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Abstract 

The armoured dinosaurs (Thyreophora) are an iconic group of dinosaurs, owing to the bizarre and 

eponymous covering of osteoderms on the heads, backs and tails of the members of the group. They 

are an early-diverging clade of bird-hipped ornithischian dinosaurs and include some of the most 

recognisable dinosaurs such as Ankylosaurus and Stegosaurus. They were significant components 

of Mesozoic terrestrial ecosystems, with a geographically and temporally widespread distribution 

from the earliest Jurassic to the latest Cretaceous (spanning nearly 135 million years) and with 

fossils of the group found on all continents, including Antarctica. They are also historically 

significant, with the first fossils of the group being found in 1833.  

A surprisingly poor understanding of the group therefore undermines the evolutionary and 

historical significance of Thyreophora. Due to a patchy fossil record and dramatically different 

osteologies compared to their ornithischian relatives, there are still outstanding questions 

remaining about the evolution of the group. In this thesis, I aim to correct several of these issues 

using a multi-faceted approach. I redescribe the morphology and taxonomy of the British Wealden 

Supergroup ankylosaurs Hylaeosaurus and Polacanthus. I then incorporate these key taxa into a 

new anatomical dataset for a species-level phylogenetic analysis of the thyreophoran dinosaurs. 

This is the largest dataset to date for Thyreophora, with 340 morphological characters and 91 taxa, 

and it was analysed using equal- and implied-weights parsimony and Bayesian inference. This 

reveals a novel hypothesis for thyreophoran relationships, and the hitherto accepted ankylosaurian 

dichotomy is not supported. Instead, four independent radiations of ankylosaurs are identified and 

the long-standing ‘traditional’ clade Nodosauridae is rendered paraphyletic. This phylogeny is then 

used as the framework for the first quantitative assessment of thyreophoran biogeography as well 

as for the first comprehensive assessment of thyreophoran macroevolutionary history, including 

diversity, disparity and evolutionary rate analyses. The biogeographic history is dominated by 

multiple dispersals, subset speciation and regional extinctions. The macroevolutionary analyses 

show a decoupling of disparity and evolutionary rate. Together, these results suggest there is 

potential for ankylosaurs and stegosaurs to have been in ecological competition, offering the 

prospect that ankylosaurs drove the stegosaurs to extinction, although further work is necessary to 

fully elucidate this.  

This thesis offers an overview of the evolution of the thyreophoran dinosaurs, incorporating key 

taxonomic, phylogenetic, biogeographic and macroevolutionary analyses that are fundamental to 

the study of palaeontology, and it represents a step-change in our understanding of these iconic 

dinosaurs.  
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1. Introduction 

1.1. The Armoured Dinosaurs 

The armoured dinosaurs (Thyreophora, or shield-bearers) are an early-diverging clade of bird-hipped 

ornithischian dinosaurs that includes the ankylosaurs and the stegosaurs. Owing to their bizarre 

covering of osteoderms on the heads, backs and tails, members of this group, such as Ankylosaurus and 

Stegosaurus, are some of the most iconic and recognisable dinosaurs. They are also significant 

components of many Mesozoic terrestrial ecosystems: members of the group are known from the 

earliest Jurassic to the latest Cretaceous, representing a period of nearly 135 million years, and have 

been found in rocks from every continent, including Antarctica. Historically, thyreophorans are a 

notable group, with the ankylosaur Hylaeosaurus being the first member of the clade (and third non-

avian dinosaur) named, in 1833, and also a founding member of Dinosauria as proposed by Owen 

(1842). Moreover, the naming of the stegosaur Stegosaurus by Marsh (1877) helped to spark the ‘Bone 

Wars’ between Cope and Marsh (Grenard et al. 2019), and later thyreophoran research has included 

work by notable palaeontologists including Henry Fairfield Osborn (Osborn 1923), Alfred Sherwood 

Romer (Romer 1927) and Franz Nopcsa (Nopcsa 1928). The collection effort of thyreophorans 

continues to this day, and new thyreophoran discoveries are common (e.g. Arbour et al. 2020; Augustin 

et al. 2020; Maidment et al. 2020; Wang et al. 2020). 

The evolutionary and historical significance of Thyreophora is, however, undermined by a surprisingly 

poor understanding of the group. The group has a patchy fossil record, with the majority of taxa known 

from a single formation and often from a single specimen. Moreover, both ankylosaurs and stegosaurs 

have osteologies that differ dramatically from their ornithischian relatives but, conversely, are 

relatively conservative within their respective clades. Furthermore, the presence of osteoderms over 

much of the body often obscures key anatomical features that are vital for deciphering variation 

between taxa. Combined, these issues mean that many significant questions and problems remain 

unanswered. The taxonomy of the group, and the sub-groups Ankylosauria and Stegosauria, is in flux, 

and many important thyreophoran taxa have neither been described in detail nor diagnosed within a 

modern, phylogenetic context. This has meant there are gaps in our understanding of the anatomy of 

major thyreophoran groups, and so their phylogenetic interrelationships are either unknown or poorly 

resolved. Subsequently, the degree of convergence between taxa has been difficult to assess, and 

comprehensive and large-scale biogeographic and macroevolutionary analyses have never been 

attempted.  

In this thesis, I address these problems with a multi-faceted approach that combines taxonomic, 

phylogenetic, biogeographic and macroevolutionary analyses. These form the four core chapters 

(Chapters Two – Five) of this thesis. Prior to these chapters, a brief introduction and review of the 

thyreophoran fossil record is presented, and a brief concluding synthesis is also presented (Chapter Six).  
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1.2. The Thyreophoran Fossil Record 

Thyreophorans are united by their possession of extensive dermal armour (Norman et al. 2004) and the 

group consists of two lineages; Ankylosauria and Stegosauria (united in the clade Eurypoda), as well as 

a paraphyletic assemblage of several early-diverging, non-eurypodan taxa (Fig. 1.1). A discussion of the 

palaeobiology of thyreophorans is included below (see Palaeobiology section below). 

 

 

Figure 1.1. A simplified time-calibrated phylogeny of Thyreophora, showing the traditional hypothesis of interrelationships. 

Silhouettes represent, from top to bottom: Scelidosaurus harrisonii, Stegosaurus stenops, Euoplocephalus and Edmontonia 
rugosidens. Silhouettes are from are from phylopic.org and are copyright of Scott Hartman and Andrew Farke 

(Euoplocephalus). Tri = Triassic, Cre = Cretaceous. 

Ankylosaurs are known from Middle Jurassic (Callovian) to Late Cretaceous (Maastrichtian) strata 

worldwide and are characterised by parasagittal and transverse rows of osteoderms on the dorsum and 

heavily remodelled skulls (Thompson et al. 2012; Arbour and Currie 2016). This clade is traditionally 

subdivided into two major clades, Ankylosauridae and Nodosauridae (Coombs 1978; Thompson et al. 

2012; Arbour and Currie 2016). This dichotomy was established based upon distinct morphologies 

(Coombs 1978) but recently discovered taxa have blurred this distinction (Thompson et al. 2012), so 

that their interrelationships are now poorly understood. Ankylosaurids (e.g. Zuul, Fig 1.2.A) are 

characterised by shortened skulls, pyramidal squamosal horns and, perhaps most obviously, at least in 

the more derived members of the group, by the possession of tail clubs (Arbour and Currie 2016), and 

they were present primarily in Asia and North America. Nodosaurids (e.g. Borealopelta, Fig 1.2.B) differ 

in their anatomy from the ankylosaurid ankylosaurs in that they possess a kinked ischium, more 

massive osteoderms and often spines, and they lack a tail club (Carpenter et al. 1999; Arbour and Currie 

2016), and are known primarily from Europe and North America.  
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Stegosaurs (e.g. Stegosaurus, Fig. 1.2.C) are characterised by the possession of two parasagittal rows of 

plates and spines that extend from the neck to the end of the tail and are known from Middle Jurassic 

(Bathonian) to Early Cretaceous (Albian) strata worldwide (Raven and Maidment 2017). The group is 

much less speciose than Ankylosauria, with a recent analysis recognising only 16 valid taxa (Maidment 

et al. 2020), in comparison to the 56 ankylosaurian taxa recognised in a recent study (Zheng et al. 2018). 

All thyreophoran taxa currently recognised as valid and invalid are found in the Appendices A1.1 and 

A1.2, respectively. 

 

 

Figure 1.2. Examples of thyreophoran dinosaurs. A: Zuul crurivastator; Arbour and Evans (2017). B: Borealopelta 
markmitchelli, copyright: Royal Tyrell Museum. C: Stegosaurus stenops, copyright: Natural History Museum London. 
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Early Jurassic 

The earliest thyreophorans, which are early-diverging, non-eurypodans, are from the Early Jurassic 

(Fig. 1.3), and have a predominantly Laurasian distribution. Scutellosaurus lawleri (Colbert 1981;  

Breeden and Rowe 2020; Breeden, Raven et al. in review;) is from the Sinemurian-Toarcian Kayenta 

Formation of Arizona, USA. Scelidosaurus harrisonii (Owen 1861; Norman 2019a,b, 2020a,b) is from 

the Sinemurian–Pliensbachian Charmouth Mudstone Formation of Dorset, England, although a recent 

study suggests it was possibly also present in Northern Ireland (Simms et al. 2020). Furthermore, a 

specimen from the Kayenta Formation of Arizona was referred to Scelidosaufrus (Padian 1989), 

although this claim has been rejected recently (Norman 2019a). The phylogenetic position of 

Scelidosaurus is controversial, as it has been suggested to be a non-eurypodan or an early-diverging 

ankylosaur (e.g. Thompson et al. 2012; Norman 2019a), and this is explored in detail in Chapter Three. 

Finally, Emausaurus ernsti (Haubold 1990) is from the Toarcian Ciechocinek Formation of northern 

Germany.  

Two other putative thyreophorans are known from the Early Jurassic. Laquintasaura venezuelae is from 

the earliest Jurassic (Hettangian) of Venezuela (Barrett et al. 2014) and Lesothosaurus diagnosticus is 

from the ?Hettangian–Pliensbachian of South Africa and Lesotho (Porro et al. 2015; Baron et al. 2017b), 

although the thyreophoran affinities of these two taxa have not been confirmed (Boyd 2015; Baron et 

al. 2017a,b).  

Two indeterminate forms ‘Tatisaurus oehleri’ and ‘Bienosaurus lufengensis’ have been named from the 

Lower Jurassic Lufeng Formation of China (Norman et al. 2007; Raven et al. 2019). It had previously 

been suggested that ‘Tatisaurus’ was an early-diverging thyreophoran (Norman et al. 2004), and Lucas 

(1996) synonymised it with Scelidosaurus. In a detailed reexamination of the taxon, Norman et al. 

(2007) identified it as a nomen dubium and an indeterminate thyreophoran. ‘Bienosaurus’ was 

originally described as an ankylosaurian (Dong 2001), although Norman et al. (2004) included it in 

their chapter on Basal Thyreophora based on the possession of a ventral deflection of the mesial end of 

the dentary tooth row, which is a feature seen in most thyreophorans. Parish (2005) noted that its 

affinities to Ankylosauria were doubtful, although it was unquestionably an ornithischian. 

Reexamination of the specimen by Raven et al. (2019) concluded the specimen was likely an early-

diverging, non-eurypodan thyreophoran, but also taxonomically indeterminate.  

‘Lusitanosaurus liasicus’, known from a skull fragment from the ?Sinemurian of Portugal (Lapparent 

and Zbyszewski 1957), was considered a nomen dubium by Norman et al. (2004) and an indeterminate 

thyreophoran by Mateus (2007), although the current location of this material is unknown (Maidment, 

S. C. R.  pers. comms.). A fragmentary specimen from the Lower Jurassic Kota Formation of India was 

referred to the Ankylosauria by Nath et al. (2002) and Galton (2019); if correctly referred, this would 

be significant both  stratigraphically and biogeographically. However, this specimen has been also been 

referred to as a crocodylomorph (Wilson and Mohabey 2006; Galton and Carpenter 2016), so its 

affinities remain controversial. A further purported early-diverging thyreophoran has been reported 

from the Middle Jurassic, but remains undescribed; a specimen from Niger that is currently housed at 

the Field Museum, Chicago (Ridgwell and Sereno 2010; Ridgwell 2011; Sereno, P. pers. comms.). 
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However, no further details are available for this specimen, and so it is excluded from further discussion 

herein. Galton (2005) identified some bones from the Late Triassic (Rhaetian) Aust Cliff, England, as 

stegosaurian, and although Maidment et al. (2008) suggested they were indeterminate reptiles, a recent 

analysis has concluded that they are in fact large ichthyosaur jaw bones (Lomax et al. 2018). 

Consequently, the presence of Early Jurassic thyreophorans is well established in Laurasia (North 

America, UK, Germany, China and Portugal). It has been suggested that an apparent absence of 

Gondwanan Early Jurassic thyreophorans could be a sampling artefact (Irmis and Knoll 2008), although 

if Laquintasaura, Lesothosaurus, the unnamed Kota taxon and the Field Museum specimen are 

confirmed to be thyreophorans, they would represent the stratigraphically earliest occurrences of 

Thyreophora in Gondwana, which would also indicate that Thyreophora had a widespread, global 

distribution during its early evolution.  

 

 

Figure 1.3. Palaeogeographic map of thyreophoran occurrences in the Early Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 

 

Middle Jurassic 

The first ankylosaurs and stegosaurs (eurypodans) are known from the Middle Jurassic (Fig. 1.4), 

although see Galton (2019) for an alternative hypothesis. The earliest named stegosaur is Adratiklit 

boulahfa, from the Bathonian El Mers II Formation of Morocco (Maidment et al. 2020). A Patagonian 

dinosaur, Isaberrysaura mollensis, was first described by Salgado et al. (2017) and phylogenetic analyses 

found it to be an early-diverging neornithischian. However, it bears several thyreophoran 

characteristics (Salgado et al. 2017) and was found as an early-diverging stegosaur by Han et al. (2017). 

