0 -- ???  000121??0?  ??010110 - ? ????001???  

Tenontosaurus tilletti       100?110110  20000 -- 00a  0001100001  0?010110 - 1 20- ?001110  

Tethyshadros                 ?010?110 - 1 10??1?1021  01?1??????  ???1?11111  20- ??????1  

Theiophytalia                ?11?0110 - 1 0???1110??  ??????????  ??????????  ?????????1  

Thescelosaurus 

infernalis    

0?001100 - 0 10??11101a  0?0???????  ??0???????  ??????00 - a 

Thescelosaurus 

neglectus     

0100110101  000?1100?2  000110?001  100111010?  10- 0101??0  

Trinisaura                   ??????????  ??????????  ??????????  ??????????  ??????????  

Uteodon                      ??????????  ??????????  ??????????  ??????????  ?0- ?0?1???  

Valdosaurus                  ??????????  ??????????  ??????????  ??????????  ????0??10?  

Xuwulong                     ?0???1????  101?11????  ?1?0?1??0?  ???1??111?  210?011??1  

Zalmoxes robustus            ?010110? - 1 100?0 -- 020  ?001201?01  1011000110  10- 0001110  

Zalmoxes 

shqiperorum         

??????????  ??????????  ??????????  ??????????  ??????111?  

Zephyrosaurus                0?0??0???0  ?0?10 -- ?12  1??10?1?01  1?????????  ??????????  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 
 
 

Taxon 110  120  130  140  150  

Eocursor                     001 - ?????0  ??????0???  ???1??0000  ?1??0??? --  ----- ??0?0  

Agilisaurus                  001 - 000001  0- ??000001  1112100010  ?1??0 -- 0--  ----- 000?0  

Altirhinus                   1120111021  100100111 -  -- 220111?1  10a1101?11  1?11111111  

Anabisetia                   101 - ??????  ??????????  ???1?0111?  ?1011?3?11  0--- 0?11?0  

Atlascopcosaurus             101 - 0000??  ??????????  ???0011???  100?1?3a11  111101?1?0  

Bactrosaurus                 112111102?  ??1 - 01??1 -  -- 2201?1?2  102110a?11  1001???111  

Barilium            ??????????  ??????????  ??????????  ??????????  ??????????  

Batyrosaurus                 11?0011???  ??0100?01 -  -- ?c?1?1?0  1001101?11  10??1?111?  

Bolong                       11??010???  ??????1?1 -  -- ??0111??  1?a1121?11  11111?1?10  

Camptosaurus                 101 - 0000?1  11???0101 -  -- 11011110  1001122011  1111110100  

Cedrorestes                  ??????????  ??????????  ??????????  ??????????  ??????????  

Cumnoria                     ??????????  ????????1 -  -- ??0111?0  1001121011  101111?110  

Dakotadon                    ??????????  ????????1 -  -- 21?11110  1001121011  1101111110  

Dryosaurus                   101 - 000011  110100001 -  -- 10011110  1001122011  11001111 00 

Dysalotosaurus               101 - 0000?1  110100001 -  -- 10011110  10011a1?11  1100110100  

Edmontosaurus                112?2111 - 1 0- 1- 01111 -  -- 33012122  1021100011  1100 - ??112  

Eolambia                     1120111??1  100??0??1 -  -- 3201?121  1011100011  1100 - 00111  

Equijubus                    11??111021  0- 0100101 -  -- 22011120  ?00?122011  101111?100  

Fukuisaurus                  112?111021  110??11?1 -  -- 22?111?1  10??111?11  10111??11?  

Gasparinisaura               100 - 000001  11?10010??  ?????011??  10?112??11  ??1?01?000  

Gilmoreosaurus               ??????????  ??????????  ??3?01212?  101?100?11  1?01 - 001?1  

Haya                         10? - ?????1  1101000001  1111100000  0?010 - ??--  ----- 0?000  

Hexinlusaurus                ??????????  ??????0???  ???2?00?1?  ?100??????  ?????1?0??  

Hippodraco                   11??01?021  1001001???  ?????1????  ????1???1?  1????????0  

Hypacrosaurus                11212111 - 1 0- 1- 01111 -  -- 33012???  1?c1100?11  1101 - ????2  

Hypselospinus                11100??0??  ??????????  ???201?1?1  ?0111?c???  11?11?11?0  

Hypsilophodon                100 - 000001  100a?01001  110a101100  0001122110  1100011000  

Iguanacolossus               ??????????  ??????????  ?????1?1?0  ?0?11?????  10?11?????  

Iguanodon                    111?a11011  0- 0000101 -  -- 22011121  1011121?11  1011111110  

Jeholosaurus                 ?00 - ?????1  0- 0a000000  111a000?0?  010?12?10 -  0--- 0000?0  

Jeyawati                     112?1110??  ??????????  ??2??11122  10?1101?11  111110?11?  

Jinzhousaurus                11??11?021  1001001?1 -  -- 12?111??  1001121011  1??1???110  

Kangnasaurus                 ??????????  ??????????  ?????11???  100112?111  ??1?01?1??  

Kirkwood_taxon               100 - 0?????  ??01?0??1 -  -- ???1111?  1001101011  1100111110  

Lanzhousaurus                111 - 000011  100000????  ???1?12121  10?1123011  1011100110  

Leaellynasaura               ??????????  ??????????  ?????00?1?  100?12?110  ??1?01?0??  

Lesothosaurus                0?0?0 - 0000  0- 00000000  1011?00???  010?0 -- 0--  ----- 01000  

Levnesovia                   1?2?11?0?1  ??1 - ?0????  ??23?11122  ?0?1101011  110010111?  

Lurdusaurus                  ?????????1  110100??1 -  -- ????????  ??????????  ??????????  
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Taxon 110  120  130  140  150  

Macrogryphosaurus            ??????????  ??????????  ??????????  ??????????  ??????????  

Maiasaura                    11212111 - 1 ??1 - 01111 -  -- 33012122  1021100?11  1101 - 1?112  

Mantellisaurus 

holotype      

11101110?1  ????0??01 -  -- 2201?1?1  ?0111?1?1?  11?11????0  

Muttaburrasaurus             11???????1  11011??0??  ??2?01111?  1??013e00 -  11- 0000110  

NHMUK_R28660                 110?11100?  ??????????  ???20??1?0  ?0111?10??  10?1?????0  

Orodromeus                   100 - 0000?1  1101000001  1011?000??  ?000a???0 -  0--- ???000  

Oryctodromeus                ??????????  ??????????  ??????????  ??????????  ??????????  

Othnielosaurus               ??????????  ??????????  ??????????  ??????????  ??????????  

Ouranosaurus                 111?010??1  100100001 -  -- 2201????  ??111???11  ??1?????10  

Owenodon                     11100?00??  ??????????  ???101?1?0  10011?11??  10?11?01?0  

Parksosaurus                 100 - 0000?1  ??????1???  ??22?0001?  ?00?13310 -  11- 00??0?0  

Planicoxa                    ??????????  ??????????  ??????????  ??????????  ??????????  

Proa                         1120111???  ????????1 -  -- 220111?1  10??121?11  1011111110  

Probactrosaurus              11111110??  ??01001?1 -  -- 220111?1  101110a?11  11111?0111  

Protohadros                  1120111???  ??0000??1 -  -- 330111??  ?01110??1?  1?01??011?  

RBINS_1551                   11??11?0?1  11??00101 -  -- 2201112?  1???1???11  ??1??1???0  

Rhabdodon                    100 - 1000??  ??0100??1 -  -- 00011100  ?00113e10 -  11- 0011100  

Shishugou_taxon              000 - 000001  0- 00000001  1011100000  ?1000 -- 0--  ----- 1?000  

Shuangmiaosaurus             11?0?10???  ??????????  ??33?11???  1?1110??11  ??0? - 0?1??  

Stormbergia                  ??????????  ??????????  ??????????  ??????????  ??????????  

Talenkauen                   101 - 0?0001  10??10?002  0?11001110  1?0?1dd110  1110011?00  

Telmatosaurus                112?c111 - 1 ??1 - ?11?1 -  -- 3301??22  101110a011  1101??0?12  

Tenontosaurus dossi          1???0000?1  1???000?03  ??0001????  1?011???1?  1??????1?0  

Tenontosaurus tilletti       101 - 000001  110100001 -  -- 0001???0  1?0112201?  11111?1100  

Tethyshadros                 11??211021  ??1 - 01101 -  -- d??12122  ?0???11?11  10001?01?1  

Theiophytalia                1110000011  110100?01 -  -- ????11??  ?0??1??011  ?????????0  

Thescelosaurus 

infernalis    

101 - 000001  10?1100101  112??00000  0000134?0 -  10- 0000000  

Thescelosaurus 

neglectus     

101 - 000001  110110?100  1122100000  00001e410 -  10- 000?000  

Trinisaura                   ??????????  ??????????  ??????????  ??????????  ??????????  

Uteodon                      101 - 0?00??  ??????????  ?????1?1??  ?0??1?????  11????11?0  

Valdosaurus                  ??????????  ??????????  ???1??????  ????1?1???  11?01?????  

Xuwulong                     11??0100?1  ????00??1 -  -- 220111??  ????111?11  1011?1?100  

Zalmoxes robustus            11100000?1  110100001 -  -- 00011100  a0111441a0  110001a1?0  

Zalmoxes 

shqiperorum         

11100000??  ??????????  ???0?????0  10111?4???  11?10??1?0  

Zephyrosaurus                ??????????  ?????0??01  111??00?00  00???33110  1010000000  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 
 
 

Taxon 160  170  180  190  200  

Eocursor                     ??????0 - ?? ??????????  ??????????  ??????????  ???01??102  

Agilisaurus                  ?00??10 - ?? 00?00100?0  ???00?1110  100?0000??  ????1?????  

Altirhinus                   10????????  ??????????  ?????????1  ??0?????10  000?1????1  

Anabisetia                   00???01011  ??10??????  ??????????  ??????????  ???1111111  

Atlascopcosaurus             00????????  ??????????  ??????????  ??????????  ??????????  

Bactrosaurus                 c1?1011101  ?11??????1  02?111?111  ??0????011  100?0?00?1  

Barilium            ??????????  ?10110????  ?????1????  ?101??????  ??????????  

Batyrosaurus                 a1????????  ??????????  ??????????  ????????10  000???????  

Bolong                       ??121?1?01  ?0????????  ?????110?0  ?00??100??  ???00?00?1  

Camptosaurus                 0000011001  1110??0?01  10?11?0110  ?????0100 -  -- 00111a1a  

Cedrorestes                  ??????????  ?????????1  10?0??????  ??????????  ??????????  

Cumnoria                     00????1001  1?10?0???1  ????010???  ?0100?????  ????????1?  

Dakotadon                    00????????  ???1?1????  ?????1????  ??00??????  ??????????  

Dryosaurus                   00?0011001  0010011?01  ?0a0010110  ??0??0?00 -  -- 0100 - 10?  

Dysalotosaurus               00010?1001  00000?1001  10?10a?110  00a0?0?00 -  -- 010?1111  

Edmontosaurus                212??11100  111100??01  ????1?1110  1????2101?  11?00?00?1  

Eolambia                     01???11101  ?11011???1  ?????1?110  100?0??011  ?00?0?001?  

Equijubus                    0011??11?1  111??0???1  ?2????????  ??????????  ??????????  

Fukuisaurus                  ??????????  ??????????  ??????????  ????????11  000???????  

Gasparinisaura               ?0?00?1011  ?????????1  10?001?0??  00?01111??  ????10?11?  

Gilmoreosaurus               11????1101  ?1?1100???  ?2??1?????  ??????????  ????0?000c  

Haya                         ?0000?0 - 01 ?0?00??0?1  ????0?1010  ?00?01100 -  -- 00111101  

Hexinlusaurus                ??00?10 - 01 0??0?1???0  ???00??1?0  100???10??  ???111??01  

Hippodraco                   ??????????  ?11???1???  10?1??????  ????????11  000?1?100?  

Hypacrosaurus                1121111100  ?211?0???1  001110?111  1101?10011  100?000001  

Hypselospinus                00????11?1  ?2???00??1  ??1?11?111  1101????10  011?????1?  

Hypsilophodon                0000010 - 11 0010??0111  ?1?10111a0  ?01?01100 -  -- 00111101  

Iguanacolossus               ???1?110??  ?1????1???  ????1a?0??  0011??????  ???????0?0  

Iguanodon                    0011011101  1111100001  ?0?11?1111  1101011010  0001010010  

Jeholosaurus                 ?000010 - 01 ?010010??1  ?02101?010  0?1?1110??  ????????0?  

Jeyawati                     ?1????1101  ??????????  ??????????  ??????????  ??????????  

Jinzhousaurus                ??110?1101  ?1111?1???  10?11111?0  1????2?01?  01000100?1  

Kangnasaurus                 ??????10??  ??????????  ??????????  ??????????  ??????????  

Kirkwood_taxon               00????0??1  ?00???????  ?????1????  ????????1a  000?0?011?  

Lanzhousaurus                0????11101  ?1????????  ??????????  ????????01  000???????  

Leaellynasaura               ??????????  ??????????  ?????1??1?  ?01?1?11??  ??????????  

Lesothosaurus                ?0?0000 - 01 ?????????0  ??????????  ??????????  ????1?????  

Levnesovia                   ?1????1?0?  ?????????1  ??????????  ??????????  ??????????  

Lurdusaurus                  ??1???1101  ?111?00???  ????11?111  ?001???010  0?001111?c  
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Taxon 160  170  180  190  200  

Macrogryphosaurus            ??1??01011  00?0010111  01?001??10  ?0?0???111  011???????  

Maiasaura                    21210111??  11?100?001  ?c??1??111  1????2101?  ??00000001  

Mantellisaurus 

holotype      

001??11101  1??0?0?001  ????111???  ?101?1?010  00001?001?  

Muttaburrasaurus             00????1001  ?110?1???1  ??0??1????  ??????????  ????1?010?  

NHMUK_R28660                 00????????  ??????????  ??????????  ??????????  ??????????  

Orodromeus                   0000011001  0010010??1  10?101?01?  0?0??0?00 -  -- 00101?11  

Oryctodromeus                ??????10??  ?????????1  ?2?1??1???  ??????????  ???0101100  

Othnielosaurus               ?????00 - 01 00?????011  10?0?1?000  101??0100 -  -- 01101?01  

Ouranosaurus                 00121?1101  1211100001  ?0?1101110  1111020010  1000111112  

Owenodon                     00????????  ??????????  ??????????  ??????????  ??????????  

Parksosaurus                 00????????  11?00???10  ???10?01?0  000????10 -  -- 000????1  

Planicoxa                    ??????1101  ?11??1????  ???0?a????  ??0???????  ??????????  

Proa                         00????????  ??????????  ??????????  ??????????  ??????????  

Probactrosaurus              111???11?1  ???1?????1  ???111????  ?0???2??10  ?00?1100?2  

Protohadros                  11?101110?  ??????????  ???????110  ??????????  ????0101??  

RBINS_1551                   ???1111101  ?1?01?000?  ?1??1??110  110?01001a  0000110011  

Rhabdodon                    00???11001  ?c1??1???1  ?0?100?10?  10a??0?0??  ???0101100  

Shishugou_taxon              ?000001001  001?010??0  ?021001010  001???100 -  -- ?0111102  

Shuangmiaosaurus             ?1????????  ??????????  ??????????  ??????????  ??????????  

Stormbergia                  ???00?0 - ?? 000??????0  ????0????0  011??2????  ????101102  

Talenkauen                   ?001001011  10?00??1??  ??????????  ????1?????  ???11111?0  

Telmatosaurus                21?1??11?1  ??????????  ??1101??11  ??????????  ??????????  

Tenontosaurus dossi          00200110??  ?11????001  ?0??0?01?1  ??0???100 -  -- 0001001?  

Tenontosaurus tilletti       002001100?  1110110001  ?1?1010101  001000100 -  -- 000100a0  

Tethyshadros                 1111?1110?  11??1??0?1  ??????1111  1?0??2111?  10000?00?0  

Theiophytalia                ??????????  ??????????  ??????????  ??????????  ??????????  

Thescelosaurus 

infernalis    

00????????  ??????????  ???10?0???  ?0???1?00 -  -- ?1????0?  

Thescelosaurus 

neglectus     

000???0 - ?1 11????0110  ?02?01011?  1??????00 -  -- ?11011?0  

Trinisaura                   ??????????  ??????????  ??????????  ???????0??  ????1?111?  

Uteodon                      ?000011001  1110010??1  10??0?0110  100??0????  ???0111010  

Valdosaurus                  ?0????1111  ??????????  ??????????  ??????????  ??????????  

Xuwulong                     0?1???????  10??0??00?  ????1?1110  110??110??  ??????????  

Zalmoxes robustus            00?1001001  ?1100?0??1  00b1?a?1?0  ??0????0??  ???0000000  

Zalmoxes 

shqiperorum         

00???????1  ??0??????1  0??1?a????  ??????????  ????1?1102  

Zephyrosaurus                ?????????1  ??????????  ??????????  ??????????  ??????????  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 
 
 

Taxon 210  220  230  240  250  

Eocursor                     1- 0???????  000?1?????  ??????????  ?????????1  ???00?0?0?  

Agilisaurus                  0?????????  ??????????  ??????????  ??????????  ???1010000  

Altirhinus                   011????011  ?10?101111  000?0?0 - ?1 0??1110110  101110?20?  

Anabisetia                   0000100000  110000?111  0000??????  0000??0?10  ??010?0000  

Atlascopcosaurus             ??????????  ??????????  ??????????  ??????????  ??????????  

Bactrosaurus                 000??01001  ?00?020111  ?001?????1  ???1??????  ???10?011?  

Barilium            ??????????  ??????????  ??????????  ??????????  ???100001?  

Batyrosaurus                 ??????????  ?001?????1  0?0???????  ??????????  101???????  

Bolong                       010???????  ?1?1100?1?  1???0?0 - 00 0111?10110  111???????  

Camptosaurus                 0a02011a11  ?01?010110  0001001000  0110010000  100100000?  

Cedrorestes                  ??????????  ??????????  ??????????  ??????????  ???1000000  

Cumnoria                     000?10?11?  ????01?01?  ?00???????  ??????????  ???10?100?  

Dakotadon                    ??????????  ??????????  ??????????  ??????????  ??????????  

Dryosaurus                   000?1??000  011101?001  00010?0 - 0? 0000010010  0001000000  

Dysalotosaurus               000??00011  ?110000000  00?10?0 - ?? ????????1?  ??010a0000  

Edmontosaurus                010???????  00010?1?11  000?1 ---- 1 1-- 1110110  -- 1?????0?  

Eolambia                     01a??0?000  ?00100111?  00010????1  0?1?0?0??0  101110020?  

Equijubus                    ??????????  ????0?????  ??????????  ??????????  ???10000??  

Fukuisaurus                  ??????????  ??????????  ??????????  ??????????  ??????????  

Gasparinisaura               00010000?0  001?121001  000?0?0 - 0? ???0010?00  ??01001000  

Gilmoreosaurus               010?0010??  ?0010210?1  0001?????1  ??????????  ???10??201  

Haya                         000?2100?0  1010?2??01  ?000??0 - ?? 0000?0???0  ???1001000  

Hexinlusaurus                000???00??  101002????  ????0?0 - ?1 0000200?00  0?010?0000  

Hippodraco                   000???????  ?00111????  ??????????  ??????????  ??????????  

Hypacrosaurus                011???1001  0001021011  0???1 ---- 1 1-- 1?1??1?  ??1110020?  

Hypselospinus                ??????????  ??????021?  111?0?121?  01111?0110  11110?100?  

Hypsilophodon                00a0200000  1011021??1  00000?0 - 0? 000000??00  0001011000  

Iguanacolossus               010???????  ??????????  ??????????  ??????????  ????????00  

Iguanodon                    1- 00100111  10010c1110  1101001c10  0111110110  111100?00?  

Jeholosaurus                 ??1????0??  101??2????  ??????????  ??????????  ???1011000  

Jeyawati                     ??????????  ??????????  ??????????  ??????????  ??????????  

Jinzhousaurus                011?100010  1?1?0001?0  100?00??00  0110110?10  1111000???  

Kangnasaurus                 ??????????  ??????????  ??????????  ??????00??  ??????????  

Kirkwood_taxon               000???????  ??1?02??0?  0001??????  ??????????  ??010???00  

Lanzhousaurus                ??????????  ??????????  ??????????  ??????????  ??????????  

Leaellynasaura               ??????????  ??????????  ??????????  ??????????  ??????????  

Lesothosaurus                0?????????  ?0??0?????  ??????????  00002?0000  0??000?000  

Levnesovia                   ?????????1  ??????????  ??????????  ??????????  ??????????  