Raven and Maidment (2018) found its original exclusion from Thyreophora was likely due to the 
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dataset not being suited to testing thyreophoran relationships. The phylogenetic position of 

Isaberrysaura is explored in detail in Chapter Three, and it is possible that it represents the 

stratigraphically earliest stegosaur. The holotype of Loricatosaurus priscus, NHMUK PV R3167, is from 

the Middle Jurassic (Callovian) Oxford Clay of Peterborough and was originally named as ‘Stegosaurus 

priscus’ (Nopcsa 1911), although it possesses none of the autapomorphies of Stegosaurus (Maidment et 

al. 2008). Hoffstetter (1957) and latterly Galton (1985) then referred this specimen to ‘Lexovisaurus 

durobrivensis’, which was created to replace ‘Omosaurus durobrivensis’. However, ‘Lexovisaurus’, also 

from the Oxford Clay of Peterborough, was regarded as a nomen dubium by Maidment et al. (2008), 

who then referred NHMUK PV R3167 to the new genus Loricatosaurus, as it was considered 

diagnosable. The indeterminate stegosaur previously known as ‘Omosaurus leedsi’ was also found at 

the type locality of Loricatosaurus in Peterborough (Maidment et al. 2008). Other Middle Jurassic 

stegosaur specimens include a fibula from the Bathonian Valtos Sandstone Formation of the Isle of Eigg, 

Scotland (Panciroli et al. 2020), dorsal vertebrae from the Middle Jurassic of Kyrgyzstan (Averianov et 

al. 2007b), and numerous disarticulated specimens from the Middle Jurassic of Siberia (Averianov and 

Krasnolutskii 2009) and from the Bathonian Sharp’s Hill Formation in Oxford, England (Boneham and 

Forsey 1992; Maidment et al. 2008). 

Ankylosaurs from the Middle Jurassic are rare. Sarcolestes leedsi (Galton 1983), from the Callovian 

Oxford Clay Formation of England, is represented by a partial lower jaw and is the earliest definitive 

ankylosaur. A new specimen from the Middle Jurassic El Mers II Formation (Bathonian) of Morocco 

(Maidment et al. In Prep) is possibly the earliest ankylosaur, and the first from Africa, although this is 

currently unpublished.  

As well as definitive eurypodans, other indeterminate thyreophoran specimens from the Middle 

Jurassic include: an ulna and a radius from the lower Bajocian of the Isle of Skye, Scotland (Clark 2001), 

a cervical centrum from the Aalenian–Bajocian of Dorset, England (Galton 2017), an osteoderm from 

the lower Bajocian of Luxembourg (Delsate et al. 2018), two vertebrae from the Callovian of Normandy, 

France (Buffetaut and Tabouelle 2019), a tooth from the Bathonian of Oxfordshire, England (Wills et 

al. 2019), and other Bathonian microvertebrates (Metcalf and Walker 1994).  
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Figure 1.4.  Palaeogeographic map of thyreophoran occurrences in the Middle Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 

 

Late Jurassic 

Stegosaurs diversified dramatically in the Late Jurassic (Fig. 1.5). The first known North American 

member of Stegosauria, Stegosaurus stenops (=armatus) was found in the Upper Jurassic Morrison 

Formation by Othniel Charles Marsh in 1877 (Ostrom and McIntosh 1999). This formation has since 

become famous for its vertebrate fauna, including the number of stegosaur remains (Maidment et al. 

2008); all known North American stegosaurs are from the Morrison Formation. More recently, an 

exceptionally-preserved nearly-complete specimen of Stegosaurus stenops was found in Wyoming 

(Maidment et al. 2015). It should be noted the taxonomy of Stegosaurus has been stabilised by the 

replacement of the former type species, Stegosaurus armatus, with the better known species 

Stegosaurus stenops (Galton 2010). Hesperosaurus mjosi was also found in Wyoming (Carpenter et al. 

2001b), although Maidment et al. (2008) synonymised this specimen with Stegosaurus on the basis of 

sharing six synapomorphies with Stegosaurus stenops. However, Raven and Maidment (2017) reerected 

the genus Hesperosaurus based on their phylogenetic analysis. This was a conservative approach, given 

that further discoveries are likely to impact on phylogenetic relationships of derived stegosaurs. A new 

specimen of Hesperosaurus has also been found recently in the Morrison Formation of Montana 

(Maidment et al. 2018). A third valid taxon, Alcovasaurus longispinus (originally known as Stegosaurus 

longispinus), was found in Wyoming in 1914, but the holotype was destroyed in the 1920s, and only 

the femur, plaster casts of the posterior pair of tail spines and archival photographs have survived 

(Galton and Carpenter 2016). In their taxonomic review of stegosaurs, Maidment et al. (2008) referred 

36 specimens from the Morrison Formation to Stegosaurus  sp. (including Hesperosaurus in that study), 
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as well as 149 specimens that are indeterminate stegosaurians. Further stegosaur finds include two 

specimens described by Woodruff et al. (2019). 

Outside of North America, stegosaurs have been found in the Upper Jurassic of Europe, Africa and Asia. 

Dacentrurus armatus was found in the Kimmeridgian of Wiltshire, England, and although numerous 

specimens have been referred to Dacentrurus over the past two centuries, only the holotype (NHMUK 

PV OR46013) is currently recognised, as the other specimens are now regarded as taxonomically 

indeterminate (Maidment et al. 2008). Miragaia longicollum is from the Late Jurassic of Portugal 

(Mateus et al. 2009; Costa and Mateus 2019) and although it was synonymised with Dacentrurus by 

Cobos et al. (2010), Raven and Maidment (2017) reerected the genus based on their study of 

stegosaurian phylogeny. Additionally, Escaso et al. (2007) reported the finding of ‘Stegosaurus cf. 

ungulatus’ from the Upper Jurassic of Portugal, representing the first occurrence of Stegosaurus outside 

of North America. This specimen was referred to Stegosaurus armatus (=stenops) by Maidment et al. 

(2008). From Africa, the material of Kentrosaurus aethiopicus was discovered in the late Kimmeridgian-

Tithonian Tendaguru beds of Tanzania; although represented by numerous specimens only one species 

is recognised (Galton 1988; Maidment et al. 2008).  

A number of stegosaurs come from the Late Jurassic of China, and the best known is perhaps the early-

diverging stegosaur Huayangosaurus taibaii, from the lower Shaximiao Formation of Zigong City, 

Sichuan Province, China (Dong et al. 1982; Sereno and Dong 1992; Maidment et al. 2006). This 

formation was previously considered to be Bathonian-Callovian in age, but has recently been revised 

to the Oxfordian (Wang et al. 2018). Other Chinese stegosaurs are from the upper Shaximiao Formation 

(Kimmeridgian–Tithonian) and those considered to be valid include: Chungkingosaurus jiangbeiensis 

from Chongqing (Dong et al. 1983; Maidment and Wei 2006), Tuojiangosaurus multispinus from 

Zigong (Dong et al. 1977; Maidment and Wei 2006) and Gigantspinosaurus sichuanensis from Zigong 

(Maidment and Wei 2006; Hao et al. 2018; although see Carpenter (2010) for an argument against the 

validity of Gigantspinosaurus). Jiangjunosaurus junggarensis was found in the Upper Jurassic Shishugou 

Formation of Xinjiang (Jia et al. 2007). The first stegosaur to be found in China was ‘Chialingosaurus 

kuani’ from the upper Shaximiao Formation of Pinganxiang, Quxian (Young 1959; Maidment 2010), 

and another specimen was assigned as the paratype by Dong et al. (1983). However, Maidment and 

Wei (2006) considered ‘Chialingosaurus’ to be a nomen dubium. ‘Yingshanosaurus jichuanensis’ is also 

from the upper Shaximiao Formation (Zhu 1994), although the only known specimen cannot be located 

(Maidment et al. 2006). Other indeterminate stegosaurians from Asia include a dorsal vertebra from 

the Late Jurassic of Thailand (Buffetaut et al. 2001), a dorsal vertebra from the Oxfordian of the Junggar 

Basin (Wings et al. 2007) and a braincase from the Late Jurassic of Tuva, Russia (Averianov et al. 2007a). 

In comparison to stegosaurs, ankylosaurs are much less common in Late Jurassic strata. The Morrison 

Formation of North America yields Gargoyleosaurus parkpinorum (Carpenter et al. 1998) and 

Mymoorapelta maysi (Kirkland and Carpenter 1994). In Europe, ‘Cryptosaurus emerus’ (Galton 1983) 

is from the Oxfordian Ampthill Clay Formation of England, but is regarded as a nomen dubium 

(Vickaryous et al. 2004), and ‘Priodontognathus phillipsii’  is from the (?)Oxfordian of Yorkshire, 

England, but it is also regarded as a nomen dubium (Vickaryous et al. 2004). Dracopelta zbyszewskii is 
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from the Upper Jurassic Farta Pao Formation of Portugal (Galton 1980b). In Asia, Tianchisaurus 

nedegoapeferima is from the lower Upper Jurassic Toutunhe Formation (Augustin et al. 2020), and new 

ankylosaurian material from the Upper Jurassic Qigu Formation has recently been found (Augustin et 

al. 2020). 

 

Figure 1.5. Palaeogeographic map of thyreophoran occurrences in the Late Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 

 

Early Cretaceous 

The stratigraphically youngest stegosaurs are from the Early Cretaceous (Fig. 1.6). ‘Craterosaurus 

pottonensis’ was one of the first stegosaur specimens to be described from anywhere in the world 

(Maidment 2010), although it was originally thought to be a fossil lizard. It was found in Early 

Cretaceous deposits from Bedfordshire, England, but it was considered a nomen dubium by Maidment 

et al. (2008). Similarly, ‘Regnosaurus northamptoni’ is from the Valanginian Tunbridge Wells Sand 

Formation of Sussex, England, but it was also considered a nomen dubium by Maidment et al. (2008). 

Paranthodon africanus was the first dinosaur to be found in Africa, and was discovered in 1845 from 

the ?Berriasian-Valanginian Kirkwood Formation of South Africa (Galton and Coombs 1981). This 

specimen had uncertain taxonomic affinities, but Galton and Coombs (1981) confirmed its stegosaurian 

status and coined the new taxonomic combination. A further study by Raven and Maidment (2018) 

reaffirmed this, although it was shown to have a labile positioning within Thyreophora. A conference 

poster by Hall and Goodwin (2011) referred a collection of dinosaur teeth from the Tithonian Mugher 

Mudstone Formation of Ethiopia to Paranthodon. If correct, this would extend the stratigraphic range 

of the taxon into the Late Jurassic, and the geographic range of stegosaurs in Africa. However, analysis 

of photographs supplied by the lead author of that study suggests that although they are similar in 
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morphology to the teeth of Paranthodon, they are also similar to other thyreophoran teeth, and as there 

are no diagnostic features of Paranthodon located on the teeth of the holotype, the Ethiopian teeth are 

probably from an indeterminate thyreophoran (Raven, T. pers. obs). The Chinese stegosaur 

Wuerhosaurus homheni was found in the Valanginian-Albian Lianmuging Formation in Zinjiang 

(Dong 1973), and a new species, W. ordosensis, was found in the Lower Cretaceous Ejinhoro Formation 

of Inner Mongolia (Dong 1993a). However, Maidment et al. (2008) considered that Wuerhosaurus was 

referable to the genus Stegosaurus, with W. ordosensis referred to the new combination Stegosaurus 

homheni, although Carpenter (2010) argued that Wuerhosaurus represents a valid and distinct genus. 

‘Monkonosaurus lawulacus’, described by Dong (1990), was found in the Lower Cretaceous Loe-ein 

Formation of Monkon, Tibet, but Maidment and Wei (2006) considered it to be a nomen dubium. 

Borinder et al. (2016) reported dorsal vertebrae from the Early Cretaceous of Shandong Province, 

China. Mongolostegus exspectabilis was described by Tumanova and Alifanov (2018) and consists of a 

fragmentary specimen from the Aptian-Albian of Mongolia. It was originally reported as an 

indeterminate specimen by Alifanov (2018), and then Ulansky (2014) named it ‘Wuerhosaurus 

mongoliensis’; Galton and Carpenter (2016) determined this was invalid and thus an nomen nudum. If 

valid, Mongolostegus might represent the youngest known stegosaur, and it appears to have a number 

of autapomorphies, suggesting it is a valid genus, although this requires further study (Raven and 

Maidment, pers. obs). 

Unlike stegosaurs, ankylosaurs are common components of Early Cretaceous ecosystems. In North 

America, multiple specimens of Cedarpelta bilbeyhallorum are known from the Albian-Cenomanian 

of Utah (Carpenter et al. 2001a). Animantarx ramaljonesi is known from a single specimen found in 

the Lower Cretaceous Cedar Mountain Formation of Utah (Carpenter et al. 1999). The exceptionally-

preserved Borealopelta markmitchelli was found in the Aptian Clearwater Formation of Alberta 

(Brown et al. 2017). Gastonia burgei is from the Cedar Mountain Formation of Utah, and a recently 

described second species of the genus, G. lorriemcwhinneyae, is also from this formation (Kirkland 

1998; Kinneer et al. 2016). Hoplitosaurus marshi is from the (?Barremian) Lakota Formation of South 

Dakota (Carpenter and Kirkland 1998). It was originally described as ‘Stegosaurus marshi’ (Lucas 1901), 

and Pereda-Suberbiola (1994) considered it a junior subjective synonym of Polacanthus; however, 

Parish (2005) considered it a distinct genus. The holotype and only known specimen of Pawpawsaurus 

campbelli is from the upper Albian Paw Paw Formation of Texas (Lee 1996). An unnamed juvenile 

ankylosaur, also from the Paw Paw Formation (Jacobs et al. 1994), was included in the phylogenetic 

analysis of Arbour et al. (2016b). Peloroplites cedrimontanus is from the Cedar Mountain Formation of 

Utah (Carpenter et al. 2008). Numerous specimens of Sauropelta edwardsorum are from the Aptian 

Cloverly Formation of Montana (Parish 2005). The holotype and only known specimen of Silvisaurus 

condrayi is from the Albian Dakota Formation of Kansas (Eaton 1960). Stegopelta landerensis, also 

known from only the holotype specimen, is from the Belle Fourche Member of the Frontier Formation 

(latest Albian or earliest Cenomanian) of Wyoming (Williston 1905). Tatankacephalus cooneyorum, 

from the Aptian Cloverly Formation of Montana, is known from only the holotype specimen (Parsons 

and Parsons 2009). Texasetes pleurohalio is from the Albian Paw Paw Formation of Texas (Coombs 

1995). Propanoplosaurus marylandicus, from the Early Cretaceous Patuxent Formation of Maryland 
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(Stanford et al. 2011), is purported to be a natural cast mould of a potentially juvenile animal, although 

its taxonomic validity is uncertain (Raven, T. pers. obs.).  

In Asia, Chuanqilong chaoyangensis is known from the Lower Cretaceous Jiufotang Formation of 

Liaoning Province, China (Han et al. 2014). Jinyunpelta sinensis was found in the Albian-Cenomanian 

Liangtoutang Formation in Zhejiang, China, and represents the oldest and most basal ankylosaurian to 

possess a developed tail club knob (Zheng et al. 2018). Liaoningosaurus paradoxus (Xu et al. 2001), from 

the Lower Cretaceous Yixian Formation of Liaoning Province, China, is an unusually small specimen 

(~34 cm length), representing a juvenile ankylosaur. Shamosaurus scutatus is known from two 

specimens from the Aptian-Albian of Mongolia (Tumanova 1983). Dongyangopelta yangyanensis is 

from the Albian-Cenomanian Chaochuan Formation of Zhejiang Province, China (Chen et al. 2013) 

and Taohelong jinchengensis is from the Lower Cretaceous Hekou Group of China (Yang et al. 2013). 

Sauroplites scutiger is from the Barremian–Aptian Zhidan Group of the People’s Republic of China, 

although the material is now lost (Arbour and Currie 2016). 

There are numerous ankylosaurs from the Lower Cretaceous of Europe, and these are discussed in detail 

in Chapter Two. Numerous referred specimens of Anoplosaurus curtonotus are known from the upper 

Albian Gault Formation of England (Seeley 1879). Polacanthus foxii is from the Barremian Wessex 

Formation of the Isle of Wight (Pereda-Suberbiola 1993; Barrett and Maidment 2011). Hylaeosaurus, 

one of the first dinosaurs to be described (Mantell 1833), is from the Valanginian Tunbridge Wells 

Sands Formation of England (Pereda-Suberbiola 1993; Barrett and Maidment 2011). Originally 

identified as a second species of Polacanthus, P. rudgwickensis, from the Lower Cretaceous of Sussex, 

Horshamosaurus was erected as a distinct genus by Blows (2015) (but see Chapter Two). Two specimens 

of Europelta carbonensis were found in the Lower Cretaceous Escucha Formation in northern Spain, 

representing the most complete ankylosaur from Europe (Kirkland et al. 2013).    

Kunbarrasaurus ieversi is from the Lower Cretaceous Allaru Formation of Queensland, Australia 

(Leahey et al. 2015). ‘Minmi paravertebra’ is from the Valanginian–Barremian Bungil Formation of 

Queensland, Australia (Molnar 1980), although it is now regarded as a nomen dubium (Arbour and 

Currie 2016). A new, unpublished ankylosaur from Australia has also been reported from the Lower 

Cretaceous of Queensland, Australia (Leahey et al. 2019).  
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Figure 1.6. Palaeogeographic map of thyreophoran occurrences in the Early Cretaceous from the Paleobiology Database. 

(www.paleobiodb.org) 

 

Late Cretaceous 

No definitive stegosaurs are known from the Late Cretaceous (Fig. 1.7), although several have been 

mentioned in the literature. A specimen named ‘Dravidosaurus blanfordi’ was found in the Late 

Cretaceous of India (Yadagiri and Ayyasami 1979).  However, Chatterjee and Rudra (1996) found no 

evidence for stegosaurian remains, and suggested that the material belongs to a plesiosaur. This was 

further suggested by Verma (2015) and Verma et al. (2016), and Maidment et al. (2008) considered the 

specimen a nomen dubium. However, Galton and Ayyasami (2017) reported that previously unknown 

bones from the same locality support the presence of a stegosaur in the Coniacian of southern India. If 

true, this would represent the youngest stegosaur by over 60 million years, suggesting either an 

incredibly poorly sampled stegosaurian fossil record or the survival of the group on the Indian 

continent long after extinction in the rest of the world. ‘Stegosaurus madagascariensis’ from the 

Maastrichtian of Madagascar was originally referred to Stegosauria (Piveteau 1926). However, 

Maidment et al. (2008) considered the specimen as an indeterminate notosuchian crocodilian, and the 

location of the specimen is unfortunately unknown (Maidment, S. C. R.  pers. comms.). It is unlikely 

that either of these cases represent true stegosaurs.  

In contrast, ankylosaurs are common in the Late Cretaceous and survived until the K-Pg mass 

extinction of non-avian dinosaurs. In North America, Ahshislepelta minor was found in the upper 

Campanian Kirtland Formation of New Mexico (Burns and Sullivan 2011). Aletopelta coombsi is from 

the upper Campanian Point Loma Formation of California (Ford and Kirkland 2001). Akainacephalus 

johnsoni is from the upper Campanian Kaiparowits Formation of southern Utah, USA, and is the most 

complete ankylosaur specimen from southern Laramidia (Wiersma and Irmis 2018). Multiple 



13 
 

specimens of Ankylosaurus magniventris are known, but all are from the Maastrichtian of North 

America (Arbour and Currie 2016); this is the stratigraphically youngest ankylosaur, as well as the 

largest (Arbour and Mallon 2017). Nodocephalosaurus kirtlandensis is known from one specimen found 

in the upper Campanian Kirtland Formation of New Mexico (Sullivan 1999). Other specimens have 

been referred to this genus (Sullivan and Fowler 2006; Burns and Sullivan 2011); however, as they are 

isolated and non-diagnostic, and there are now other ankylosaurs known from the Kirtland Formation 

(Burns and Sullivan 2011; Arbour et al. 2014a), they cannot be referred to Nodocephalosaurus and are 

instead indeterminate ankylosaurids (Arbour and Currie 2016). Ziapelta sanjuanensis is also from the 

upper Campanian Kirtland Formation of New Mexico (Arbour et al. 2014a). Acantholipan gonzalezi, 

represented by isolated bones and osteoderms, is from the Late Cretaceous of Coahuila, Mexico (Rivera-

Sylva et al. 2011, 2018). Anodontosaurus lambei is also known from multiple specimens, all from the 

Maastrichtian of North America (Arbour and Currie 2013a). Dyoplosaurus acutosquameus, from the 

late Campanian of Alberta, was long thought to be a junior synonym of Euoplocephalus, until Arbour 

et al. (2009) redescribed the material and showed it represented a valid taxon. Euoplocephalus tutus, 

known from dozens of skulls and partial skeletons, is from the Late Cretaceous of primarily Alberta, 

but also Montana (Arbour and Currie 2013a). It was originally identified with the generic name 

Stereocephalus (Lambe 1902) but as this had already been used for a genus of insect, Euoplocephalus 

was erected as a replacement (Lambe 1910). The Campanian Scolosaurus cutleri is from Dinosaur Park 

Formation in Alberta and the Two Medicine Formation of Montana. Like Dyoplosaurus, it was 

considered a junior synonym of Euoplocephalus until Arbour and Currie (2013) resurrected the genus. 

In that study, Oohkotokia horneri was shown to be morphologically indistinguishable from Scolosaurus 

and so considered a junior synonym of that taxon. The exceptionally preserved Zuul crurivastator was 

found in the Campanian Judith River Formation of Montana (Arbour and Evans 2017). However, this 

group of Late Cretaceous ankylosaurids from Laramidia is currently under taxonomic debate; Penkalski 

(2018) suggested a high diversity of taxa were present, including Euoplocephalus tutus, Dyoplosaurus 

acutosquameus, Scolosaurus cutleri, Anodontosaurus lambei, Oohkotokia horneri, Zuul crurivastator 

and the newly described Platypelta coombsi, Anodontosaurus inceptus, and Scolosaurus thronus. It is 

likely that further investigation of this group will again change the consensus.  

Other ankylosaurs in North America include Edmontonia longiceps from the late Campanian-

lower/middle Maastrichtian Horseshoe Canyon Formation of Alberta and Edmontonia rugosidens  

from the Campanian Two Medicine Formation of Montana (Parish 2005). Denversaurus schlessmani, 

from the upper Maastrichtian Hell Creek Formation of South Dakota, has been considered to be 

synonymous with Edmontonia sp. (Parish 2005) but was considered a valid taxon by Burns (2015). 

‘Chassternbergia’ and ‘Palaeoscincus’ are regarded as junior synonyms of Edmontonia (Parish 2005). 

‘Edmontonia australis’, erected by Ford (2000), is now regarded as a nomen dubium (Parish 2005). 

Invictarx zephyri is from the lower Campanian Menefee Formation of New Mexico, USA, and consists 

of three specimens, representing osteoderms, ribs, dorsal vertebrae, and fragmentary limb bones 

(McDonald and Wolfe 2018). The holotype and only known individual of Niobrarasaurus coleii is from 

the Coniacian-Campanian Niobrara Chalk Formation of Kansas (Carpenter et al. 1995). Nodosaurus 

textilis is known from the middle Cenomanian Belle Fourche Member of the Frontier Formation of 
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Wyoming (Lull 1921; Carpenter and Kirkland 1998). Panoplosaurus mirus is known from three 

specimens from the middle Campanian Judith River Formation of Alberta (Parish 2005). 

In Asia, Bissektipelta archibaldi is known from the Cenomanian-Turonian of Mongolia (Parish and 

Barrett 2004). Originally referred to the genus ‘Amtosaurus’ (Kurzanov and Tumanova 1978; Averianov 

2002), it was referred to the new genus when the status of ‘Amtosaurus’ was reassessed, with 

‘Amtosaurus magnus’  identified as a nomen dubium (Parish and Barrett 2004). Crichtonpelta 

benxiensis is also known from Liaoning Province, in the Cenomanian-Turonian Sunjiawan Formation 

(Arbour and Currie 2016; Yang et al. 2017). Crichtonpelta benxiensis is a new combination; the generic 

name was proposed by Arbour and Currie (2016) to replace ‘Crichtonsaurus’, which they considered a 

nomen dubium. Gobisaurus domoculus, consisting of a holotype and a referred specimen previously 

identified as Zhongyuansaurus luoyangensis, is from the Upper Cretaceous (at least Turonian) 

Ulansuhai Formation of the Alashan Desert, China, although further material has now been found 

(Mallon, J. pers. comms). There are two valid species of Pinacosaurus, both from the late Campanian of 

China; P. grangeri and P. mephistocephalus, with ‘P. ninghsiensis’ regarded as a nomen dubium and 

the two species of ‘Syrmosaurus’ considered as junior synonyms of P. grangeri (Arbour and Currie 

2016). Saichania chulsanensis is from the Late Cretaceous of Mongolia and China (Arbour and Currie 

2016). There has been considerable debate over the validity of Shanxia tianzhenensis and 

Tianzhenosaurus youngi (Barrett et al. 1998; Sullivan 1999, 2000; Upchurch and Barrett 2000); 

however, there are no features that can distinguish the two taxa, and Arbour and Currie (2016) regard 

both as subjective junior synonyms of Saichania. Talarurus plicatospineus is also from Mongolia (Park 

et al. 2019); all specimens are from the upper Cenomanian-Coniacian to ?lower Santonian Bayanshiree 

Formation (Arbour and Currie 2016). Tarchia kielanae is from the Campanian Baruungoyot Formation 

of Mongolia (Arbour and Currie 2016), although the holotype cannot be found in either the Mongolian 

Academy of Sciences in Ulaanbaatar or the Polish Academy of Sciences in Warsaw (Arbour V. M. pers. 

comms.; Raven, pers. obs.). Minotaurasaurus ramachandrani was described by Miles and Miles (2009), 

with unknown provenance, and although it was considered valid by Penkalski and Tumanova (2017), 

it was considered synonymous with Tarchia by Arbour et al. (2014a). Another species of Tarchia, T. 

teresae, was also described by Penkalski and Tumanova (2017). The only known specimen of 

Tsagantegia longicranialis is from the Bayanshiree Formation of Mongolia (Tumanova 1993). 

Zaraapelta nomadis was described as a new genus from the Baruungoyot Formation of Mongolia by 

(Arbour et al. 2014b). Sinankylosaurus zhuchengensis is from the Xingezhuang Formation of Shandong 

Province, China (Wang et al. 2020). Zhejiangosaurus lishuiensis is from the Cenomanian Chaochuan 

Formation of the People’s Republic of China (Lu et al. 2007b), although it was recognised as a nomen 

dubium by Arbour and Currie (2016).  

Several ankylosaurs are known from the Late Cretaceous of Europe. There are currently two species of 

Struthiosaurus from the Campanian of Europe; S. austriacus and S. languedocensis (Garcia and Pereda-

Suberbiola 2003; Parish 2005; Ősi 2015). However, numerous other taxa have been referred to 

Struthiosaurus, most notably S. transylvanicus, which is often considered a junior synonym of S. 

austriacus, although the material available makes it difficult to resolve this debate (Parish 2005). The 

large range of individual variation seen in specimens referred to Struthiosaurus is probably related to 
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the geographic isolation of the several islands of southern Europe during the Late Cretaceous (Parish 

2005). Hungarosaurus tormai is known from numerous specimens from the Santonian Csehbánya 

Formation of Hungary (Ősi 2005; Ősi and Makádi 2009). 

An unnamed ankylosaur from the Campanian-Maastrichtian of Río Negro Province, Argentina was 

included in the systematic review of Arbour and Currie (2016). The phylogenetic placement of this 

taxon supported the hypothesis that it represents a migration of North American ankylosaurs into 

South America during the Late Cretaceous (Coria and Salgado 2001), rather than a close relationship to 

the Early Cretaceous ankylosaurs of Australia, contra Agnolin et al. (2010). Further ankylosaurs from 

the Late Cretaceous of Patagonia were reported by Murray et al. (2019). Antarctopelta oliveroi is the 

only ankylosaur from Antarctica, and is from the Late Cretaceous of James Ross Island (Salgado and 

Gasparini 2006; Lamanna et al. 2019). 

 

 

Figure 1.7. Palaeogeographic map of thyreophoran occurrences in the Late Cretaceous from the Paleobiology Database. 

(www.paleobiodb.org) 

 

1.3. Palaeobiology 

Thyreophorans were probably obligate herbivores (Barrett and Rayfield 2006), as is the case for the 

majority of ornithischians. They likely possessed muscular cheeks and they had small, triangular teeth 

with prominent cingula (Galton and Upchurch 2004; Norman et al. 2004; Vickaryous et al. 2004). All 

thyreophorans likely possessed a keratinous rhamphotheca (Barrett 2001), and with the biting stresses 

concentrated on the beak (Reichel 2010), it is possible they would have had the ability to bite through 

leaves and small branches (Lautenschlager et al. 2016). Non-eurypodan thyreophorans and stegosaurs 

appear to lack a precise occlusion of their teeth, with wear facets arising predominantly from tooth-
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food contact (Barrett 2001; Galton and Upchurch 2004), and the jaw action lacked transverse 

movement and was strictly orthal (Barrett 2001). At least some ankylosaurs, however, had a complex 

jaw mechanism that allowed precise dental occlusion (Ősi et al. 2014b, 2017). This suggests that some 

ankylosaurs were capable of oral processing, whereas non-eurypodans and stegosaurs relied more on 

digestion in a capacious gut. Some ankylosaurs also possessed bony paraglossalia, as part of a complex 

hyobranchial apparatus that may have included a muscular tongue (Mallon and Anderson 2014; Hill et 

al. 2015), and this purportedly could have been used to augment a partially insectivorous diet (Hill et 

al. 2015). Fossilised stomach contents of the ankylosaur Minmi, the ankylosaur Borealopelta and the 

possible thyreophoran Isaberrysaura show evidence of feeding on vascular plant segments, seeds and 

fruits (Molnar 1980; Salgado et al. 2017; Brown et al. 2020). Given the body proportions of most 

thyreophorans, it is likely they were low browsers, although some stegosaurs may have been able to 

feed at a greater heights (Mateus et al. 2009; Mallison 2010). The progressive widening of the snout 

seen in Late Cretaceous ankylosaurs suggests they became more generalist feeders throughout the 

group’s evolution (Ősi et al. 2017).  