Lurdusaurus                  1- 12000010  ?001000210  1?11001100  01101?0??0  11110?00??  
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Taxon 210  220  230  240  250  

Macrogryphosaurus            ??????????  ??????????  ??????????  ??????????  ???10?1000  

Maiasaura                    011?0?10?1  00010?10?1  0???1 ---- 1 1-- 1110110  -- 1100020?  

Mantellisaurus 

holotype      

010?0?0011  00110???1?  ??0?001101  0111110110  1011010000  

Muttaburrasaurus             11?00??0??  ?1??0?0?0?  00000?0 - ?? ??????????  ???100?000  

NHMUK_R28660                 ??????????  ??????????  ??????????  ??????????  ??????????  

Orodromeus                   00020?0000  0010021?01  000???????  ?????0??00  ???1011000  

Oryctodromeus                ??12210000  ?1?0021???  0?????????  ??????????  ???10??00?  

Othnielosaurus               000?2100?0  101001??0?  ?00???????  ??????????  ???1011000  

Ouranosaurus                 0110100011  1111001011  0101001100  011?1?0??0  1011000000  

Owenodon                     ??????????  ??????????  ??????????  ??????????  ??????????  

Parksosaurus                 000??0?000  1????????0  0?????????  ??????????  ????????00  

Planicoxa                    ??????????  ????0?100?  ??????????  ??????????  ???10?0000  

Proa                         ??????????  ??????????  ??????????  ??????????  ???100?00?  

Probactrosaurus              010???1011  ?1??021?11  000??????1  0??11????0  10110?001?  

Protohadros                  ??????1001  ?10111????  ??????????  ??????????  ???100?201  

RBINS_1551                   0102000a11  0011011111  010?0?1a01  0111110110  10110??00?  

Rhabdodon                    000??10001  ?0a1020?1?  ??????????  ??????????  ???10a?010  

Shishugou_taxon              000?110000  00?0???1??  000???????  ??????????  ??010?1000  

Shuangmiaosaurus             ??????????  ??????????  ??????????  ??????????  ??????????  

Stormbergia                  010?00001?  ??????01??  1?????????  ??????????  ???0000000  

Talenkauen                   000???0010  111101????  0001??????  ??????????  ???101??00  

Telmatosaurus                011????00?  ????02????  ??????????  ?????????0  ??????????  

Tenontosaurus dossi          ????010001  10010??0?1  0?0?010 - 0? 0??0??0010  000101?00?  

Tenontosaurus tilletti       000010100a  1001010001  0000010 - 01 0000210010  000101?000  

Tethyshadros                 000????01?  100110??11  ??0?1 ---- 1 1-- 1111 - 10 -- ?10???0?  

Theiophytalia                ??????????  ??????????  ??????????  ??????????  ??????????  

Thescelosaurus 

infernalis    

00????????  10110????0  0?0?0?0 - 00 1-- 0??0???  - ??10?100?  

Thescelosaurus 

neglectus     

0002110000  0011?0?000  000?0?0 - ?0 0000?00?00  0?010?1000  

Trinisaura                   ????0??0??  ?1????????  ??????????  ??????????  ???101??0?  

Uteodon                      000?00?011  0011010010  0001001100  011001????  1001000000  

Valdosaurus                  ??????????  ??????????  ??????????  ??????????  ????????0?  

Xuwulong                     ??????????  ??????????  ??????????  ??????????  ????000000  

Zalmoxes robustus            000????00?  ?00102011?  ?001??????  ??????????  ???1111011  

Zalmoxes 

shqiperorum         

000??1?00?  ????0?????  ??????????  ??????????  ???11???1?  

Zephyrosaurus                ??????????  ??????????  ??????????  ??????????  ??????????  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 

 
 

Taxon 260  270  280  290  300  

Eocursor                     ?0??00 - 0?1  ???000110 -  - ?0001?0?0  0?000? - ?01  00?000 - 0?0  

Agilisaurus                  0???00 - 010  ??1000110 -  - 0?10000?0  10??10?001  00?000 - 0?0  

Altirhinus                   ??1?1101 --  - 0?20?1010  1- 0?1?0100  0010101???  ?????1????  

Anabisetia                   001100 - 011  02100?110 -  - 011100010  00?11?0101  011110 - 001  

Atlascopcosaurus             ??????????  ??????????  ??????????  ??????????  ??????????  

Bactrosaurus                 0???0110?1  ??22001011  2- ??1 - 1110  01111011?0  0101111111  

Barilium            ?11000 - 000  01?1??10??  ????110?00  ??????????  ??????????  

Batyrosaurus                 ??????????  ??????????  ??????????  ??????????  ??????????  

Bolong                       ????0100?1  ??????????  ?????????0  0??01011??  ?????1????  

Camptosaurus                 001?00 - 011  ?11100100 -  - 10?0a0000  1011101111  0111110101  

Cedrorestes                  1010?1?0?1  001110????  ??????????  ??????????  ??????????  

Cumnoria                     ?01000 - 001  ?0?10010??  ????????00  ???????1??  ?1111????1  

Dakotadon                    ??????????  ??????????  ??????????  ??????????  ??????????  

Dryosaurus                   00??00 - 011  ?2?000110 -  - 01?01?0??  1011101101  111110 - 101  

Dysalotosaurus               0001a0 - 011  02a000110 -  - 11?000000  1011101111  111110 - 101  

Edmontosaurus                0???111???  ??10011011  ?- ?1???2??  011????010  ???1?101??  

Eolambia                     001?a101 --  - 012?0101?  ?- 0?10?110  01111011?0  0101110111  

Equijubus                    ????1100?1  ?0?20?????  ??????????  ??????????  ?????????1  

Fukuisaurus                  ??????????  ??????????  ??????????  ??????????  ??????????  

Gasparinisaura               00??00 - 011  0?10a0110 -  - 001010010  00101?00?1  011110 - ??0  

Gilmoreosaurus               0?1?a11001  ?1a000101?  2- ??????10  00111011?0  1?01?11111  

Haya                         00??00 - 010  0????0110 -  - 0?1110010  000?100001  011110 - 000  

Hexinlusaurus                ????00 - 011  ?a1000110 -  - 0?1010011  000?1100?1  ?01000 - 000  

Hippodraco                   ??????????  ??????????  ????????00  ????101???  ??????????  

Hypacrosaurus                001?1111 --  ?010111011  0- 01101200  0111101110  0101110111  

Hypselospinus                ?01000 - 001  11?10010??  ?????????0  1?101011??  0111???1?1  

Hypsilophodon                001100 - 011  002000110 -  - 001a00010  0000100001  011110 - 000  

Iguanacolossus               11100101 --  -- 1??0100 -  - 10?1?11??  ??????????  ??????????  

Iguanodon                    1?1?010011  ?112001010  0- ?1100100  1011101110  0111110111  

Jeholosaurus                 001000 - 011  ?02000110 -  - ?0????010  ??011000?1  011110 - 000  

Jeyawati                     ??????????  ??????????  ??????????  ??????????  ??????????  

Jinzhousaurus                ??1?00 - 010  ?????010??  ????000??0  0011101110  0??11101?1  

Kangnasaurus                 ??????????  ??????????  ??????????  ?????????1  01111??001  

Kirkwood_taxon               0???00 - 011  ?1200?110 -  - 111??0000  0?1010???1  01111a0101  

Lanzhousaurus                ??????????  ??????1010  1- ??1?01??  ??????????  ??????????  

Leaellynasaura               ??????????  ??????110 -  - 01?01?010  00001?00?1  011110 - ?01  

Lesothosaurus                ?0??00 - 0?0  ??1???0 - 0-  --- 0???010  0?0?0??0?1  00?000 - 0?0  

Levnesovia                   ??????????  ??????101?  ?- ????????  ??????????  ?????????1  

Lurdusaurus                  ??10110001  00?1101010  2- 01110100  1?1?101110  11?11??1?1  
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Taxon 260  270  280  290  300  

Macrogryphosaurus            0?1?00 - 0?1  ?11??0100 -  - 1??1000?0  1??1??????  ??????????  

Maiasaura                    0???1111 --  ?0?0011011  1- ?1-- ?21?  011?101010  01?1111111  

Mantellisaurus 

holotype      

11??010011  0011101010  1- 01000100  ????????11  0??11101?1  

Muttaburrasaurus             ??1????001  ???210101?  ?- 0?100?0?  ?????????0  01111????1  

NHMUK_R28660                 ??????????  ??????????  ??????????  ??????????  ??????????  

Orodromeus                   ?0??00 - 011  0?2000110 -  - ?11a??010  0010100001  011110 - 000  

Oryctodromeus                ????10 - 010  0??010????  ????0?0???  ????????01  ?????0 - ???  

Othnielosaurus               ?01?00 - 011  002000110 -  - 001???010  0000100001  011110 - 0?0  

Ouranosaurus                 11101?0011  1111101011  2- 01000100  0010101110  01?1110111  

Owenodon                     ??????????  ??????????  ??????????  ??????????  ??????????  

Parksosaurus                 0???00 - 01?  ??200?110 -  - 0??????10  0?001?0001  11?110 - ??0  

Planicoxa                    1010?10001  020?0010??  ??1?10????  ????????1?  ?1111??101  

Proa                         1???010???  ???200100 -  - 1?110?1??  ?????????0  01111101?1  

Probactrosaurus              00100100?0  ?021001011  2- ??10??0?  00111?1110  01?1110111  

Protohadros                  ??10010001  ?0220?101?  ?- ??1???10  0111111???  ?????1???1  

RBINS_1551                   1110010001  00?2001011  1- 01??01??  101?10111?  01?11101?1  

Rhabdodon                    ??1?10 - 011  00?a10100 -  - 00?001?11  aa10110a11  a?1110 - 1?1  

Shishugou_taxon              0???00 - 0?1  ?110?0110 -  - 111110010  0?00100001  00?110 - 000  

Shuangmiaosaurus             ??????????  ??????????  ??????????  ??????????  ??????????  

Stormbergia                  00??00 - 010  0a1200????  ???0a?0010  00101000?1  001000 - 0?0  

Talenkauen                   0???10 - 0?1  ??1?1?100 -  - 1?1??????  ???????0?1  ?1?110 - 0??  