The stratigraphically earliest thyreophorans (the early-diverging, non-eurypodans) were bipedal 

(Maidment and Barrett 2011, 2014; Maidment et al. 2014a,b; Barrett and Maidment 2017). However, 

most thyreophorans were quadrupedal, one of at least three times that this shift occurred in 

Ornithischia (Barrett and Maidment 2017), and this led to drastic anatomical changes. It is unknown 

what drove thyreophorans to become quadrupedal, as it was not related to increased body size or the 

acquisition of osteoderms (Barrett and Maidment 2017), and it is likely that the evolution of herbivory 

played a role. Both ankylosaurs and stegosaurs were massively built, with short forelimbs, whilst non-

eurypodans were slender and had forelimbs modified for grasping (Maidment et al. 2014a). 

Thyreophorans, in comparison to other ornithischian clades, had a unique musculature and osteology 

that may have caused differences in locomotory styles (Maidment et al. 2014a). Trackways suggest that 

thyreophorans had a relatively slow gait (Avanzini et al. 2001), although this has not been tested 

quantitatively. Footprints also suggest an earlier diversification of eurypodans than the body fossil 

record, with Deltapodus tracks having been described from the Aalenian of England (Whyte and 

Romano 2001) and the Middle Jurassic of the Isle of Skye, Scotland (De Polo et al. 2020), the Early 

Jurassic of Patagonia (Pazos et al. 2019), the Early Jurassic of Morocco (Masrour et al. 2015) and the 

Early-Middle Jurassic of Shanxii, People’s Republic of China (Xing et al. 2019). It should be noted, 

however, that the ankylosaurian or stegosaurian nature of thyreophoran trackways (Tetrapodosaurus, 

Stegopodus or Deltapodus) is contentious (Xing et al. 2019). 

The shift from bipedality to quadrupedality in thyreophorans coincides with an increase in body mass. 

Using a modelling approach, Maidment et al. (2014b) found body mass estimates of 3 kg for 

Scutellosaurus, 323 kg for Scelidosaurus, 2.1 t for Euoplocephalus and 2.7 t for Stegosaurus. These 

estimates are affected by ontogeny (Brassey et al. 2015), although thyreophoran nests, eggs or 

hatchlings are rare. The ankylosaur Liaoningosaurus  is a juvenile (Xu et al. 2001), although see Ji et al. 

(2016) for a controversial alternative hypothesis that suggests Liaoningosaurus is an aquatic and fish-

eating adult), and Propanoplosaurus is purported to be a natural cast and mould of a hatchling 

ankylosaur (Stanford et al. 2011).  
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3D imaging of thyreophoran skulls has revealed unique morphologies, particularly within ankylosaurs. 

These features are usually difficult to observe due to the highly ossified skulls and, in particular, 

braincases (Paulina-Carabajal et al. 2016). This imaging has revealed the presence of convoluted nasal 

passages (Witmer and Ridgely 2008), which potentially functioned as heat exchangers analogous to 

respiratory turbinates of birds and mammals. Computational fluid dynamic analyses of these showed 

energy savings of up to 85% (Bourke et al. 2018), and this was likely the due to the thermal 

requirements of maintaining a constant body temperature in the highly developed skulls. Detailed 

reconstructions of the skulls of Pawpawsaurus, Kunbarrasaurus (Leahey et al. 2015), Euoplocephalus 

(Witmer and Ridgely 2008) and Tarchia (Paulina-Carabajal et al. 2018) suggest that Early Cretaceous 

ankylosaurs had a poorer sense of smell than later ankylosaurs, and also heard a lower range of 

frequencies (Paulina-Carabajal et al. 2016). Based upon reconstructions of the brain morphology, the 

ankylosaur Bissektipelta purportedly had well-developed olfaction, poor hearing and sight, good taste 

sensitivity, an omnivorous diet and the ability to filter-feed (Alifanov and Saveliew 2019). It is, 

however, unclear how the authors came to these conclusions, and it is unlikely that the terrestrial 

ankylosaurs engaged in filter-feeding (although see Ji et al. [2016]).  

The body armour that gives the clade its name is the most recognisable feature of thyreophorans, and 

is one of the most enigmatic features of all non-avian dinosaurs. The function of this body armour is, 

however, relatively uncertain. Defence is a possible explanation for the evolution of osteoderms, tail 

spikes and tail clubs, and this has been suggested numerous times (Marsh 1896; Gilmore 1914; Bakker 

1986; Scheyer and Sander 2004; Carpenter et al. 2005; Redelstorff and Sander 2009; Hayashi et al. 2010; 

Arbour and Zanno 2018). Other possible functions include species recognition (Carpenter 1998; Blows 

2001; Saitta 2015) and thermoregulation (Blows 2001; Hayashi et al. 2009, 2010; Farlow et al. 2010; 

although see Main et al. 2005 for a rebuttal of this hypothesis). It is unlikely that dermal armour in 

thyreophorans evolved for recognition or thermoregulation, given that the earliest thyreophorans had 

similar and relatively invariable osteoderms (e.g. Scutellosaurus). This suggests a defensive mechanism 

is the primary reason for the initial evolution of osteoderms, although it is possible that they served 

multiple functions (Farlow et al. 2010), and this would likely not explain the evolution of the 

transversely-thin stegosaur plates which are unlikely to be suitable for defensive purposes.  

There have been suggestions that thyreophorans had strong palaeoenvironmental associations. 

Specimens of non-eurypodans, ankylosaurs and stegosaurs have been found in marine sediments (e.g. 

Scelidosaurus, Norman 2019a; Loricatosaurus, Maidment et al. 2008; Borealopelta, Brown et al. 2017). 

Stegosaurs are common in arid or semi-arid environments such as those of the Morrison and Tendaguru 

formations (Noto and Grossman 2010), and ankylosaurid ankylosaurs are common in the arid 

formations of the Late Cretaceous of Mongolia (Hill et al. 2015). Quantitative assessments of this are, 

however, rare, although the two studies that have done this offer contrasting results; Butler and Barrett 

(2008) found a positive association between nodosaurid ankylosaurs and marine depositional 

environments, whereas Arbour et al. (2016) found little support for this hypothesis.  
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1.4. Study Aims 

Thyreophoran dinosaurs have been relatively understudied in comparison to other dinosaur groups, 

despite a long collecting history. In this thesis I aim to investigate the evolution of the thyreophoran 

dinosaurs through four distinct but interlinked approaches, and these represent the three main 

categories of dinosaur research as identified by Hedrick and Dodson (2020):  

Chapter Two: A taxonomic reevaluation of the ankylosaurs from the Berriasian-Aptian Wealden 

Supergroup of Britain. These specimens represent some of the historically earliest-collected 

thyreophoran material, and come from a period of ankylosaur diversification that was coincident with 

the likely extinction of stegosaurs. However, due to earlier taxonomic practices, many specimens have 

been referred to either Hylaeosaurus or Polacanthus based largely on provenance, rather than detailed 

morphological comparisons. Consequently, the true taxic diversity of Wealden Supergroup ankylosaurs 

is unknown, which has implications for the use of these taxa in phylogenetic and macroevolutionary 

analyses. Here, I review all known ankylosaur material from the Wealden Supergroup, redescribe the 

holotypes of Hylaeosaurus and Polacanthus, and provide the first diagnoses of these taxa in a modern 

phylogenetic context. This allows these key taxa to be incorporated into the new anatomical dataset 

for phylogenetic analysis in the following chapter. 

Chapter Three: A new phylogeny of thyreophoran dinosaurs, based on a new comprehensive character 

list and multiple analytical techniques. Despite being recognised as a significant component of 

terrestrial Mesozoic ecosystems, and general acceptance of the group as monophyletic, the relationships 

of thyreophoran dinosaurs have never been analysed at species-level. This has obscured the 

relationships of many early-diverging taxa and has precluded the testing of macroevolutionary 

hypotheses for thyreophorans and for the sub-clades of ankylosaurs and stegosaurs. Here, I build a 

species-level phylogeny of the armoured dinosaurs using multiple analytical techniques including 

equal-weights parsimony, implied-weights parsimony and Bayesian inference. This phylogeny will 

then be used as the framework for the biogeographic and macroevolutionary analyses in the following 

two chapters.  

Chapter Four: An evaluation of the biogeographic history of the thyreophoran dinosaurs. A 

quantitative biogeographic analysis of the armoured dinosaurs has never been attempted, despite the 

clade having extensive geographic and stratigraphic distributions. Here, I use a Maximum Likelihood 

approach to investigate the ancestral areas of the major thyreophoran clades and to analyse the 

biogeographic modes that are present throughout thyreophoran evolution. This uses the phylogenetic 

hypothesis of the previous chapter and places the macroevolutionary analyses of the following chapter 

into a biogeographic context.  

Chapter Five: The first quantitative assessment of the macroevolutionary history of the whole-group 

Thyreophora and the lineages Ankylosauria and Stegosauria. The lack of a rigorous phylogenetic 

framework has meant macroevolutionary hypotheses concerning the whole-group have been 

impossible hitherto, meaning evolutionary dynamics such as the diversification of the sub-clades, as 

well as the extinction of the stegosaurs, have remained undeciphered. Here, I use three 

macroevolutionary approaches to understand the evolution of the whole-group Thyreophora, as well 
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as the sub-clades of ankylosaurs and stegosaurs: diversity analysis, disparity analysis, and evolutionary 

rates analyses. This chapter uses the phylogenetic hypothesis of Chapter Three, which in combination 

with the biogeographic analyses of the previous chapter allow a synthesis of the mode and tempo of 

armoured dinosaur evolution.  
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2. Osteology and Taxonomy of British Wealden Supergroup (Berriasian–Aptian) 

Ankylosaurs (Ornithischia: Ankylosauria) 
 

Preface note: This chapter has been published as: Raven, T. J., Barrett, P. M., Pond, S. B. and 

Maidment, S. C. R. 2020. Osteology and taxonomy of British Wealden Supergroup (Berriasian-

Aptian) ankylosaurs (Ornithischia, Ankylosauria). Journal of Vertebrate Palaeontology, 40 (4), doi: 

10.1080/02724634.2020.1826956. The majority of this paper was my original work, including the 

anatomical descriptions and comparisons, the construction of the figures and the writing and 

formatting of the manuscript. Barrett, Pond and Maidment contributed comparative information and 

edited the manuscript. Pond also produced the 3D models of the figures, which were included in the 

published paper but not in this thesis. 

 

2.1. Abstract 

Thyreophora is composed of two main lineages, Ankylosauria and Stegosauria. Ankylosaurs, 

thyreophorans which possessed extensive body armour across their heads, backs and tails, were 

significant components of terrestrial ecosystems from the Middle Jurassic–latest Cretaceous. They 

diversified during the Early Cretaceous, becoming globally widespread. The Lower Cretaceous 

Wealden Supergroup (Berriasian–Aptian) of Britain has produced abundant ankylosaur material, with 

three currently recognised taxa: Hylaeosaurus armatus (Grinstead Clay Formation, West Sussex); 

Polacanthus foxii (Wessex Formation, Isle of Wight); and Horshamosaurus rudgwickensis (Weald Clay 

Group, West Sussex). However, these taxa are poorly understood; the initial descriptions of 

Hylaeosaurus and Polacanthus date from the 1800s and subsequent referrals of specimens have been 

based largely on provenance rather than morphological comparisons. This has led to uncertainty over 

the definitions of these taxa and the compositions of their hypodigms. Here, I redescribe the holotypes 

of Hylaeosaurus and Polacanthus, provide comparisons between these taxa, and use this information to 

assess the taxonomy of all ankylosaur specimens from the British Wealden Supergroup. I conclude that 

Hylaeosaurus and Polacanthus are valid, distinct taxa, which can be diagnosed by a combination of 

autapomorphies and a unique combination of characters. However, in both cases, I restrict their 

hypodigms to the holotypes. ‘Horshamosaurus rudgwickensis’ is a nomen dubium (an indeterminate 

nodosaurid dinosaur) and the majority of ankylosaur specimens from the Wealden Supergroup are 

taxonomically indeterminate. Hylaeosaurus and Polacanthus are separated stratigraphically, with 

Hylaeosaurus from the Valanginian of the Weald Sub-basin and Polacanthus from the Barremian of 

the Wessex Sub-basin. This separation supports the hypothesis of distinct lower and upper dinosaur 

faunas in the Wealden Supergroup of Britain. 
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2.2. Introduction 

The thyreophoran dinosaurs have had a complicated taxonomic history, and this continues to be a 

fundamentally important component of thyreophoran research, including both the stegosaurs and 

ankylosaurs (e.g. Maidment et al. 2008; Arbour and Currie 2016). Ankylosauria is a clade of 

ornithischian dinosaurs characterised by the possession of extensive osteodermal armour on the skull, 

dorsum, limbs, and tail (Vickaryous et al. 2004; Thompson et al. 2012; Arbour and Currie 2016). 

Ankylosaurs were a significant component of late Mesozoic terrestrial ecosystems, being known from 

the Middle Jurassic to the end of the Cretaceous, and were globally widespread, with numerous, well-

represented taxa from Laurasia (Asia, Europe, and North America; Arbour and Currie 2016), as well as 

rarer, usually poorly known taxa from Gondwana (e.g., Antarctica, South America, and Australia: Coria 

and Salgado, 2001; Salgado and Gasparini, 2006; Leahey et al., 2015; Maidment et al., 2020) They are, 

however, surprisingly poorly understood; their general bauplan is relatively conservative, and the 

presence of osteoderms over much of the body surface means that it is difficult to decipher many aspects 

of their morphology, especially with respect to the skull (Thompson et al. 2012). 

Despite achieving a global distribution, only five species of ankylosaur are currently recognised from 

the Lower Cretaceous of Europe, and three of these are from the Wealden Supergroup (Berriasian–

Aptian) of Britain (Figs. 2.1, 2.2). Hylaeosaurus armatus, from the Grinstead Clay Formation 

(Valanginian) of West Sussex, United Kingdom, was one of the earliest dinosaurs described (Mantell 

1833) and one of the three taxa used to define Dinosauria (Owen 1842). It is, however, known from 

fragmentary remains, primarily the partial holotype skeleton (Mantell, 1833; Pereda-Suberbiola, 1993). 