Telmatosaurus                ??????????  ??????????  ??????????  ?1????????  11?1???011  

Tenontosaurus dossi          0???10 - 0??  ?0?110100 -  - 1?1000a10  00001?001?  011110 - 1?1  

Tenontosaurus tilletti       000110 - 011  ?01110100 -  - 101000100  a0a01a0010  011110 - 1?1  

Tethyshadros                 ????0111 --  -- 211?1010  1- ?1???1??  0110101000  ???11?????  

Theiophytalia                ??????????  ??????????  ??????????  ??????????  ??????????  

Thescelosaurus 

infernalis    

????00 - 011  01?010110 -  - ???????1?  0010???011  ?1?110 - 1??  

Thescelosaurus 

neglectus     

001110 - 011  0?1010110 -  - 0010000?0  00001?0011  01?110 - 1?1  

Trinisaura                   00?10??0?1  ?2???0110 -  - ?0?1000?0  101?1001?1  0??11??00?  

Uteodon                      0?1?00 - 011  ?2?0?010a0  010?10000?  1011?0?111  011110 - 1?1  

Valdosaurus                  ????10 - 011  ?2?0??110 -  - ?1?1?0???  0?1110??01  011110 - 001  

Xuwulong                     1???010???  ??12001010  2- 011?0100  1?1????1??  ??????????  

Zalmoxes robustus            0011010001  0?1200????  ????????0?  10110 -- 110  11?110 - 1?1  

Zalmoxes 

shqiperorum         

0???00 - 0?1  ???20?110?  ????????01  10110 -- 110  11111??111  

Zephyrosaurus                ??????????  ??????????  ??????????  ??????????  ??????????  
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Character Matrix, continued.  a=0/1, b=0/2, c=1/2, d=2/3, e=3/4 

 

Taxon 310  320   

Eocursor                     - 000??????  ????1?????  ???  

Agilisaurus                  - ??0??????  ?100101?1?  000  

Altirhinus                   ??????????  ??????????  1??  

Anabisetia                   011021??10  0?0?1010?0  0?0  

Atlascopcosaurus             ??????????  ??????????  ???  

Bactrosaurus                 2?11101?11  00???1?10?  2??  

Barilium            ??????????  ??????????  ???  

Batyrosaurus                 ??????????  ??????????  ???  

Bolong                       ??102??0??  ?????1 - ???  100  

Camptosaurus                 011021001?  ??00101101  001  

Cedrorestes                  ??????0???  ????????0?  ???  

Cumnoria                     011?20????  0???10??0?  0??  

Dakotadon                    ??????????  ??????????  ???  

Dryosaurus                   011021?011  010111?010  000  

Dysalotosaurus               0110211011  0?00?1?0?0  000  

Edmontosaurus                ??112??1??  ????0 -- 101  2??  

Eolambia                     111110101?  0??????000  1??  

Equijubus                    11?12?????  ??????????  ???  

Fukuisaurus                  ??????????  ??????????  ???  

Gasparinisaura               - ?0021?0??  010111 - 010  010  

Gilmoreosaurus               1??1?011??  00??????0?  1??  

Haya                         - ?1021????  ??01101010  001  

Hexinlusaurus                - 010201??0  110110101?  000  

Hippodraco                   ??????????  ??????????  ???  

Hypacrosaurus                21111010??  0?1 - 0-- 101  211  

Hypselospinus                c1?1??????  ????1??1??  ???  

Hypsilophodon                - 0102110??  1101100010  010  

Iguanacolossus               ??????????  ??????????  ???  

Iguanodon                    1111201001  1101111101  101  

Jeholosaurus                 - 00021101?  11011010?0  0??  

Jeyawati                     ??????????  ??????????  ???  

Jinzhousaurus                1?112?????  ??????????  ?1?  

Kangnasaurus                 011021????  ??0???????  0??  

Kirkwood_taxon               01102110??  0???100???  0??  

Lanzhousaurus                ??????????  ??????????  ???  

Leaellynasaura               00102110??  0101101010  0??  

Lesothosaurus                ??0020????  ???01?101?  000  

Levnesovia                   1?01??????  ??????????  2??  

Lurdusaurus                  1111201???  ????????0?  1??  
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Taxon 310  320   

Macrogryphosaurus            ??????????  ??????????  ???  

Maiasaura                    2?1110?1??  ??1 - 0-- 101  211  

Mantellisaurus 

holotype      

11111?1011  1??????1?1  1??  

Muttaburrasaurus             011021?0??  ?1??????0?  ???  

NHMUK_R28660                 ??????????  ??????????  ???  

Orodromeus                   - aa021?01?  1?01100010  0?0  

Oryctodromeus                ??????????  ??????????  ???  

Othnielosaurus               - 0002010??  110110?01?  0?0  

Ouranosaurus                 1?1111?011  01?????10?  ???  

Owenodon                     ??????????  ??????????  ???  

Parksosaurus                 - ?1?2?10??  ??0?100000  010  

Planicoxa                    0110111?1?  ????????0?  ???  

Proa                         21?1??????  ??????????  ???  

Probactrosaurus              101110????  1???????0?  1??  

Protohadros                  1?????????  ??????????  ???  

RBINS_1551                   1111??1001  ?100111?01  101  

Rhabdodon                    0111??10??  ????1??001  11?  

Shishugou_taxon              - 01020????  ?101101010  00?  

Shuangmiaosaurus             ??????????  ??????????  ???  

Stormbergia                  - 000201?0?  ?1??10101?  0??  

Talenkauen                   ???0????0?  0?01100??0  1?0  

Telmatosaurus                201110?0??  ???????0??  ???  

Tenontosaurus dossi          011???????  ??0?100000  010  

Tenontosaurus tilletti       01102000??  ??0110000a  010  

Tethyshadros                 ??11??????  ??1 - 0-- ??1  ?01  

Theiophytalia                ??????????  ??????????  ???  

Thescelosaurus 

infernalis    

??102??0??  ??0?100??0  0??  

Thescelosaurus 

neglectus     

011001??1?  01?1100??0  010  

Trinisaura                   ??1???????  ??????????  ???  

Uteodon                      01102?101?  ??????????  ??1  

Valdosaurus                  0a10??101?  1?0????01?  1??  

Xuwulong                     ??????????  ??????????  ???  

Zalmoxes robustus            011??11?11  ?????????1  ???  

Zalmoxes 

shqiperorum         

01112???1?  ??????????  ?10  

Zephyrosaurus                ??????????  ??????????  ???  

 

 



182 
 

 

Appendix 3  

List of taxa used in analysis and sources from which characters were scored. 

 

Institutional Abbreviations: AM, Albany Museum, Grahamstown, South Africa; AMNH, 

American Museum of Natural History, New York City, New York, USA; BYU, Earth Sciences 

Museum, Brigham Young University, Provo, Utah, USA; CEUM, College of Eastern Utah 

Prehistoric Museum, Price, Utah, USA; CM, Carnegie Museum of Natural History, Pittsburgh, 

Pennsylvania, USA; DMNS, Denver Museum of Nature and Science, Denver, Colorado, USA; 

GPIT, Institut und Museum für Geologie und Paläontologie der Universität Tübingen, Tübingen, 

Germany; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China; 

MB, Museum für Naturkunde Berlin, Berlin, Germany; MC, Museum Crúzy, Crúzy, France; 

MCF, Museo Carmen Funes, Plaza Huincul, Neuquén, Argentina; MCS, Museo de Cinco Saltos, 

Rio Negro Province, Argentina; MHN-AIX-PV, Museum d’Histoire Naturelle d’Aix-en-

Provence, Aix-en-Provence, France; MHNM, Museum d’Histoire Naturelle de Marseille, 

Marseille, France; MNHN, Museum National d’Histoire Naturelle, Paris, France; MOR, 

Museum of the Rockies, Bozeman, Montana, USA; MUCPv, Museo de Geologia y Paleontologia 

de la Universidad Nacional del Comahue, Neuquén, Argentina; NHMUK, Natural History 

Museum, London, United Kingdom; NMV, National Museum of Victoria, Melbourne, Australia; 

OUMNH, Oxford University Museum of Natural History, Oxford, UK; QM, Queensland 

Museum, Geoscience Collection, Brisbane, Queensland, Australia; RBINS (formerly IRSNB), 

Royal Belgian Institute of Natural Sciences, Brussels,Belgium; ROM, Royal Ontario Museum,  

Toronto, Canada; SAM, South African Museum (Iziko Museums of Cape Town), Cape Town, 

South Africa; SDSM, Museum of Geology, South Dakota School of Mines and Technology, 

Rapid City, South Dakota, USA; UMNH, Natural History Museum of Utah, Salt Lake City, 

Utah, USA; USNM, United States National Musuem of Natural History, Washington, DC, USA; 
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YPM, Yale Peabody Museum, New Haven, Connecticut, USA; ZDM, Zigong Dinosaur 

Museum, Dashanpu, China. 

 

Taxon Specimen Numbers Literature Sources 

Agilisaurus Photographs of holotype specimens 

ZDM T6011 kindly provided by Han 

Fenglu. 

Barrett et al., 2005 

Altirhinus kurzanovi  Norman, 2002 

Anabisetia saldiviai MCF-PVPH-74-6. Coria and Calvo, 2002 

Atlascopcosaurus NMV P166409 (holotype), 182967.  

Bactrosaurus  Weishampel and Horner, 

1986; Godefroit et al., 

1998 

Barilium NHMUK R798a R798b, R799-806, 

R4742, 4771: All holotype specimen. 

Norman, 2010 

Batyrosaurus  Godefroit et al., 2012 

Bolong  Wu and Godefroit, 2012 

Camptosaurus YPM 1877 (holotype), 1878, USNM 

V4277, 5473, UMNH.VP.5322, 16422, 

16452, 16454, 16455, 16458, 16572, 

16592-3. 

Gilmore, 1909; Brill and 

Carpenter, 2006 

Cedrorestes DMNS 47994 (holotype).  

Cumnoria OUMNH Geol J3303 (holotype).  

Dakotadon SDSM 8651 (holotype).  

Dryosaurus CM 3392, 1949, 87688, DMNS 9001 

(juvenile). 

Galton, 1981, 1983 

Dysalotosaurus MB R1316, 1318, 1320, 1322, 1329, 

1333, 1335, 1338, 1351, 1358, 1370, 

1372-8, 1383, 1394, 1396-8, 1408-9, 

1474, 1476, 1478, 1480-1, 1485-7, 

1502, 1540, 1565-6, 1585-1604, 1707, 

1709, 1711, 1717-8, 2144, 2503, 2508, 

2511, 2516-7, 3293, 3297, 3468, 3474. 

GPIT/RE/3608, 3612, 3614, 3826, 

3829, 3830, 4156, 4181, 4189, 4545, 

4710, 4925, 5192, 5302, 5355, 5460-3, 

5636, 6067, 6161, 6169, 6189, 6269, 

6399, 6544, 6549, 6803, 6987, 8425. 

Janensch, 1955 

Edmontosaurus  Lambe, 1920; Campione 

and Evans, 2011 

Eocursor SAM PK K8025 (holotype). Butler et al., 2007 

Eolambia CEUM 9758 (holotype), 1233, 1251-

1256, 3207, 3186, 13383, 14419, 

14464, 14466, 14495, 14534, 14576, 

14601, 14602, 34247, 34252, 34329, 

34337, 34382, 34397, 34412, 34430, 

34441, 35323, 35384, 35412, 35413, 

McDonald, et al., 2012 
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35492, 35524, 35525, 35539, 35592, 

35637, 35638, 35673, 35679, 35733, 

35742, 36190, 52097, 52865, 52884, 

52924, 52936, 52988, 73585, 74566, 

74572, 74611, 74653, 78380. 

Equijubus IVPP V 12534 You et al., 2003 

Fukuisaurus  Kobayashi and Azuma, 

2003 

Gasparinisaura MCS 1-3; MUCPv 111-2, 208 

(holotype), 210, 212-3 

Coria and Salgado, 1996 

Gilmoreosaurus  Weishampel and Horner, 

1986; Prieto-Marquez 

and Norrell, 2010 

Shishugou taxon IVPP 14559, field number field number 

WCW-02-29 

 

Haya  Makovicky et al., 2011 

Hexinlusaurus 

(=Yandusaurus) 

multidens 

Photos of holotype ZDM T6001 kindly 

provided by Han Fenglu. 

Barrett et al., 2005 

Hippodraco UMNH VP 20208 (holotype) McDonald et al., 2010b 

Hypacrosaurus MOR 549 (holotype H. stebingeri), 

MOR 355, MOR 548. 

 

Hypselospinus NHMUK R1650 (holotype), 33, 1627, 

1636, 1831, 1834. 

Iguanodon hollingtoniensis holotype: 

NHMUK R604, 811, 811b, 1148, 1629, 

1632. 

Norman, 2010, 2014 

Hypsilophodon NHMUK R146, 192-4, 197 (holotype), 

2466, 2477, 2488. 

Galton, 1974 

Iguanacolossus UMNH VP 20205 (holotype) McDonald et al., 2010b 

Iguanodon RBINS 1534 (lectotype)  Norman, 1980 

Jeholosaurus  Barrett and Han, 2009; 

Han et al., 2012 

Jeyawati  McDonald et al., 2010a 

Jinzhousaurus IVPP V12691 (holotype) Barrett et al., 2009; Wang 

et al., 2010 

Kangnasaurus SAM 2732 (holotype), 2731a-j Cooper, 1985 

Kirkwood_taxon AM 6150 (holotype), 6004, 6005, 6021, 

6022, 6030, 6053, 6055, 6056, 6063, 

6066, 6067, 6077, 6093, 6101, 6102, 

6103, 6104, 6107, 6108, 6109, 6110, 

6111, 6119, 6122, 6151, 6154, 6155, 

6175, 6176, 6190 

 

Kukufeldia NHMUK R28660  

Lanzhousaurus  You et al., 2005 

Leaellynasaura NMV P185990-1 (holotype), 185992-3, 

186047, 221080, 229196 

 

Lesothosaurus NHMUK R8501, NHMUK RUB23, 

SAM PK K 400, 401, 1106 

Sereno, 1991; Butler, 

2005 
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Levnesovia  Sues and Averionov, 

2009 

Lurdusaurus MNHN.F.GDF 1700 (holotype)  

Macrogryphosaurus MUCPv 321 (holotype) Calvo et al., 2007 

Maiasaura  Horner 1983; Dilkes, 

2000 

Mantellisaurus NHMUK R5764 (holotype); RBINS 

1551 (this specimen was scored as a 

separate OTU).   

Norman, 1986 

Muttaburrasaurus QM F6140 (holotype), 14921  

Orodromeus MOR 294 (holotype); MOR 1141; 

MOR 473 

 

Oryctodromeus MOR 1636 Varricchio et al., 2007 

Othnielosaurus BYU-ESM-163  

Ouranosaurus MNHN.F.GDF 300 (casts)  

Owenodon NHMUK R2998  

Parksosaurus Photographs of ROM 804 (holotype) 

provided by Ali Nabavizadeh 

Parks, 1926 

Planicoxa DMNS 42504 (holotype), 40909, 

40914, 40917, 40918, 42477, 42505,  

42506, 42507, 42508, 42511, 42513, 

42521, 42525, 42599. 

 

Proa  McDonald et al., 2012 

Probactrosaurus  Norman, 2002 

Protohadros  Head, 1998; Main, 2013 

Rhabdodon MHNM.6034.11998 (holotype), MHN-

AIX-PV.1995, MHN-AIX-PV.2007, 

MC-M30, 1252, 1575, 2111 3036, 

3583, 4058, MC-MN30, 32, 36, 365, 

MC-MOB6, 7013, MC-PSP3, MC-

CY.QR.1-6, 8, 11, 15, 18, 21, 24 

Chanthasit, 2010 

Shuangmiaosaurus  You et al., 2003 

Stormbergia SAM PK K1105 (holotype), 1107 Butler, 2005 

Tenontosaurus dossi  Winkler et al., 1997 

Tenontosaurus tilletti YPM 5456, 5459, AMNH 3031, 3034, 

3040 

 

Talenkauen  Novas et al., 2004; 

Cambiaso, 2007 

Telmatosaurus NHMUK R3386, 3388, 4911 Weishampel et al., 1993 

Tethyshadros  Dalla Vecchia, 2010 

Theiophytalia YPM 1887 Brill and Carpenter, 2006 

Thescelosaurus 

infernalis 

SDSM 7210 (holotype): MOR 979  

Thescelosaurus 

neglectus 

AMNH 117, 5030-1, 5034 Boyd et al., 2009; Boyd 

2012 

Trinisaura  Coria et al., 2013 

Uteodon CM 11337 (holotype), 15780 

(paratype), 21723, 79050 (paratype) 

Carpenter and Wilson, 

2008; McDonald, 2011 

Valdosaurus  Barrett et al., 2011 
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Xuwulong  You et al., 2011 

Zalmoxes robustus NHMUK R3809-10, 3812-4, 3390, 

3392 (holotype), 3393, 3836, 4912 

Weishampel et al., 2003 

Zalmoxes shqiperorum NHMUK R4900 (holotype) Weishampel et al., 2003 

Zephyrosaurus  Sues, 1980 
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Appendix 4. 

List of taxa used in analysis, with ages used in tip-dated analyses.  Unless specific dates for the fossil-bearing strata are known, stage 

or substages are used—dates are those in Gradstein et al., 2012.  (Note that Gradstein et al., do not give error estimates at substage 

boundaries.) 

Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Agilisaurus ?Bajocian 166±2 160±2 Lower Shaximiao Fm, Dashanpu 

Locality, China 

Barret et al., 2005; 

Steigler, pers comm. 2015 

Altirhinus Late Aptian-Early 

Albian 

122.98 111.5 Khuren Dukh Fm, Mongolia Wang et al 2010 

Anabisetia Cenomanian 100.5±0.4 93.9±0.2 Lisandro Fm, Neuquen, Argentina Coria and Calvo 2002 

Atlascopcosaurus Aptian-Albian 126.3±0.4 100.5±0.4 Otway and Strzelicki Gps, Victoria, 

Australia 

Rich and Vickers-Rich 

1999 

Bactrosaurus Turonian-

Campanian 

93.9±0.2 72.1±0.2 Iren Dabasu Fm, Inner Mongolia Wang et al 2010, Currie 

and Eberth 1993 

Barilium Valanginian 139.4±0.7 133.9±0.6 Lower Wealden Group (Wadhurst 

Clay), UK 

Norman 2010, Norman 

2013 

Batyrosaurus Santonian-

Campanian 

86.3±0.5 72.1±0.2 Bostobinskaya Svita (Fm?) 

Kazakhstan 

Godefroit et al 2012 

Bolong Late Barremian-

Early Aptian 

129.41 122.98 Dakangpu Member, Yixian Fm, 

Liaoning, China 

Wu and Godefroit, 2012, 

who cite Smith et al., 

1995, Swisher et al., 1999, 

2002 for age/locality data 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Camptosaurus Kimmeridgian 157.3±1.0 152.1±0.9 Morrison Fm, Western US Galton 1980 

Cedrorestes Late Barremian 129.4 126.3±0.4 Yellowcat Mbr, Cedar Mt Fm, Utah Gilpin et al 2006 

Cumnoria Kimmeridgian 157.3±1.0 152.1±0.9 Kimmeridge Clay Fm, UK McDonald 2011 

Dakotadon ?Barremian 130.8±0.5 126.3±0.4 Lakota Fm, South Dakota Weishampel and Bork 

1989 

Dryosaurus Kimmeridgian 157.3±1.0 152.1±0.9 Morrison Fm, Western US Galton 1980 

Dysalotosaurus Kimmeridgian 157.3±1.0 152.1±0.9 Tendaguru Beds, Tanzania Galton 1980 

Edmontosaurus Late Campanian to 

Late Maastrichtian 

76.3 66±0.1 Horseshoe Canyon Fm, Lance Fm, 

Hell Creek Fm, Western US and 

Canada 

Campione and Evans, 

2011 

Eocursor Norian-Rhaetian 227 201.3±0.2 Lower Elliot Fm, South Africa Butler, 2010 

Eolambia Earliest Cenomanian  98 96 Mussentuchit Mbr, Cedar Mountain 

Fm, Utah 

Garrison et al 2007 

Equijubus Barremian-Aptian 130.8±0.5 113±0.4 Xinminbao Group, Mazongshan, 

Gansu, China 

Wang et al 2010 

Fukuisaurus Late Hautervian to 

Barremian 

133.1 126.3±0.4 Kitadani Fm, Tetori Gp, Fukui, Japan Kobayashi and Azuma 

2003 

Gasparinisaura Coniacian-

Santonian 

89.8±0.4 83.6±0.5 Rio Colorado Fm, Neuquen, 

Argentina 

Salgado et al, 1997 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Gilmoreosaurus Turonian-