By contrast, various specimens have been referred to Polacanthus foxii including several individuals 

from the Wessex Formation (Barremian) of the Isle of Wight, United Kingdom, and from the Arcillas 

de Morella and Golmayo formations of Spain (Blows, 1987; Pereda-Suberbiola, 1993; Pereda-Suberbiola 

et al., 2007; Gasulla et al., 2011), as well as the Lower Greensand of the Isle of Wight (Blows 2015). In 

combination, this material represents much of the skeleton, including partial skulls that have been 

attributed to the taxon (Norman and Faiers, 1996). Finally, Horshamosaurus rudgwickensis from the 

Weald Clay Group (Hauterivian–Barremian) of West Sussex (Blows 2015) was originally considered to 

be a second species of Polacanthus (Blows 1996), although the holotype and only specimen is 

fragmentary. These Wealden taxa have traditionally been placed within the Nodosauridae (Coombs, 

1978; Pereda-Suberbiola, 1993; Thompson et al., 2012), although a recent phylogenetic analysis found 

Hylaeosaurus to be an early-diverging member of Ankylosauridae (Arbour et al., 2016). Additionally, 

Polacanthus has been purported to be a member of Polacanthinae/ Polacanthidae (Kirkland, 1998; 

Carpenter, 2001a), although it is possible this group represents early-diverging members of 

Nodosauridae (Thompson et al., 2012; Arbour et al., 2016). The non-Wealden Supergroup ankylosaurs 

from the Early Cretaceous or early Late Cretaceous of Europe are Anoplosaurus curtonotus from the 

Gault Formation (Aptian–Albian) of Kent and the Cambridge Greensand Member of the West Melbury 

Marly Chalk Formation (Cenomanian) of Cambridge, United Kingdom (the latter probably reworked 

from the underlying Gault Formation: Pereda-Suberbiola and Barrett, 1999) and Europelta carbonensis 

from the Escucha Formation (lower Albian) of Teruel, Spain (Kirkland et al. 2013). 
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The Wealden Supergroup ankylosaurs from Britain represent historically important taxa and a 

significant component of the whole-group diversity of Ankylosauria. However, many specimens have 

been referred to these species based solely on stratigraphic and geographic provenance, rather than on 

detailed consideration of their anatomy. Given this, as well as the lack of phylogenetically-informed 

anatomical descriptions of the fragmentary holotypes of Hylaeosaurus and Polacanthus and the labile 

taxonomy of European Lower Cretaceous ankylosaurs, Hylaeosaurus and Polacanthus are redescribed. 

This new information is then used to reassess the material assigned to Hylaeosaurus, Polacanthus, 

Horshamosaurus, and other Wealden ankylosaurs.  

 

 

Figure 2.1. Stratigraphy of the Wealden Supergroup of southern England. Modified from Austen and Batten (2018). 

Silhouettes downloaded from phylopic.org, copyright of FunkMonk. Abbreviation: GC Fm, Grinstead Clay Formation. 
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2.3. Systematic Palaeontology of Hylaeosaurus 
 

DINOSAURIA Owen, 1842 

ORNITHISCHIA Seeley, 1887 

THYREOPHORA Nopcsa, 1915 (sensu Norman, 1984) 

ANKYLOSAURIA Osborn, 1923 

HYLAEOSAURUS Mantell, 1833 

 

Hylaeosaurus Mantell, 1833:289–33, pl. 5 (original description). 

 

Type Species—By original designation; H. armatus Mantell, 1833. 

Diagnosis—As for type species. 

 

HYLAEOSAURUS ARMATUS Mantell, 1833 

(Figs. 2.4–2.8) 

 

Hylaeosaurus armatus Mantell, 1833:289–333, pl. 5 (original description). 

 

Holotype—NHMUK PV OR3775. Partial articulated skeleton consisting of poorly preserved skull 

elements, including a maxilla, jugal, postorbital, dentary and ?occipital condyle, seven cervical and four 

dorsal vertebrae, cervical and dorsal ribs, both scapulae and coracoids, and numerous osteoderms.  

Type Locality—An imprecisely located quarry in Tilgate Forest, near Cuckfield, West Sussex, United 

Kingdom. Grinstead Clay Formation (Lower Cretaceous, Valanginian; Austen and Batten, 2018). 

Previous Diagnosis (from Pereda-Suberbiola, 1993)—(1) coracoid not co-ossified to scapula; (2) 

crescentic-shape of proximal end of tibia is moderately well expanded; (3) long axis of the distal 

articulation of the tibia twisted about 50° relative to the proximal end; (4) astragalus not fused to the 

tibia in adults; (5) shoulder armour composed of lateral series of three long, pointed spines.  

Revised Diagnosis—Hylaeosaurus armatus differs from all other ankylosaurs by a unique combination 

of characters and the possession of the following autapomorphies (autapomorphies marked by *): (1*) 

sharp ~120˚ angle between the acromial process and the proximal plate of scapula, to a greater extent 

than in Hoplitosaurus (USNM 4752); (2*) acromial process of scapula is shelf-like, not thumb-like or 
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folded over as in Sauropelta or ankylosaurids (Arbour and Currie 2016), and projects ventrolaterally 

from the dorsal one-third of the scapular blade, rather than laterally as in Hoplitosaurus (USNM 4752); 

(3*) dorsal edge of the proximal plate of the scapula curves laterally; (4*) anteroposteriorly trending 

ridge at midheight on the lateral surfaces of the cervical centra; (5) centrodiapophyseal fossa of the 

dorsal vertebrae strongly concave, with strong anterior centrodiapophyseal and posterior 

centrodiapophyseal laminae separating it from the prezygapophyseal centrodiapophyseal fossa 

anteriorly and the postzygapophyseal centrodiapophyseal fossa posteriorly.  

Remarks—Two of the diagnostic features proposed by Pereda-Suberbiola (1993) –the co-ossification of 

the coracoid to the scapula (1) and of the astragalus to the tibia (4) –are ontogenetically controlled in 

other thyreophorans (Maidment et al. 2015) and cannot be used as autapomorphies. Additionally, 

characters (2) and (3) of Pereda-Suberbiola (1993) are widespread in ankylosaurs and other 

ornithischians: for example, they are found in Sauropelta (AMNH 3032) and Euoplocephalus (AMNH 

5404), respectively. The use of osteoderms (character 5 of Pereda-Suberbiola [1993]) in diagnoses is 

problematic given their variability in thyreophoran taxa (e.g., Arbour et al., 2011) and the need to 

consistently compare articulated specimens to ensure homology. Moreover, it is currently unknown 

whether patterns of osteoderm morphology and distribution vary intraspecifically, sexually, or 

ontogenetically, so taxonomic comparisons based on osteoderms should be limited to substantially 

complete specimens at present. 

 

Figure 2.2. Geographic distribution of the Wealden Supergroup of southern England. Modified from Pond et al. (2014). 

Silhouettes downloaded from phylopic.org, copyright of FunkMonk. 
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2.4. Taxonomic History of Hylaeosaurus 
Hylaeosaurus was the third dinosaur to be named (Mantell 1833) and is the stratigraphically oldest 

named ankylosaur from the Cretaceous of Europe. Various specimens have been referred tentatively to 

the taxon based on their stratigraphic and geographic provenance, but Hylaeosaurus is poorly 

understood because the holotype (NHMUK PV OR3775) is represented by the anterior portion of the 

skeleton only, and there is little anatomical overlap between it and other Early Cretaceous ankylosaur 

specimens, making comparisons difficult (Fig. 2.3). Additional specimens that have been referred to 

Hylaeosaurus include NHMUK PV OR3789, an articulated caudal series also found in Tilgate Forest, 

Sussex, in 1849 (Pereda-Suberbiola 1993), a partial humerus and a partial spine from the Lower 

Cretaceous Bückeberg Formation (early Valanginian) of Gronau, Westfalen, northwestern Germany 

(Sachs and Hornung 2013), and an osteoderm from the Lower Cretaceous of Burgos, Spain (Sanz 1983). 

The name ‘Hylosaurus mantelli’ was mentioned by Fitzinger (1843) although no specimen number was 

given, and no reference to the holotype of Hylaeosaurus was made, and this name is regarded as a 

nomen nudum. 

The type specimen of Hylaeosaurus armatus (NHMUK PV OR3775) was found in 1832, described by 

Mantell in 1833 and was purchased by NHMUK as part of the Mantell Collection in 1838. It was 

originally found and collected as 50 isolated blocks that were subsequently consolidated into a large 

slab showing the ventral view of the skeleton, a condition in which it stayed in for over 170 years (Fig. 

2.4). In 2003, preparation work was started at NHMUK to try and separate the individual skeletal 

elements. During preparation, the specimen was treated by immersion in acetic acid leading to 

separation of the component blocks. However, during this work it was discovered that many of the 

bones had been repaired previously and the acetic acid treatment dissolved the repair materials. 

Mechanical preparation using pneumatic saws, dental tools, electric rotary grinders, and tungsten-

carbide tipped needles was also undertaken, but the sandy ironstone matrix is extremely hard and these 

attempts were largely unsuccessful. Currently the specimen consists of five blocks of material, as well 

as several isolated elements and unconsolidated matrix. The main block (Fig. 2.5) contains the pectoral 

girdle as well as several vertebrae, multiple ribs, and osteoderms. A second large block (Fig. 2.6) 

contains the anterior cervical vertebrae and osteoderms (called the ‘skull block’ by Carpenter [2001b]); 

two other blocks contain osteoderms; a final block contains indeterminate bone fragments. 

 

 

Figure 2.3. Comparison of skeletal material in the holotypes of Hylaeosaurus (blue) and Polacanthus (orange), with 

overlapping material (green). Silhouettes copyright Scott Hartman (www.skeletaldrawing.com) and reproduced with 

permission. 
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2.5. Anatomical Description of the Holotype of Hylaeosaurus 
 

 

Figure 2.4. Cast of the holotype of Hylaeosaurus armatus (NHMUK PV OR3775) prior to preparation which isolated individual 

blocks. 

‘Skull Block’ 

Previously, skull material was identified in the ‘skull block’, lying anterior to the anterior-most cervical 

vertebra (Owen, 1842; Pereda-Suberbiola, 1993; Carpenter, 2001b). This was described as consisting of 

the ventrally-exposed posterior portion of the skull, including the left quadrate, paraoccipital process, 

left quadratojugal, right postorbital horn, and possibly the posterior portions of both lower jaws 

(Carpenter 2001b). Following CT-scanning of the ‘skull block’ at the NHMUK in 2019 (see Appendix 

A2.1 for more information), the identification of skull material can be confirmed: on the ventral 

surface, nine alveoli can be identified, indicating the presence of a maxilla. Posterior to this, the 

element labelled as the quadrate by Carpenter (2001b) appears to be the jugal and a crushed postorbital 

on the dorsal surface of the block; a distorted orbit separates the two elements. Adjacent to the maxilla 

there is a long ramus containing unerupted teeth, which is identified as the dentary. Posterior to this, 

a semi-hemispherical object could be the occipital condyle, although this identification is tentative. 

Unfortunately, the fragmented and distorted nature of the ‘skull block’ means that the identification of 

the other elements, and comparisons with those of other ankylosaurs, are of limited use. 

 

Cervical Vertebrae and Ribs 

Seven cervical vertebrae form an articulated series, although preparation has separated this into three 

segments consisting of three, three, and one vertebra, respectively. The anterior-most three vertebrae 

are articulated in the ‘skull block’ (Carpenter 2001b). The next three vertebrae in the series are 

represented by three articulated centra, lacking neural arches. The final vertebra is still attached to the 
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large main block and is articulated with the first dorsal vertebra (Fig. 2.7). The anterior-most vertebra 

has been described as the axis (Pereda-Suberbiola 1993), based on its greater anteroposterior length 

relative to the other anterior cervicals, which would imply that a nearly complete cervical series is 

present, with only the atlas missing. The complete cervical series is unknown in most ankylosaurs but 

it is thought that most taxa have seven or eight vertebrae (Vickaryous et al. 2004); the basal 

thyreophoran Scelidosaurus has eight vertebrae, the basal stegosaur Huayangosaurus has nine and the 

derived stegosaur Stegosaurus stenops has 13 (Maidment et al., 2006, 2015; Norman, 2019). 

In the ‘skull block’ only the centra of the three cervical vertebrae are visible due to a mass of cervical 

ribs that lies over them dorsally, so the morphology of the neural arches cannot be observed. The centra 

are anteroposteriorly longer than they are dorsoventrally tall or transversely wide, and they are 

transversely wider than they are dorsoventrally tall, and this is true for all of the cervical vertebrae and 

for those of most ankylosaurs (Vickaryous et al. 2004). The ventral margins of the centra lack a ventral 

keel and are concave upwards in lateral view, as in many ankylosaurs such as Europelta (Kirkland et 

al. 2013) but in contrast to Gargoyleosaurus (DMNH 27226) where the ventral margin is straight. The 

parapophysis can be observed on the second vertebra and lies at midheight on the anterolateral portion 

of the centrum. The articular surfaces of the centra appear to be flat, but this is difficult to confirm as 

they are articulated, and the anterior and posterior surfaces appear to be aligned. In ventral view, the 

sides of the centra are slightly constricted so that they are concave transversely.  

The three articulated centra in the second vertebral block differ only slightly in morphology from the 

more anterior three vertebrae. They have slightly concave ventral margins in lateral view and relatively 

strongly concave anterior and posterior articular facets. They are constricted in ventral view and a keel 

gradually develops by the third centrum of the series. A ridge extends anteroposteriorly at centrum 

midheight, uniquely among ankylosaurs, and the parapophyses are positioned on the dorsal third of 

the anterolateral portion of the centra. The parapophyses have an elliptical outline whose long axis 

extends anteroposteriorly and have a concave articular surface. The dorsal surfaces of the centra are 

too poorly preserved to enable description.  

The final cervical vertebra is articulated with the anterior-most dorsal vertebra and is visible in ventral 

and lateral views only, with only the centrum exposed. This vertebra is similar in morphology to the 

other cervical vertebrae; however, it possesses a more prominent ventral keel and is more strongly 

constricted transversely than the more anterior vertebrae in ventral view.  

Ten cervical ribs are preserved and are mostly articulated with the corresponding vertebrae, although 

none are fused. The cervical ribs are double-headed and ‘Y’-shaped in lateral view. The capitulum is 

longer and more slender than the tuberculum, similar to the condition in Gastonia burgei and G. 

lorriemcwhinnyae (Kinneer et al. 2016). The proximal end of the shaft has a flattened dorsal surface 

and the shaft is concave dorsally. 
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Figure 2.5. Main block of Hylaeosaurus armatus NHMUK PV OR3775 in ventral view. Abbreviations: cor, coracoid; cr, 

cervical rib; cv, cervical vertebra; sca, scapula. 
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Figure 2.6. Skull block of Hylaeosaurus armatus NHMUK PV OR3775. A, dorsal view; B, ventral view; and C, close up of skull 

material. Abbreviations: al, alveoli; c, centrum; na, neural arch; or, ?orbit; po, ?postorbital. 

 

Dorsal Vertebrae and Ribs 

Four dorsal vertebrae are preserved. The first dorsal vertebra is articulated with the final cervical 

vertebra in the main block. Two partial vertebrae are also present in the matrix of the main block, lying 

underneath the left scapula and coracoid, and an isolated, relatively complete, dorsal vertebra is also 

available, which was originally located on the right-hand side of the slab.  