Campanian 

93.9±0.2 72.1±0.2 Iren Dabasu Fm, Inner Mongolia, 

China 

Wang et al 2010, Currie 

and Eberth 1993 

Haya ?Santonian 86.3±0.5 83.6±0.3 Javkhlant Formation, Mongolia Mackovicky et al., 2011; 

Eberth et al., 2009 

Hexinlusaurus ?Bajocian 166±2 160±2 Lower Shaximiao Fm, Dashanpu 

Locality, China 

Barret et al., 2005; 

Steigler, pers comm. 2015 

Hippodraco upper Barremian-

Lower Aptian 

129.4 123 Upper Yellowcat Mbr, Cedar 

Mountain Fm, Utah 

McDonald et al 2010 

Hypacrosaurus Campanian 83.6±0.3 72.1±0.2 Two Medicine Fm, Montana Brink et al 2010 

Hypselospinus Valanginian 139.4±0.7 133.9±0.6 Lower Wealden Group (Wadhurst 

Clay), UK 

Norman 2010, Norman 

2013 

Hypsilophodon Barremian through 

Earl Aptian 

130.8±0.5 123 Isle of Wight, UK, Capas Rojas Fm, 

Spain 

Butler and Galton, 2008; 

Sanz et al 1983 

Iguanacolossus (lower?) Barremian 130.8±0.5 129.4 Yellowcat Mbr, Cedar Mountain Fm, 

Utah 

McDonald et al 2010 

Iguanodon Barremian-Lower 

Aptian 

130.8±0.5 123 Wealdon Gp, UK and Belgium Norman, 2013 

Jeholosaurus Early Aptian 126.3±0.4 123 Yixian Fm, Liaoning, China Barrett and Han 2009 

Jeyawati Middle Turonian 92.9 89.8±0.4 Lower Moreno Hill Fm, New Mexico McDonald et al., 2010; 

Wolfe and Kirkland, 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

1998; Molenaar et al., 

2002 

Jinzhousaurus Early Aptian 126.3±0.4 123 Yixian Fm, Liaoning, China Wang et al, 2010 

Kangnasaurus Early Cretaceous 145.0±0.8 100.5±0.4 Kalahari Group, Northern Cape 

Province, South Africa 

Haughton, 1915; Cooper, 

1985 

Kirkwood taxon Valanginian 139.4±0.7 133.9±0.6 Kirkwood Fm, South Africa  

Lanzhousaurus Early Cretaceous 145.0±0.8 100.5±0.4 Hekou Group, Gansu, China You et al 2005 

Leaellynasaura Albian 113±0.4 100.5±0.4 Otway Gp, Victoria, Australia Rich and Vickers-Rich 

1999 

Lesothosaurus Hettangian-

Sinemurian 

201.3±0.2 190.8±1.0 Upper Elliot Fm, Lesotho Butler, 2005 

Levnesovia Middle to Late 

Turonian 

92.9 89.8±0.4 Bissekty Fm, central Kyzylkum 

Desert, Uzbekistan 

Sues and Averianov, 2009 

Lurdusaurus Aptian 126.3±0.4 113±0.4 Upper Elrhaz Fm, Gadofaoua, Niger Taquet and Russell 1999 

Macrogryphosaurus Coniacian 89.8±0.4 86.3±0.5 Portezuelo Fm, Neuquen, Argentina Calvo et al, 2007 

Maiasaura Campanian 83.6±0.3 72.1±0.2 Two Medicine Fm, Montana Horner and Makela 1979 

Mantellisaurus Barremian-Lower 

Aptian 

130.8±0.5 123 Wealdon Gp, UK and Belgium Norman, 1986; Norman, 

2013 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Muttaburrasaurus Albian 113±0.4 100.5±0.4 Mackunda Fm, Queensland, Australia Bartholomai and Molnar 

1981 

Orodromeus Late Campanian 76.3 72.1±0.2 Upper Two Medicine Fm, Montana Scheetz 1999 

Oryctodromeus Albian-Cenomanian 113±0.4 93.9±0.2 Blackleaf Fm, Montana Varricchio et al 2007, 

Ullman et al 2012 

Othnielosaurus Kimmeridgian-

Tithonian 

157.3±1.0 145±0.8 Morrison Fm, Western US Norman et al 2004 

Ouranosaurus Aptian 126.3±0.4 113±0.4 Elrhaz Fm, Gadofaoua, Niger Taquet 1976 

Owenodon mid-Berriasian (age 

is entire stage) 

145±0.8 139.4±0.7 Middle Purbeck, UK Galton 2009 

Parksosaurus Maastrichtian 72.1±0.2 66±0.1 Horseshoe Canyon Fm, Alberta, 

Canada 

Weishampel et al 2004 

and Gradstein et al 2004 

(though Boyd et al 2009) 

Planicoxa Barremian-Aptian 125 113±0.4 Poison Strip Mbr, Cedar Mountain 

Fm, Utah 

DiCroce and Carpenter 

2001; Kirkland et al 1999; 

Eberth et al 1996 

Proa Early Albian 113±0.4 107.6 Escucha Fm, Teruel Province, Spain McDonald et al., 2012: 

Alcalá et al., 2012 

Probactrosaurus Barremian-Albian 130.8±0.5 100.5±0.4 Dashuigo Fm, Inner Mongolia, China Wang et al 2010; Van 

Itterbeeck et al., 2004  

Protohadros mid-Cenomanian 95  Woodbine Fm, Texas Head 1998 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Rhabdodon ?Late Santonian-

Maastrichtian 

86.3±0.5 66±0.1 France, Spain, Austria, Hungary Norman et al 2004 

Shishugou taxon Callovian-Oxfordian 166.1±1.2 157.3±1.0 Shishugou Fm, Xinjiang, China Dong 1989, Clark et al., 

2006 

Shuangmiaosaurus Cenomanian-

Turonian 

100.5±0.4 89.8±0.4 Sunjiawan Fm, Liaoning, China Wang et al 2010 

Stormbergia Hettangian-

Sinemurian 

201.3±0.2 190.8±1.0 Upper Elliot Fm Butler, 2005 

Talenkauen Maastrichtian 72.1±0.2 66±0.1 Para Aike Fm, Santa Cruz Province, 

Argentina 

Novas et al, 2004 

Telmatosaurus Upper Maastrichtian 69.9 66±0.1 Hateg Basin, Romania Weishampel et al 1993 

Tenontosaurus 

dossi 

Latest Aptian 113  Twin Mountains Fm, Parker County, 

Texas 

Winkler et al, 1997 

Tenontosaurus 

tilletti 

Aptian-Albian 126.3±0.4 100.5±0.4 Cloverly Fm, Wyoming, MT; Antlers 

Fm, OK 

Maxwell and Ostrom, 

1995; Brinkman et al 1998 

Tethyshadros Late Campanian-

Early Maastrichtian 

76.3 69.9 Liburnian Fm, Italy Dalla Vecchia 2010 

Theiophytalia Aptian-Albian 126.3±0.4 100.5±0.4 Lytle Member of the Purgatoire Fm, 

Colorado 

Brill and Carpenter 2006 

Thescelosaurus 

infernalis 

Maastrichtian 72.1±0.2 66.0±0.1 Hell Creek Fm, South Dakota and 

Montana 

Galton 1999 
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Taxon Stage Age, 

Lower 

Bound  

Age, 

Upper 

Bound  

Formation and Location Source 

Thescelosaurus 

neglectus 

Maastrichtian 72.1±0.2 66±0.1 Hell Creek Fm (S Dakota and 

Montana), Scollard Fm (Alberta), 

Frenchman Fm (Saskatchewan), 

Lance Fm (Wyoming) 

Weishampel et al 2004, 

Gradstein et al 2004 

(through Boyd et al., 

2009) 

Trinisaura Campanian 83.6±0.3 72.1±0.2 Snow Hill Island Fm, Antarctica Coria et al 2013 

Uteodon Early to Middle 

Tithonian 

152.1±0.9 147.7 Brushy Basin Member, Morrison Fm, 

Utah 

Carpenter and Wilson 

2008, McDonald 2011 

Valdosaurus Middle-Upper 

Valanginian through 

Barremian 

136.4 126.3±0.4 Wessex Fm, Grinstead Clay Member 

of the Wealden, UK 

Barrett et al 2011 

Xuwulong Aptian-Albian 126.3±0.4 100.5±0.4 Xinmipu Gp, Yujingzi Basin, China You et al., 2011 

Z. robustus Upper Maastrichtian 69.9 66±0.1 Sanpetru Formation, Romania Weishampel et al 2003 

Z. shqiperorum Upper Maastrichtian 69.9 66±0.1 Unnamed Fm, Romania Weishampel et al 2003 

Zephyrosaurus Aptian-Albian 126.3±0.4 100.5±0.4 Cloverly Fm, Western US Sues 1980 
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Appendix 5: Ontogenetically Sensitive Characters 

Characters from the full character list given in Appendix 1 are listed here, with 

descriptions of the ontogenetic changes observed in the character. 

 

1. *Preorbital skull length: less than or equal to 50% of the basal skull length (0); 

more than 55% of the basal skull length (1). (Modified from Weishampel et al., 

2002). 

In Hypacrosaurus, this shifts from about 50% in juveniles to around 72% in 

adults.  This lengthening of the preorbital region is also documented in 

Dysalotosaurus and Dryosaurus (Hubner and Rauhut, 2010; Carpenter et al., 

1994), as well as other dinosaurs (Salgado et al., 1995; Rauhut and Fechner, 

2005). 

3. *Premaxilla, shape of subnarial region: narial portion of the body of the 

premaxilla slopes steeply from the external naris to the oral margin (0); ventral 

premaxilla flares laterally to form a partial floor of the narial fossa (1).  

(Weishampel et al., 2003; Butler et al., 2008). 

This shifts from steep to flared in Dryosaurus. 

 

6. *Premaxilla, posterolateral process contacts lacrimal: absent (0); present (1).  

(Modified from Weishampel et al., 2003, Milner and Norman 1984, 1990; Sereno 

1984, 1986). 

In Jeholosaurus, there is no or very little contact in smaller individuals, but 

contact becomes more prominent in larger specimens (Barrett and Han 2009). 
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13. *Nasals, placement of most dorsal point: caudally, at junction with frontals (0); 

more rostral, such that the nasal extends further dorsally than the frontals (1).  

There is some variability of this character in Tenontosaurus which may be due to 

ontogeny.  There is a shift from state 0 to state 1 between juvenile and subadult 

specimens in Hypacrosaurus. 