The isolated dorsal vertebra preserves the centrum and neural arch pedicle as well as a partial left 

transverse process. No zygapophyses are preserved. The centrum is anteroposteriorly longer than it is 

dorsoventrally tall or transversely wide. Centra that are longer than tall are found in most ankylosaurs 

(but the converse is true in most stegosaurs: Raven and Maidment, 2017) and most ankylosaurs (e.g., 

Ankylosaurus; Arbour and Mallon, 2017) have centra that are wider than long (Vickaryous et al. 2004; 



31 
 

Maidment et al. 2008). The anterior articular surface of the centrum is roughly circular in outline and 

the posterior surface has a straight dorsal edge. Both articular surfaces are only slightly concave in 

lateral view (amphiplatyan) and in anterior and posterior views small notochordal eminences are 

present. In lateral view, the ventral margin of the centrum is concave, with a small ventral keel. In 

ventral view, the centrum is strongly biconcave. The neural canal incises the dorsal surface of the 

centrum, forming a deep groove similar to those in the holotypes of Scelidosaurus and Polacanthus 

(Blows and Honeysett 2014), but which does not reach the anterior and posterior articular surfaces of 

the centrum. In anterior view, the neural canal is elliptical in cross-section, as in many other 

thyreophoran taxa (e.g., the stegosaur Adratiklit (Maidment et al. 2020) and the nodosaur 

Panoplosaurus (ROM 125) but in contrast to Lesothosaurus (Baron et al. 2017b) and Gastonia burgei 

(Kinneer et al. 2016) where the neural canal is circular. Although the shape in Hylaeosaurus could be 

due to taphonomic distortion the vertebra does not appear to be compressed. On the posterior surface, 

above the neural canal, there is a ridge that would have extended dorsally to join the postzygapophyses. 

The partial left transverse process projects from the neural arch at an angle of 45° and, ventral to this, 

the centrodiapophyseal fossa (sensu Wilson et al., 2011) is strongly concave, with strong anterior 

centrodiapophyseal and posterior centrodiapophyseal laminae separating it from the prezygapophyseal 

centrodiapophyseal fossa anteriorly and the postzygapophyseal centrodiapophyseal fossa posteriorly. 

This condition differs from that in the holotype of Polacanthus (NHMUK PV R175), and many other 

ankylosaur taxa (Vickaryous et al. 2004), where these laminae and fossae are present in incipient form 

only . However, the condition in Hylaeosaurus is more similar to that in Hoplitosaurus (USNM 4752), 

Panoplosaurus (ROM 125), and Gastonia lorriemcwhinneyae (DMNH 45385), whose vertebral fossae 

and laminae are more strongly developed. A partial rib is attached by matrix to the transverse process. 

This isolated vertebra appears to be from the mid-dorsal region.  

The absence of a parapophysis from the lateral centrum surface confirms the identification of the 

anterior-most dorsal, but its neural arch is not visible. The centrum is biconcave in ventral view, 

concave in lateral view and lacks a ventral keel, similar to the condition in Gastonia lorriemcwhinneyae 

(Kinneer et al. 2016) and Sauropelta (AMNH 3032), but in contrast to Lesothosaurus (Baron et al. 

2017b) and Scelidosaurus (Norman, 2019a,b, 2020a,b) where a ventral keel is present. The articular 

surfaces appear to be flat to concave, although this is difficult to determine due to the preservation. The 

two partial vertebrae in the matrix of the main block are similar in morphology to the isolated vertebra 

and are assumed to be middle dorsals. One is a half-centrum whereas the other is a centrum with a 

small amount of neural arch preserved, although little of their morphology can be described due to 

poor preservation. The preserved parts are identical to those described for the isolated middle dorsal 

(see above).   

Six dorsal ribs are preserved and are mostly articulated with the corresponding vertebrae; however, 

none are fused to the vertebrae. Unusually for thyreophoran ribs (e.g., Hoplitosaurus, USNM 4752; 

Stegosaurus stenops, NHMUK PV R36730), none of the articulated ribs appear to have a ‘T’- or ‘L’-

shaped cross-section, although this could be because they are incomplete and visible in only one 

orientation. However, one disarticulated rib does have the ‘T’-shaped cross-section seen in other 

thyreophoran taxa. The dorsal ribs are more robust than the cervical ribs and are also double-headed. 
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The capitulum is much longer than the tuberculum, has a ventrally concave dorsal surface, and forms 

a nearly 90° angle with the long axis of the shaft in anterior view.  

 

 

Figure 2.7. Vertebrae of Hylaeosaurus armatus NHMUK PV OR3775. Dorsal vertebra in A, anterior, B, posterior, C, left lateral, 

D, right lateral, E, ventral, and F, dorsal views. Cervical vertebrae in G, ventral, H, dorsal, I, left lateral, J, right lateral, K, 

posterior, and L, anterior views. Abbreviations: cdf, centrodiapophyseal fossa; ri, ridge. 
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Scapulae 

Both scapulae are preserved. They are not co-ossified to the coracoids, but this feature is ontogenetically 

variable in thyreophorans (Maidment et al. 2015). The left scapular blade is relatively complete, but its 

posterior margin is covered in matrix. Little of the right scapular blade is present posterior to the 

acromial process, and what is preserved has been covered in glue. The medial surfaces of the scapulae 

are obscured. 

The left scapular blade is dorsoventrally deep with a slight distal expansion giving it a paddle-shaped 

outline in lateral view, as is common for ankylosaurs (Arbour and Currie 2013a). The dorsoventral 

depth of the blade is greater than that of the acromial process, and this depth increases posteriorly along 

the blade. The dorsal margin of the blade is straight whereas the ventral margin is upwardly convex. 

The posterior margin, if complete as preserved, is gently convex dorsoventrally. There is no evidence 

of a lateral buttress on the scapular blade, contrasting with the condition in Ankylosaurus (Arbour and 

Mallon 2017). There is no evidence of an enthesis for the m. triceps longus caudalis on the ventral 

margin of the blade, in contrast to ankylosaurids, such as Euoplocephalus and Ankylosaurus, which 

possess this feature (Arbour and Currie 2013a).  

The acromial process is a shelf-like protuberance that projects ventrolaterally from the dorsal margin 

of the scapula towards the glenoid, although it does not reach the glenoid itself. In Hoplitosaurus 

(USNM 4752) and Gastonia lorriemcwhinnyae (Kinneer et al. 2016) the acromial process is shelf-like 

but does not project ventrally. The acromial process in Hylaeosaurus is not folded over, in contrast to 

the condition in ankylosaurids (Arbour and Currie 2013a) and Gastonia burgei (Kinneer et al. 2016). In 

Hylaeosaurus, this structure is dorsoventrally deeper and more robust than those of Animantarx 

(CEUM 6228) and Sauropelta (AMNH 3016), and it is not thumb-like, again differing from these taxa 

(Thompson et al. 2012). The acromial process has a smooth, flat dorsolateral surface.    

A nearly 90° angle separates the shelf-like extension of the acromial process and the proximal plate of 

the scapula. The latter is almost twice as deep dorsoventrally as the scapular blade and rises dorsally 

from the acromial process such that it appears superficially stegosaur-like, where there is a high angle 

between the scapula blade and the posterior margin of the proximal plate (e.g., Stegosaurus stenops; 

NHMUK PV R36730; Maidment et al., 2015). This condition is present in the holotype (NHMUK PV 

OR3775) and it was figured, but not photographed, by Coombs (1995) in a previously referred specimen 

(NHMUK PV OR2584), although this material is now lost (see Specimens Previously Referred to 

Hylaeosaurus, below). The anterolateral surface of the proximal plate is concave and the dorsal-most 

part of the proximal plate curves laterally. In lateral view, the proximal plate is subrectangular in 

outline with a sloped ventral surface for the glenoid. The anterior margin of the proximal plate is 

straight, although the articulation with the coracoid makes this difficult to identify. The glenoid faces 

ventromedially, in contrast to many ankylosaurs such as Sauropelta (AMNH 3016) as well as most 

stegosaurs (Maidment et al. 2008) where the glenoid faces ventrally. In Hylaeosaurus the glenoid is 

slightly concave and there is a distinct ventral process distal to the glenoid surface, in contrast to the 

condition in Gastonia burgei and G. lorriemcwhinneyae (Kinneer et al. 2016) where the process is 

absent.  
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Coracoids 

Both coracoids are complete. They are not fused to the scapulae and a small notch separates the ventral 

margins of the coracoid and scapula. The coracoids are suboval, being longer anteroposteriorly than 

tall dorsoventrally, as in Animantarx (CEUM 6228) and Euoplocephalus (Arbour and Currie 2013a), 

but in contrast to Europelta where the coracoid is subequal in anteroposterior length and dorsoventral 

height (Kirkland et al. 2013). It has a convex anterior margin that merges into the dorsal margin without 

a distinct break of slope. The coracoid is approximately twice the size of the scapula proximal plate. 

There is an oval coracoid foramen dorsal to the glenoid, with its long-axis trending anteroposteriorly, 

situated in the ventral third of the coracoid, although in the thyreophoran Stegosaurus the location of 

this foramen migrates to the edge of the coracoid to form a notch and this feature is ontogenetically 

controlled (Maidment et al. 2015). The glenoid, at the posteroventral corner of the coracoid, is well-

defined, slightly concave and robust, and there is a notch separating it from the acute anteroventral 

(sternal) process. This notch is deeper than in Hoplitosaurus (USNM 4752) but is not as deep as that in 

Gastonia lorriemcwhinnyae (Kinneer et al. 2016). The contributions of the coracoid and scapula to the 

glenoid are approximately equal, and they combine to form a hemispherical arch. The articular surfaces 

of the glenoid are gently concave. 

 

?Humerus 

In the original block, lying beneath the scapulae and coracoids, there is a large fragment of bone that 

was identified as a “fragmentary ?humerus” by Pereda-Suberbiola (1993: 769). The morphology of this 

fragment is not similar to the humeri of other thyreophorans (e.g., Gastonia burgei; Kinneer et al., 

2016), and it is possible that it was identified as such based on its location next to the pectoral girdle, 

despite disarticulated dorsal vertebrae also appearing nearby. It is possible this is a rib fused to a 

vertebra, but the element is too fragmentary for definitive identification and is regarded as an unknown 

bone fragment herein. 

 

Armour 

Numerous osteoderms are present but many of these are fragmentary or covered in plaster. The cervical 

region of the ‘skull block’ has several large, oval osteoderms. These have a slightly concave base and 

are anteroposteriorly keeled. Three posteriorly projecting large spines are preserved in life position in 

the pectoral region of the main block. These are dorsoventrally thin and subtriangular, tapering distally 

to a point. The anterior-most spine is the proximodistally longest and anteroposteriorly shortest, and 

they become proximodistally shorter and anteroposteriorly longer posteriorly. Although these spines 

are not considered to be autapomorphic due to the variable nature of osteoderms (i.e., their shape could 

vary sexually, ontogenetically, and positionally), spines of similar morphology have not been found in 

any of the specimens previously attributed to Polacanthus. Similar spines have, however, been found 

in an undescribed ankylosaur from the Valanginian of Utah, U.S.A. (Kirkland, J. pers. comms.) as well 
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Edmontonia rugosidens (AMNH 5665), Gargoyleosaurus (Kilbourne and Carpenter 2005) and 

?Hylaeosaurus sp. from Germany (Sachs and Hornung 2013). Anterior to these spines, on the lateral 

side of the anterior cervical vertebrae, there are several fragments of osteoderms that were described 

by Blows and Honeysett (2014) as cervical half-rings. These, however, are fragmentary and incomplete, 

and do not correspond to the morphology of the cervical half-rings known in other ankylosaurs (e.g., 

Arbour and Mallon, 2017). 

In addition to the osteoderms in the main block and skull block, several other osteoderms are present 

(Fig. 2.8). These include subtriangular spines, keeled oval osteoderms, and a single ossicle (Pereda-

Suberbiola 1993), which are common in nodosaurid ankylosaurs (e.g., Europelta; Kirkland et al., 2013), 

although the ossicle is now covered in plaster and its identification cannot be verified.  

 

2.6. Specimens Previously Referred to Hylaeosaurus 
‘Hylaeosaurus oweni’ 

NHMUK PV OR3789 is a large slab (Fig. 2.9) containing a series of articulated caudal vertebrae with 

some chevrons and two associated osteoderms embedded in artificial matrix. It was discovered in 1837 

in a quarry in Tilgate Forest, West Sussex by Mantell and named ‘Hylaeosaurus oweni’ in 1844, which 

was later regarded as a junior synonym of Hylaeosaurus armatus (Coombs and Maryanska, 1990; 

Pereda-Suberbiola, 1993). The slab is broken into four sections of articulating elements, with two 

isolated chevrons and an isolated transverse process also preserved in the matrix. Only the ventral 

surfaces of the vertebrae are clearly visible, but for some vertebrae the lateral and articular surfaces are 

also exposed. The way in which the tail is preserved limits the observations that can be made.  

Twenty-six caudal vertebrae are present, although the anterior-most three are poorly preserved and 

only tentatively identified as vertebrae on the basis of their bone texture, general morphology and close 

association with the other vertebrae. The posterior-most vertebra is fragmentary but in close 

association with the penultimate vertebra and is clearly part of a centrum. The other vertebrae either 

have relatively well preserved centra or transverse processes. All of the vertebrae in the two anterior-

most sections preserve either complete transverse processes or evidence of them, but the two posterior-

most sections do not, although it is not clear whether the four sections were found in association or 

whether they were prepared for display at a later stage.  
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Figure 2.8. Additional material of Hylaeosaurus armatus NHMUK PV OR3775. A, large block separated from slab. B, three 

spines in block. C, isolated spine. D–H, various osteoderms isolated from slab. I, rib in slab 
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The articular surfaces of the vertebrae are slightly concave and are subcircular in outline, although 

these features can only be assessed on two damaged vertebrae; in any case, these features are known to 

be variable between individuals of Euoplocephalus (Arbour and Currie 2013a). One centrum preserves 

a notochordal eminence, but again the presence of this feature is variable among individuals (Arbour 

and Currie 2013a). The centra of all vertebrae are anteroposteriorly longer than they are wide 

transversely or tall dorsoventrally, although this elongation is more pronounced in the more distal 

vertebrae, with the anterior vertebrae of the first section subequal in length and width and height. On 

the ventral surfaces of the centra, a deep anteroposteriorly trending groove is present, as also occurs in 

cf. Pinacosaurus (Carpenter et al. 2016), Aletopelta (Coombs 1995), and Hoplitosaurus (USNM 4752). 