 

22. o*Maxilla, dorsal process, position: rostral to the midpoint of the maxilla (0); at 

the midpoint (1); caudal to the midpoint (2).  

The dorsal process shifts from a rostral position to the middle of the maxilla 

through ontogeny in Hypacrosaurus (Horner and Currie 1994).  The angle of the 

front of the maxilla decreases, indicating this shift occurs due to lengthening of 

the rostral end of the maxilla. 

 

34. *Orbit shape: circular (0), subrectangular at least in its lower margin (1); 

dorsoventrally elongated, either oblong or subtriangular (2).  (Modified from 

Winkler et al., 1997). 

The orbit changes from round to dorsoventrally elongated in Hypacrosaurus. 

 

35. *Frontal, proportions: short and broad (length roughly equal to width) (0); narrow 

and elongate (length roughly 2 times the width) (1); very elongate (length roughly 

3 times the width) (2). (Modified from Weishampel et al., 2002; Butler et al., 

2008; state 2 based on Barrett and Han 2009)  
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There is some ontogenetic change in the proportions of the frontals in 

Dysalotosaurus (Hubner and Rauhut 2010), though not enough that specimens 

would be assigned different character states.  The proportions also vary in 

Dryosaurus and Orodromeus (Scheetz 1999).  In Orodromeus, the proportions of 

the frontals width to length shifts from 3.0 to 2.7 in the measured specimens.  

While this demonstrates there may be an ontogenetic shift, these are all assigned a 

character state of 2 here.  However, the juvenile specimen of Dryosaurus DMNH 

9001 has frontals 2.7 times longer than wide (scored as state 2), while the larger 

specimen CM 3392 has a ratio of 2.1 (scored as state 1). 

   

42. *Palpebral(s), length relative to rostrocaudal width of orbit if unfused to orbital 

rim: does not traverse entire width of orbit (0); traverses entire width of orbit (1).  

(Butler et al., 2008).  

Carpenter (1994) reports a change in proportion of the free palpebral length in 

Dryosaurus (Carpenter 1994), and Scheetz (1999) reports the same observation in 

Orodromeus.  The character state assignments remained consistent between 

juveniles and adults in this analysis, but this is included as an ontogenetically 

sensitive character, as there is a possibility that a state change may occur in some 

taxa. 

 

44. *Postorbital, projection into orbital margin or rugose area for articulation of the 

palpebral: absent (0); present (1).  (Modified from Butler et al., 2008).  
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Scheetz (1999) claims the projection is present only in adults of Orodromeus, but 

it seems to be present in the juvenile MOR 294.  Still, to be conservative, this was 

treated as an OSC. 

 

61. *Quadrate, ventral portion of shaft: cranially convex (0); straight (1); caudally 

convex (2).  (Modified from Butler et al 2008).  

Carpenter (1994) says the curvature of the quadrate is greater in juveniles of 

Dryosaurus altus, though the ventral shaft of the quadrate is straight in DMNH 

9001, and Hubner and Rauhut (2010) find no difference in Dysalotosaurus.  

Scheetz (1999) finds that curvature increases in adults of Orodromeus, and this is 

supported in the current analysis. 

 

66. *Quadrate, paraquadratic foramen or notch, size: small, height less than 1/8th 

quadrate height (0); large, height more than 1/7th quadrate height (1). (Modified 

from Butler et al., 2008)  

The paraquadratic notch becomes more pronounced through ontogeny in 

Dryosaurus altus (Carpenter 1994) and Hypacrosaurus (Horner and Currie 1994). 

 

77. *Supraoccipital, sharp, well-defined median nuchal crest: absent (0); present (1). 

This feature is more prominent in larger specimens of Dysalotosaurus, but always 

present, so far as is known (Hubner and Rauhut 2010).  However, in Orodromeus, 

a nuchal crest is present in the juvenile specimen MOR 294, but not in the larger 

MOR 473. 
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95. *Dentary ramus, shape of rostral end: straight (0); strongly downturned (1).  

(Norman, 2002).  

In Eolambia, all small specimens show ventral deflection, while the large 

holotype (CEUM 3191) has only a very subtle downturn. 

 

97. o*Dentary, relationship of dorsal and ventral margins (under the tooth row): 

converge anteriorly (0); subparallel (1); diverge anteriorly (2).  (Modified from 

Butler et al., 2008; Norman, 2002; Weishampel et al., 2003; McDonald, 2012). 

The dorsal and ventral margins of the dentary converge anteriorly in juveniles of 

Orodromeus, but become parallel in adults (Scheetz,1999).  In juvenile 

Hypacrosaurus, they are roughly parallel, but diverge in adults. 

 

103. o*Dentary: caudal extent of tooth row: terminates rostral to coronoid process 

(0); terminates between rostral margin and apex of coronoid process (1); 

terminates directly ventral to apex or more caudally (2). (Modified from Wu and 

Godefroit, 2012) 

The tooth row terminates rostral to the coronoid process in the juvenile 

Dryosaurus DMNH 9001, but elongates onto the base of the coronoid process in 

CM 3392. 

 

120. o* Premaxillary teeth, number: six (0); five (1); two (2); one (3). (modified from 

Butler et al., 2008). 
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This may increase through ontogeny as noted for Jeholosaurus in Barrett and Han 

(2009) and Thescelosaurus (Boyd, 2012). 

 

123. o*Maxillary teeth, number; 13 or fewer tooth positions (0); 14 to 16 positions 

(1); 18-28 positions (2); 30 or more positions (3).  (Modified from Weishampel et 

al 2002) 

This increases through ontogeny in Jeholosaurus (Barrett and Han, 2009); it 

increases from about 20 in smaller specimens of Eolambia to 34 in the large 

holotype maxilla (CEUM 3199), and from 20 in nestling Hypacrosaurus (Horner 

and Currie, 1994) to over 40 in the adult MOR 549.  This character shows little 

homoplasy when mapped on the topology, and therefore carries a strong 

phylogenetic signal.  However, the vast change through the ontogeny of some 

species means that great care must be taken not to assign a character state for 

specimens that are not clearly adult. 

 

124. o*Dentary teeth, number. 13 or fewer tooth positions (0); 14 to 16 positions (1) 

18 to 25 positions (2); 27 or more positions (3).  (Modified from Weishampel et al 

2002). 

As for the maxilla, this character ranges from about 20 teeth in nestlings 

Hypacrosaurus (Horner and Currie, 1994) to about 40 teeth in adults. 

 

129. o*Maxillary teeth, ratio of crown height to width (for unworn teeth): less than 

1.2 (0); 1.25 to 1.9 (1); greater than 2 (2).  
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This increases through ontogeny in Orodromeus (Scheetz, 1999), though teeth 

were not well preserved enough in the specimens examined to obtain 

measurements in this genus.  In Dryosaurus, the maximum crown height to width 

ratio in the juvenile DMNH 9001 is 1.36, while in the larger CM 3392, it is about 

1.6.  While this change is not enough to change character states for this taxon, it is 

still considered an OSC in order to be conservative. 

 

130. o*Dentary teeth, ratio of crown height to width (for unworn teeth): less than 1.5 

(0); 1.7 to 2.2 (1); greater than 2.5 (2). 

Sheetz (1999) reports that this increases through ontogeny in Orodromeus. 

 

157. *Postaxial cervical vertebrae, form of central surfaces: amphicoelous (0); at least 

slightly opisthocoelus (1).  (Butler et al., 2008)  

This changes from amphicoelus to opisthocoelus through ontogeny in  

Orodromeus and Dysalotosaurus. 

 

162. *o Dorsal vertebrae, length of mid-dorsal neural spines: short and rectangular, 

height and length roughly equal (0); height more than twice length (1); height 

more than four times length (2).  (Norman, 2002). 

This shifts from character state 1 to 2 in Hypacrosaurus. 
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194. *Forelimb, proportions of humerus and scapula: scapula longer or subequal to 

the humerus (0); humerus substantially longer than the scapula (1). (Weishampel 

et al., 2002; Butler et al., 2008)  

In Orodromeus, there is a shift from juveniles with scapulae and humeri that are 

subequal in length to adults with a longer scapula (Scheetz 1999).  In Dryosaurus, 

the scapula is longer than the humerus in juvenile DMNH 9001, while the 

humerus is longer than the scapula in CM 3392. 

 

198. *Scapula, deltoid ridge, orientation relative to long axis of scapula: close to 

parallel (0); more than 20 degrees from axis (1). 

This varies among specimens of Rhabdodon from about 40 degrees in the small 

specimen MC-M3036 to about 20 degrees in the larger MC-MN365.  Once again, 

this does not change the assigned character state for this taxon, but it is considered 

an OSC in order to create a conservative estimate. 

 

200. o*Scapula, length of blade relative to minimum width: short and broad, ratio of 

length to width 5.7 or less (0); ratio of length to width 6 to 7.3 (1); elongate, ratio 

of 7.5 or greater (2).  (modified from Butler et al., 2008)  

Juveniles of Orodromeus have relatively stouter scapulae, (Scheetz 1999), but in 

Hypacrosaurus, the juvenile scapulae are relatively long, with a ratio of 7.7 in 

MOR 548 and MOR 355, but 7.2 in the adult MOR 549. 

 



202 
 

214. *Humerus, deltopectoral crest length: 40% of total humeral length or less (0); 

43% or more (1).  

The length of the deltopectoral crest increases relative to the length of the 

humerus from juveniles to adults in Maiasaura (Dilkes, 2001).  It also increases in 

Orodromeus, from 25% in MOR 661 to 43% in MOR 473 (Scheetz 1999), and in 

Dryosaurus from 43% in DMNH 9001 to 53% in YPM 1876. 

 

239. Phalanges of manual digits II-IV, length: first phalanx less than twice the length 

of the second phalanx (0); first phalanx more than twice the length of the second 

phalanx (1). (Modified from Butler et al., 2008 and Weishampel et al, 2002).  

This shifts from a moderate first phalanx to an elongate one (from 0 to 1) in 

Dryosaurus. 

 

279. Ischium, iliac peduncle, orientation of the acetabular and caudodorsal margins: 

divergent approaching the articulation with the ilium (0); either parallel or slightly 

convergent (1). (Prieto Marquez and Salinas 2010)  

This character changes from 1 to 0 through ontogeny in Hypacrosaurus. 

 

289. *Femur, length relative to tibia: shorter than or equal to (0); longer than the tibia 

(1). (Milner&Norman 1984; Norman 1984b, modified from Weishampel et al 

2003) 

 



203 
 

290. *Femur, shape in cranial view: straight (0); bowed laterally (1). (Weishampel et 

al., 2002)   

 

The femur in cranial view shifts from bowed in juveniles to straight in adults in 

Tenontosaurus, Zalmoxes and Camptosaurus (Weishampel et al., 2003).  

However, this is reversed in Dryosaurus, in which the femur is straight in 

juveniles and bowed in adults. 

 

298. *Femur, caudal (flexor) intercondylar sulcus of the femur: fully open (0); medial 

condyle inflated laterally, partially covers opening of flexor sulcus (1).  

(Weishampel et al., 2003; Butler et al., 2008).  This changes from state 0 to 1 in 

Tenontosaurus tilletti: the juvenile MOR 678 does not have overhang, while the 

adult specimen AMNH 3040 does.  

 

299. Tibia, expansion of proximal end in lateral view: width of proximal tibia is less 

than 2.3 times the diameter at midshaft (0); proximal tibia is more than 2.5 times 

the diameter at midshaft (1). 

 

The tibia becomes more robust through ontogeny in Hypacrosaurus, shifting from 

a ratio of 2.0 to 2.2 in juvenile specimen MOR 548 to 2.9 in the adult MOR 549. 

 

303. Femur, lateral (fibular) condylid, position and size: not inset from the lateral 

edge, and only slightly narrower in width than the medial condyle (0); strongly 

inset medially, reduced in width relative to medial condyle (1). (Modified from 

Butler, 2008) 
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This shifts from 0 in juveniles of Orodromeus to 1 in adults. 
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Appendix 6.  Character Matrix with Ontogenetically Sensitive Character coding. 

  a=0/1, b=0/2, c=1/2 

 

 

 

 

 

 

 

 

Taxon 10 20 30 40 50 

Orodromeus       ?00010?001  0100110??1  0011020001  10?0200100  0001000001  

Orodromeus_juv   ??????????  ???????0 - 0 0?11?20001  10????0100  0?0?0?00?1  

Leaellynasaura_OSC    ??????????  ?????0 - 0- 0 ??1112?00?  ?????00???  ??????1000  

Gasparinisaura_OSC    ??????????  ?????10??0  1?110?0001  ?0????0?00  0?0?0?1000  

Anabisetia_OSC    ??????????  ??????????  ??1???????  ?????10???  ??????????  

Dryosaurus    0010010?1?  1100?111?0  0010001001  1010110?00  0101000000  

Dryosaurus_juv    ?0?00?0?1?  1?????????  0?100?????  ?????10?00  0?0?0??000  

Dysalotosaurus_OSC    ?0?00??010  1??0010100  0?11001001  101??00100  0?0?0?0100  

Bolong_OSC           ??1011110?  1??0?11??0  12100?001 -  -- 1?????0?  0?????101?  

Hypacrosaurus    1111?1?100  1?10011??0  11????0 - 1-  -- 120?1???  ???011 - 220  

Hypacrosaurus_juv    ???????100  1??00????0  1?????? - 1-  -- 1???1???  ?????? - 2?0  

Taxon 60 70 80 90 100  

Orodromeus       ?00000?a00  10000 -- 0c?  1001100001  0???1100 - 0 ?0- 00000 - 1 

Orodromeus_juv   ??00?0?100  ?00?0 -- 01?  ?00111?001  0?????????  ???????0 - 1 

Leaellynasaura_OSC    0?11?0???1  ?1?11?????  ??0???????  ??????????  ??????????  

Gasparinisaura_OSC    ?001000101  ?01?0 -- ???  000000?010  - ?????????  ?0- ??????1  

Anabisetia_OSC    ??????????  ??????????  ?????0??01  ??????????  ?0- 0?0????  

Dryosaurus    00110010 - 1 101110002a  00011a1000  0?01??111?  00- ?000100  

Dryosaurus_juv    0?1????0 - 1 ?0110?0021  ??0?????0?  ??????????  ????????0?  

Dysalotosaurus_OSC    00110010 - ? ?0111?001a  000110?001  1?01001111  10- 0?0?100  

Bolong_OSC           ??????????  101???????  ??????????  ?0?1?1111?  20- ??0????  

Hypacrosaurus    1011?110 - 1 100?101120  0121?1010?  ???10110 - 1 211?122??1  

Hypacrosaurus_juv    ?011?1?? - 1 ?00?1?1??0  ?????1?10?  ???10?1??1  ?1???????1  

Taxon 110  120  130  140  150  

Orodromeus       100 - 0000?1  110100000?  10???000??  ?000a???0 -  0--- ???000  

Orodromeus_juv   10? - 000011  11?10000??  ??????????  ??????????  ??????????  

Leaellynasaura_OSC    ??????????  ??????????  ?????00???  100?12?110  ??1?01?0??  

Gasparinisaura_OSC    10? - 000001  11?10010??  ?????011??  10?112??11  ??1?01?000  

Anabisetia_OSC    10? - ??????  ??????????  ?????011??  ?1011?3?11  0--- 0?11?0  

Dryosaurus    101 - 000011  110100001 -  -- 10011110  1001122011  1100111100  

Dryosaurus_juv    10? - 00- 01?  11??000???  ?????111??  1001132?1?  1??1?111?0  

Dysalotosaurus_OSC    10? - 0000?1  110100001 -  -- ??0111??  10011a1?11  1100110100  

Bolong_OSC           11??010???  ??????1?1 -  -- ??0111??  1?a1121?11  11111?1?10  

Hypacrosaurus    11212111 - 1 0- 1- 01111 -  -- 33012???  1?c1100?11  1101 - ????2  

Hypacrosaurus_juv    112?2111 - 1 0- ??0?1?1 -  -- ???12???  ????1???1?  1????????0  
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Taxon 160  170  180  190  200  

Orodromeus       0000011001  0010010??1  10?101?01?  0?0??0?00 -  -- 00101?11  

Orodromeus_juv   0?0001? - 01 0?10010??1  10?101?01?  ??0??0??0 -  -- 0?10??1?  

Leaellynasaura_OSC    ??????????  ??????????  ?????1??1?  ?01?1?11??  ??????????  

Gasparinisaura_OSC    ?0?00?1011  ?????????1  10?001?0??  00?01111??  ????10??1?  

Anabisetia_OSC    00???01011  ??10??????  ??????????  ??????????  ????111?1?  

Dryosaurus    00?0011001  0010011?01  ?0a0010110  ??0??0?00 -  -- 0100 - 10?  

Dryosaurus_juv    00?001?001  ??1???????  ??a??1????  ??a????00?  ??0?0? - 102  

Dysalotosaurus_OSC    00010??001  0?000?1001  10?10a?110  00a0?0?00 -  -- 0?0?1111  

Bolong_OSC           ??121?1?01  ??????????  ?????110?0  ?00??100??  ????0?00??  

Hypacrosaurus    1121111100  ?211?0???1  001110?111  1101?10011  100?000001  

Hypacrosaurus_juv    ?1???11100  ??1100????  001??1??1?  ??1????011  100?000?0?  

Taxon 210  220  230  240  250  

Orodromeus       00020?0000  0010021?01  000???????  ?????0??00  ???1011000  

Orodromeus_juv   000201000?  001?021101  000???????  ??????????  ???1011000  

Leaellynasaura_OSC    ??????????  ??????????  ??????????  ??????????  ??????????  

Gasparinisaura_OSC    00010000?0  001?121001  000?0?0 - 0? ???0010?00  ??01001000  

Anabisetia_OSC    0000100000  110?00?111  0000??????  0000??0?10  ??010?0000  

Dryosaurus    000?1??000  011101?001  00010?0 - 0? 0000010010  0001000000  

Dryosaurus_juv    0000??????  001?0110?1  0????????0  0000?1???0  ??0???????  

Dysalotosaurus_OSC    000??00011  ?11?000000  00?10?0 - ?? ??????????  ??010a0000  

Bolong_OSC           010???????  ?1?1100?1?  1???0?0 - 00 0111?10110  111???????  

Hypacrosaurus    011???1001  0001021011  0???1 ---- 1 1-- 1?1??10  ??1110020?  

Hypacrosaurus_juv    011??01001  ?00102101?  0????????1  ???1?1???0  ??1110?200  

Taxon 260  270  280  290  300  

Orodromeus       ?0??00 - 011  0?2000110 -  - ?11a??010  0010100001  011110 - 000  

Orodromeus_juv   ?0??00 - 011  00?0001???  ??1??????0  00101000?1  ?1111??0?0  

Leaellynasaura_OSC    ??????????  ??????110 -  - 01?01?0?0  00001?00?1  ?11110 - ?01  

Gasparinisaura_OSC    00??00 - 011  0?10a0110 -  - 0010100?0  00101?00?1  ?11110 - ??0  

Anabisetia_OSC    001100 - 011  02100?110 -  - 0111000?0  00?11?01?1  ?11110 - 001  

Dryosaurus    00??00 - 011  ?2?000110 -  - 01?01?0??  1011101101  111110 - 101  

Dryosaurus_juv    ???????011  ??????????  ??????????  ?????????1  01?110?1?1  

Dysalotosaurus_OSC    0001a0 - 011  02a000110 -  - 11?0000?0  10111011?1  111110 - 101  

Bolong_OSC           ????0100?1  ??????????  ?????????0  0??01011??  ?????1????  

Hypacrosaurus    001?1111 --  ?010111011  0- 01101200  0111101110  0101110111  

Hypacrosaurus_juv    0?1?1111 --  ?01b011011  ?- ??1012?0  01101011?0  ??0111?1?1  
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Taxon 310  320    323  

Orodromeus       - aa021?01?  1?01100010  0?0  

Orodromeus_juv   - ?002?????  ????1??01?  0?0  

Leaellynasaura_OSC    0?102110??  0101101010  0??  

Gasparinisaura_OSC    - ?0021?0??  010111 - 010  010  

Anabisetia_OSC    0?1021??10  0?0?1010?0  0?0  

Dryosaurus    011021?011  010111?010  000  

Dryosaurus_juv    0?102??01?  01011??010  0??  

Dysalotosaurus_OSC    0?1021?011  0?00?1?0?0  000  

Bolong_OSC           ??102??0??  ?????1 - ???  100  

Hypacrosaurus    21111010??  0?1 - 0-- 101  211  

Hypacrosaurus_juv    211110?0??  0??????10?  2??  