The transverse processes project laterally or slightly posterolaterally in ventral view, but do not appear 

to project ventrally in posterior view, although this orientation is difficult to gauge given the slab-like 

preservation. The cross-sectional shape of the transverse processes is suboval, with the long axis 

trending anteroposteriorly. The neural spines, which are visible in lateral view in several vertebrae in 

the anterior-most section, project slightly posterodorsally, although the distal ends are not visible. The 

neural canal and zygapophyses cannot be observed in any of the vertebrae. Ossified tendons are present 

alongside several vertebrae; these are found either lateral to the chevrons or dorsal to the transverse 

processes. As the vertebrae are obscured it is unclear what region of the tail these vertebrae are from, 

although it is plausible they are middle-to-posterior caudals, given the shape of the centra and the 

trends in centrum elongation noted above. 

Several chevrons are preserved in close association with their respective vertebrae and there are two 

further isolated chevrons. They are transversely thin, taper distally, and are flared anteroposteriorly at 

both their proximal and distal ends, with a constricted midshaft. The distal end is more expanded 

posteriorly than it is anteriorly, and this expansion is greater than that of the proximal end. The 

chevrons are in articulation with the chevron facets of the vertebrae but are unfused, although the 

latter is likely to be an ontogenetically variable feature (e.g., Xu et al., 2001). The hemal canal is 

elliptical, with its long-axis trending dorsoventrally, and equal to approximately one-half of the total 

length of the chevron. 

Two partial caudal osteoderms are present lateral to the vertebrae at a point approximately halfway 

along the slab, although these are broken at their proximal ends. Six ossicles are present in the matrix 

on the right lateral side of the vertebrae, which are similar to those found in the holotype of 

Hylaeosaurus (NHMUK PV OR3775).  
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Figure 2.9. Slab containing caudal vertebrae and osteoderms (NHMUK PV OR3789). This is the type specimen of 

‘Hylaeosaurus oweni’ but is regarded as an indeterminate ankylosaur and a nomen dubium herein. 
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None of the elements in NHMUK PV OR3789 overlap with those present in the holotype of 

Hylaeosaurus (NHMUK PV OR3775), except for the small, circular ossicles, which are common in 

nodosaurid ankylosaurs (Thompson et al. 2012). Previous referral of NHMUK PV OR3789 to 

Hylaeosaurus was based on its identification as an ankylosaur and its geographic and stratigraphic 

provenance; both specimens were found in the Tilgate Forest area of West Sussex, although five years 

separated their discovery (Mantell 1844). It is plausible that NHMUK PV OR3789 is referable to 

Hylaeosaurus, given that no other ankylosaur taxa are known from the lower Wealden of the United 

Kingdom (see Discussion, below), but NHMUK PV OR3789 lacks Hylaeosaurus autapomorphies. As 

osteoderms are present, an ankylosaurian synapomorphy (Arbour and Currie 2016), and as the 

vertebrae are similar in morphology to other ankylosaurs, this specimen is clearly an ankylosaur, and 

the presence of ossicles indicates referral to Nodosauridae (Thompson et al. 2012). Consequently, 

NHMUK PV OR3789 is considered to be an indeterminate nodosaurid ankylosaur and ‘Hylaeosaurus 

oweni’ should be considered a nomen dubium, rather than a junior subjective synonym of H. armatus. 

See Appendix A2.2. for all indeterminate Wealden ankylosaur specimens.  

 

‘Polacanthoides ponderosus’ 

NHMUK PV OR2584 is a partial left scapula and was used, in part, to name Polacanthoides ponderosus 

Nopcsa, 1928. It has been referred to Hylaeosaurus (e.g., Coombs and Maryanska, 1990) and previously 

figured in a line drawing, but not photographed, by both Pereda-Suberbiola (1993) and Coombs (1995), 

showing a feature that appears similar to the nearly 90° angle between the shelf-like extension of 

acromial process and the proximal plate, which is considered to be an autapomorphy of Hylaeosaurus 

herein. However, the specimen is broken and it is missing the acromial process, which is thought to be 

lost, and so the presence of this condition cannot be ascertained. There is no record of the proximal 

end in the NHMUK collection’s electronic database, and the specimen was photographed in 2014, 

meaning the proximal end has been missing since at least 2014. This means that although it is possible 

that NHMUK PV OR2584 represents a specimen of Hylaeosaurus, there are no characters currently 

present that are autapomorphic of the taxon and it thus must represent an indeterminate ankylosaur. 

Additionally, NHMUK PV OR2584 was found associated with a tibia (NHMUK PV R2615) that was 

not included in the naming of Polacanthoides (Pereda-Suberbiola 1993). It is likely these two specimens 

represent the same individual, but as the holotype of Hylaeosaurus does not preserve a tibia, and the 

association is uncertain, NHMUK PV R2615 cannot be referred to the taxon and is regarded as an 

indeterminate ankylosaur.  
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2.7. Systematic Palaeontology of Polacanthus 
 

DINOSAURIA Owen, 1842 

ORNITHISCHIA Seeley, 1887 

THYREOPHORA Nopcsa, 1915 (sensu Norman, 1984) 

ANKYLOSAURIA Osborn, 1923 

POLACANTHUS Owen in Anonymous, 1865a 

 

Polacanthus Owen in Anonymous 1865a: pls. 70–76 (first use of name). 

 

Type Species—By original designation: Polacanthus foxii Owen in Anonymous, 1865a (see also Fox, 

1866). 

Diagnosis—As for type species. 

Remarks—Eucanthus was a name suggested informally by Owen but this was never formally 

published (Blows, 1983). 

 

POLACANTHUS FOXII Owen in Anonymous, 1865b 

(Figs. 2.10–2.16) 

 

Polacanthus foxii Owen in Anonymous, 1865b: pls. 70–76. 

 

Holotype—NHMUK PV R175. Partial disarticulated skeleton consisting of five dorsal vertebrae, five 

dorsosacral vertebrae, three sacral vertebrae, one caudosacral vertebra, 22 caudal vertebrae, dorsal ribs, 

ilia, pubes, ischia, femora, left tibia, distal end of left fibula, astragalus, two metatarsals, one ungual 

phalanx, and osteoderms.  

Type Locality—Barnes High, Isle of Wight, United Kingdom. Wessex Formation (Barremian; Austen 

and Batten, 2018). 

Previous Diagnosis (from Pereda-Suberbiola et al., 2007) — (1) synsacrum composed of 10 vertebrae 

(five dorsosacrals, four sacrals, one sacrocaudal); (2) scapula with an acromial process that is closer to 

the dorsal edge than in Hoplitosaurus and not as extended towards the glenoid as in Gastonia; (3) 

horizontal preacetabular process of ilium that diverges little from the parasagittal plane; (4) tibia a third 
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shorter than the femur; (5) distinctive dermal armour, consisting of two cervical half rings composed 

of separate, flat spines mounted on basal narrow bands of bone, a cervicopectoral grooved spine with a 

deep keeled endodermal base, conical, ungrooved spines in the shoulder region, a solid sacropelvic 

shield formed of a fused mosaic of round, oval bosses, low-keeled ossicles and small, polygonal 

tubercles, large spined plates with a narrow base and a dorsal, pointed rod, triangular, laterally-

flattened, hollow-based anterior caudal plates, oval, flat ‘scutes’, and button-like ossicles on the 

posterior third of the tail.  

Revised diagnosis— Polacanthus foxii differs from all other ankylosaurs in possessing the following 

unique combination of characters and the possession of the following autapomorphies (autapomorphies 

marked by *): (1) lateral edge of ilium diverges at approximately 10° from the parasagittal plane 

(equivalent to character 3 from Pereda-Suberbiola et al. [2007]), similar to Mymoorapelta (Kirkland 

and Carpenter 1994); (2) possesses a well-developed postacetabular process of the ilium, that lacks an 

anteroposteriorly-trending ridge from the posterior margin of the acetabulum to the posterior end of 

the postacetabular process, which is present in other nodosaurids such as Aletopelta and Gastonia 

burgei (Coombs 1995; Kinneer et al. 2016); (3*) ischia curved ventromedially at mid-length such that 

they approach each other medially; (4) tibia one-third shorter than the femur (equivalent to character 

4 from Pereda-Suberbiola et al. [2007]). 

Remarks—The combination of vertebrae in the synsacrum (character 1 of Pereda-Suberbiola et al. 

[2007]) varies intraspecifically, and possibly ontogenetically, within ankylosaurs (Arbour and Currie 

2013a), and the use of osteoderms for diagnoses (character 5 of Pereda-Suberbiola et al. [2007]) is 

problematic for taxonomy given their variable morphology and the dearth of comparative specimens 

with armour preserved in situ; it is currently unknown whether osteoderms vary intraspecifically, 

sexually, or with ontogeny in ankylosaurs. Additionally, the holotype of Polacanthus does not preserve 

a scapula (character 2 of Pereda-Suberbiola et al. [2007]) and thus this character cannot be 

autapomorphic for the taxon; this character was presumably included in previous diagnoses as a result 

of the suggested synonymy of Hoplitosaurus with Polacanthus (Blows, 1987; Pereda-Suberbiola, 1994), 

although this synonymy is not currently accepted (e.g., Thompson et al., 2012; Arbour and Currie, 

2016).   

 

2.8. Taxonomic History of Polacanthus 
Polacanthus was first named in two anonymously authored press articles (Anonymous 1865a,b) and 

there has been confusion regarding whom named the taxon. These articles attributed the name to 

Richard Owen, but there is no previous mention of Polacanthus in any publication by Owen, and 

moreover, Owen had apparently wanted to call the specimen ‘Eucanthus vectianus’, although this name 

was never formally published (Blows 1983). It has been suggested that the author of the anonymous 

articles was William Fox, who discovered the specimen (Blows, 1987; Pereda-Suberbiola, 1994) and 

wanted to name the taxon after himself but could not do so due to professional etiquette; however, 

there is no proof for this speculation. The name Polacanthus was mentioned in a presentation by Fox 

at the British Association for the Advancement of Science in 1865, with an abstract published a year 
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later (Fox 1866); these also attributed the name to Owen. Later, the name was mentioned by Huxley 

(1867) and attributed to Owen, as was also the case in the descriptions by Hulke (1881, 1887). However, 

in his description of a new specimen of Polacanthus, Blows, (1987) suggested the true author of the 

taxon was Huxley (1867), given that he was the first author to mention the taxon in the literature (in 

the opinion of Blows (1987), Fox (1866) was not formally published). Pereda-Suberbiola (1994) 

suggested that the author should be Owen, citing Woodward and Sherborn (1890) and Article 50.A of 

the International Code of Zoological Nomenclature (ICZN, 1999). The first mention of the taxon was 

by Anonymous (1865a) and, according to the International Code of Zoological Nomenclature Article 

50.1.1 (“if it is clear from the contents that some person other than an author of the work is alone 

responsible both for the name and for satisfying the criteria of availability other than actual publication, 

then that other person is the author of the name”), the correct author is Owen, despite there being no 

publication by Owen naming the taxon, as it was stated explicitly by Anonymous (1865a) that Owen 

was responsible for the name. The spelling of the specific name has also been debated; it was deemed 

P. foxii by Anonymous (1865b) and Pereda-Suberbiola (1994) agreed that this should be the correct 

spelling, rather than P. foxi (e.g., Blows, 1987). 

The type specimen of Polacanthus (NHMUK PV R175) is from the Wessex Formation of Barnes High 

on the Isle of Wight, and consists of the posterior half of a skeleton and several osteoderms (Hulke 

1881, 1887). A partial ilio-sacral block (NHMUK PV R1926) that was found in the same locality at the 

same time as the holotype was described by Lydekker (1891) and later named as P. becklesi (Hennig 

1924), although this has usually been considered a junior synonym of P. foxii (Blows, 1987; Pereda-

Suberbiola, 1994; Pereda-Suberbiola et al., 2007). Three osteoderms from the Isle of Wight were 

described by Lee (1843); these were not identified as Polacanthus (given the taxon was not named for 

another 22 years), but represent the earliest found ankylosaur specimens from the Isle of Wight, and 

have since been referred to the taxon (Blows, 1987). However, only one of these specimens is available 

(NHMUK PV R643); the others were lost in transit in a hackney carriage from Lee to his colleague 

James De Carle Sowerby (Blows, 1987).  

Polacanthoides ponderosus was named by Nopcsa (1928) based on a chimera consisting of a scapula 

from the Wealden of Sussex (NHMUK PV OR2584: see above) and a humerus and tibia from the 

Wessex Formation of Brighstone Bay on the Isle of Wight (casts NHMUK PV R1106, R1107, 

respectively; both of the originals are now lost). However, Nopcsa (1928) erroneously listed all of the 

elements as coming from Sussex, and the scapula was in fact associated with a tibia (NHMUK PV R2615) 

that was not included in Polacanthoides (Pereda-Suberbiola 1994). The scapula of Polacanthoides was 

originally referred to Hylaeosaurus (Mantell, 1841; Owen, 1858), as were the humerus and tibia (Hulke, 

1874), and Polacanthoides has been considered a junior synonym of both Hylaeosaurus and 

Polacanthus in part (Coombs and Maryanska, 1990; Pereda-Suberbiola, 1993, 1994). Vectensia was 

named on the basis of a single osteoderm from Barnes High, Isle of Wight by Delair (1982) but has been 

considered a junior synonym of Polacanthus (Pereda-Suberbiola 1994).  

A new specimen referred to Polacanthus (NHMUK PV R9293), consisting of cervical, dorsal, sacral and 

caudal vertebrae, and dermal armour, was collected from the Wessex Formation of Compton Bay, Isle 
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of Wight between 1979–1984 and was described by Blows (1987). A further, undescribed, specimen 

(the Spearpoint ankylosaur) was found at Chilton Chine in 1994, with part of the specimen in 

collections of the Dinosaur Isle Museum (IWCMS 1996.153) while the remainder is privately owned 

(Raven, pers. obs.). Additional material previously referred to Polacanthus includes a braincase 

(CAMSM X.26242) found at Chilton Chine, Isle of Wight and described by Norman and Faiers (1996), 

a synsacrum from near Whale Chine, Isle of Wight (Blows 2015), and a block consisting of several 

vertebrae from the Lower Greensand of east Devon (NMW 94.32G.2; Blows, 1987; Barrett and 

Maidment, 2011a). Material from the Lower Cretaceous Galmayo Formation of Soria, Spain, has also 

been referred to as Polacanthus sp. (Pereda-Suberbiola et al. 2007). An isolated tooth (IWCMS 5390) 

from Sudmoor Point on the Isle of Wight has been mentioned as possibly belonging to Polacanthus 

(Lomax and Tamura 2014). A partial skeleton from the Wadhurst Clay Formation (Valanginian) of 

Bexhill, Sussex, has been referred to Polacanthus (Blows and Honeysett 2014); this would represent the 

oldest occurrence of the taxon and would indicate temporal and potential geographic overlap with 

Hylaeosaurus. The North American taxon Hoplitosaurus, from the Lower Cretaceous Lakota Formation 

of South Dakota, has been synonymised with Polacanthus (Pereda-Suberbiola 1994), but this is not 

currently accepted (e.g., Arbour and Currie, 2016). Furthermore, Hylaeosaurus and Polacanthus were 

at one point thought to be synonymous (Coombs, 1978; Coombs and Maryanksa, 1990), but this 

synonymy has also now been rejected (Pereda-Suberbiola, 1993; this contribution). 

 

2.9. Anatomical Description of the Holotype of Polacanthus 

Dorsal Vertebrae and Ribs 

There are five free dorsal vertebrae (Figs. 2.10, 2.11), although all are incompletely preserved with one 

represented solely by a centrum and another by a partial centrum. The three other vertebrae preserve 

the neural arch pedicles but the dorsal portions of the neural arches, as well as some of the 

zygapophyses, are missing. Dorsal ribs are fused to the transverse processes in the three vertebrae with 

neural arches. Given the dorsoventral height of the neural arch pedicles and the position of the 

parapophyses, it is likely these vertebrae are middle-to-posterior dorsal vertebrae.  

The centra are anteroposteriorly longer than they are dorsoventrally tall or wide transversely, and this 

is true in all of the dorsals. As in Hylaeosaurus, the anterior articular surfaces of the centra are 

subcircular, whereas the posterior articular surfaces have a straighter dorsal margin. The articular 

surfaces are flat to slightly concave in lateral view and no notochordal eminences are present, although 

the presence of this feature is known to be variable within ankylosaur taxa (e.g., Euoplocephalus; 

Arbour and Currie, 2013). In lateral view, the ventral surfaces of the centra are concave dorsally, but 

there is no ventral keel (in contrast to Hylaeosaurus, which has a slight ventral keel), and in ventral 

view the centra are strongly biconcave. The lateral surfaces of the centra have slight anteroposteriorly-

trending ridges at midheight; this is not seen in the dorsal vertebrae of Hylaeosaurus. Only one vertebra 

preserves the neural canal well; this is strongly elliptical with its long axis trending dorsoventrally. A 

shallow groove invaginates the dorsal surface of the centrum, as in both Scelidosaurus (Norman, 

2019a,b, 2020a,b) and Hylaeosaurus (Blows and Honeysett 2014). There is a dorsoventrally trending 
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ridge on the posterior surface of the neural arch pedicle, dorsal to the neural canal. The transverse 

processes project dorsolaterally from the neural arch at angles of approximately 40° to the horizontal. 

Basal thyreophorans tend to have laterally-projecting transverse processes whereas those of 

ankylosaurs and stegosaurs are dorsolaterally-projecting (Norman et al. 2004; Vickaryous et al. 2004; 

Maidment et al. 2008), although this is known to vary along the dorsal column (Maidment et al. 2015). 

There is a strongly concave centrodiapophyseal fossa, although the anterior centrodiapophyseal and 

posterior centrodiapophyseal laminae that separate this from the prezygapophyseal centrodiapophyseal 

fossa anteriorly and the postzygapophyseal centrodiapophyseal fossa posteriorly are not as prominent 

as in Hylaeosaurus. Two vertebrae partially preserve prezygapophyses: these project anteriorly from 

the neural arch but overhang the anterior surface of the centrum only slightly. They are joined medially 

to form an intraprezygapophyseal shelf and face dorsomedially at angles of either 20° or 40° to the 

horizontal, although this is known to vary along the dorsal column in thyreophorans (Maidment et al. 

2015). Two vertebrae preserve postzygapophyses; these are much smaller than the prezygapophyses 

and it is possible that they are incomplete. In lateral view, they project posteriorly and slightly 

overhang the posterior margin of the centrum. They are flat, face ventrolaterally at an angle of 

approximately 43° to the horizontal, and are separated by a distinct dorsal notch. In lateral view, the 

attachment of the dorsal ribs is approximately level with both the pre- and postzygapophyses. 

Ten dorsal ribs are present. These are double-headed and have shafts with ‘T’-shaped transverse cross-

sections, as is typical for thyreophorans. They curve and twist slightly along the length of the shaft. 

Most are not fused to the dorsal vertebrae, unlike those of Akainacephalus (Wiersma and Irmis 2018) 

and Edmontonia rugosidens (AMNH 5665). 

 



45 
 

 

Figure 2.10. Best preserved dorsal vertebra of Polacanthus foxii NHMUK PV R175 in A, anterior, B, posterior, C, left lateral, 

D, right lateral, E, dorsal, and F, ventral views. Abbreviations: c, centrum; nc, neural canal; ri, ridge. 



46 
 

 

Figure 2.11. Dorsal vertebrae of Polacanthus foxii NHMUK PV R175. A1, B1, C1, D1: anterior view. A2, B2, C2, D2: posterior 

view. A3, B3, C3, D3: left lateral view. A4, B4, C4, D4: right lateral view. A5, B5, C5, D5: dorsal view. A6, B6, C6, D6: ventral 

view. 
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At least five dorsosacral vertebrae are fused to form a presacral rod, with their dorsal ribs fused to the 

preacetabular process of the ilium. The number of dorsosacral vertebrae is variable in thyreophorans, 

with none in Dyoplosaurus (Arbour et al. 2009) and Scutellosaurus (Colbert 1981), one in stegosaurs 

such as Huayangosaurus and Stegosaurus stenops (Maidment et al. 2006, 2015), two in Dongyangopelta 

(Chen et al. 2013) and Tianchisaurus (Dong 1993b), three in Pinacosaurus mephistocephalus and 

Talarurus (Maryanska 1977; Godefroit et al. 1999), and four in Euoplocephalus (Arbour and Currie 

2013a), Gastonia lorriemcwhinnyae (Kinneer et al. 2016) and Nodosaurus (YPM 1815). The presacral 

rod is broken into two parts: the three anterior-most vertebrae and two posterior-most, with the latter 

fused to the ‘true’ sacrals. The fusion of these vertebrae suggests the specimen is not a juvenile, because 

in specimens of Euoplocephalus the synsacrum is fused in all adult individuals (Arbour and Currie 

2013a). The centra are anteroposteriorly elongate and longer than tall dorsoventrally or wide 

transversely. The articular facets of the centra are fused indistinguishably, as are the neural spines and 

the zygapophyses. The three anterior-most vertebrae have neural spines that are broken dorsally but 

are transversely thin, and the other two are covered dorsally by ossified tendons and the sacral shield. 

The ribs are broken from the centra but are present on the sacral shield fragments. The 

prezygapophyses of the anterior-most dorsosacral vertebra are unfused, suggesting this is the first 

vertebra of the fused presacral rod. In ventral view, the centra lack midline grooves but are keeled, as 

in Euoplocephalus (Arbour and Currie 2013a), and have an undulating ventral margin.  

 

Sacrum 

Four sacral vertebrae are fused to the acetabular region of the ilium and there is one caudosacral 

vertebra. Lesothosaurus has three sacral vertebrae (Baron et al. 2017b), the stegosaurs Huayangosaurus 

and Stegosaurus stenops have four (Maidment et al. 2006, 2015), whereas most ankylosaurs have three, 

such as Akainacephalus (Wiersma and Irmis 2018), Edmontonia longiceps (CMN 8531), 

Euoplocephalus (Arbour and Currie 2013a), and Sauropelta (AMNH 3032), although Animantarx 

(Carpenter et al. 1999), Gargoyleosaurus (Kilbourne and Carpenter 2005), Gastonia burgei (Kinneer et 

al. 2016), and Mymoorapelta (Kirkland and Carpenter 1994) have four. The four sacral centra are fused 

to the proximal ends of the sacral ribs, whereas the broken, distal ends of the ribs are fused to the ilia. 

The posterior-most sacral rib is angled laterally in ventral view, as in Akainacephalus (Wiersma and 

Irmis 2018), Edmontonia longiceps (CMN 8531), Euoplocephalus (Arbour and Currie 2013a), 

Gargoyleosaurus (Kilbourne and Carpenter 2005), Gastonia burgei and G. lorriemcwhinnyae (Kinneer 

et al. 2016), Sauropelta (AMNH 3032), Tianchisaurus (Dong 1993b), Texasetes (Coombs 1995), and the 

stegosaur Stegosaurus stenops (NHMUK PV R36730). This, contrasts with Cedarpelta (CEUM 12360) 

and Edmontonia rugosidens (Carpenter 1990) where the sacral rib is angled posterolaterally, and with 

Dyoplosaurus (Arbour et al. 2009) where it is angled anterolaterally.  

The ilio-sacral block has open foramina – there is no fusion of the sacral ribs to close the foramina, as 

occurs in some stegosaurs such as Hesperosaurus (Maidment et al. 2018) and Miragaia (Costa and 

Mateus 2019). The centra, neural arches, and zygapophyses of the adjoining centra are fused 

indistinguishably, and the dorsal surfaces of the neural spines are covered by the sacral shield. This 
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limits the anatomical detail that can be obtained from the sacral vertebrae. The ventral surfaces of the 

centra have an anteroposteriorly trending groove as in Anoplosaurus (Pereda-Suberbiola and Barrett 

1999), Edmontonia longiceps (CMN 8531), Gastonia burgei and G.lorriemcwhinnyae (Kinneer et al. 

2016), Hungarosaurus (Ősi 2005), Nodosaurus (YPM 1815), and Sauropelta (AMNH 3032). The 

dorsoventral height of the neural arch pedicle appears approximately equivalent to centrum height. 

The anterior-most sacral vertebra has a deep, anterolateral/posteromedially-trending groove on the 

ventral surface of the centrum; it is unclear if this is pathologic or taphonomic in origin. The sacral ribs 

are separated from each other in ventral view. Ossified tendons are present, as in most thyreophorans 

except the stegosaurs Dacentrurus, Kentrosaurus, and Stegosaurus stenops (Raven and Maidment 2017) 

and the ankylosaurs Anodontosaurus and Euoplocephalus (Arbour and Currie 2013a), extending 

anteroposteriorly along the ventral surface of the ilium, dorsal to the sacral ribs, and these obscure the 

neural spines of the sacral vertebrae. There are four sacral ribs fused to the acetabular region of the ilia 

although these are incomplete and partially reconstructed. They appear to be slightly biconcave in 

ventral view, with anteroposteriorly expanded lateral and medial ends and a restricted midshaft, and 

they are double-headed.  

There is one caudosacral vertebra that is fused to the synsacrum, with its ribs fused to the postacetabular 

region of the ilium, although it has been postulated (for reasons that are unclear) that a second 

caudosacral was present (e.g., Blows, 1987). The number of caudosacral vertebrae in ankylosaurs is also 

variable, with none in Edmontonia longiceps (CMN 8531), one in Akainacephalus (Wiersma and Irmis 

2018), two in Anoplosaurus (Pereda-Suberbiola and Barrett 1999), and three in Dyoplosaurus (Arbour 

et al. 2009). The dorsal surface is not obscured by the sacral shield and so the bulbous swelling of the 

neural spine can be observed, although the lateral surfaces of the neural arch are obscured by ossified 

tendons. The centrum is approximately equal in transverse width and anteroposterior length, both of 

which are approximately double the dorsoventral height, and the posterior articular surface of the 

centrum is oval in outline. In ventral view, there is no anteroposteriorly trending groove or keel, and 

the centrum does not appear to be biconcave, although this is obscured by the presence of the proximal 

ends of the fused caudosacral ribs. The posterior surface of the vertebra is broken and the 

postzygapophyses are missing.  

 

Caudal Vertebrae 

Twenty-two caudal vertebrae are present, of which 13 are free, five are articulated, and four are within 

a mass of ossified tendons and osteoderms (Figs. 2.12, 2.13). Additionally, there are two fragments of 

isolated neural arches and three chevrons, although it is not known whether these come from the 

vertebrae in the specimen or from other, unrecovered vertebrae. Of the free vertebrae, seven are well 

preserved and essentially complete, five are mostly complete but less well preserved, and one is a partial 

centrum that is identified as a caudal based on its small size. There appear to be four anterior caudal 

vertebrae, 10 middle caudals (including the articulated series), and seven posterior caudals.  
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The anterior caudal vertebrae are well preserved; one is essentially complete, except for the 

prezygapophyses, and the other three include the centra and neural arch pedicles. The centrum is 

heart-shaped in anterior and posterior views, as in Anoplosaurus (Pereda-Suberbiola and Barrett 1999), 

Europelta (Kirkland et al. 2013), and Gastonia burgei (Kinneer et al. 2016). The centrum is much wider 

transversely than it is tall dorsoventrally or long anteroposteriorly. The anterior and posterior articular 

surfaces are concave. In lateral view, the ventral margin is concave dorsally. Notochordal eminences 

are present on some of the articular surfaces. 

The transverse processes project laterally from the dorsal-most third of the centrum in anterior view 

and the anterior half of the centrum in lateral view. The neural canal is small and circular, although in 

all specimens it is infilled by matrix. Dorsal to the neural canal there is a sharp, transversely thin ridge 

that extends dorsally along the neural spine. Prezygapophyses extend anteriorly, as in Europelta, 

Gargoyleosaurus, and Gastonia burgei (Kilbourne et al., 2005; Kirkland et al., 2013; Kinneer et al., 

2016), although not much further than the anterior facet of the centrum in lateral view, and are angled 

dorsomedially, although the vertebra is crushed transversely. The postzygapophyses extend 

posterodorsally, are angled ventrolaterally and are separated medially. In lateral view, the dorsal 

surfaces of the postzygapophyses are convex dorsally. The neural spine is as dorsoventrally tall as the 

centrum, and the distal end is transversely expanded to form a bulbous swelling as in most eurypodans 

(Vickaryous et al. 2004; Maidment et al. 2008), although it is not bifurcated as it is in Stegosaurus 

(Maidment et al., 2008).  

Of the mid-caudal vertebrae, only two preserve complete neural arches, whereas the rest consist mainly 

of centra. The centra are approximately equal in dorsoventral height and transverse width, whereas 

the anteroposterior lengths of the centra increase posteriorly along the vertebral column, so that the 

posterior caudal vertebrae are greater in length than either the dorsoventral height or transverse width. 

The articular surfaces are subcircular, although several are heart-shaped in anterior view, and they are 

slightly concave. The pre- and postzygapophyses, when preserved, are angled at approximately 65° to 

the horizontal, and project anterodorsally and posterodorsally, respectively. The neural canals are 

generally circular, although one is teardrop-shaped in cross-section. The transverse processes project 

laterally and appear to be well developed, although none are complete. The posterior caudals are 

anteroposteriorly elongate, as in most thyreophorans with the exception of some stegosaurs such as 

Alcovasaurus and Stegosaurus (Galton and Carpenter, 2016; Maidment et al., 2015), with dorsoventrally 

short neural spines and small rugosities on the lateral sides of the centra that represent the transverse 

processes. The centra are subcircular in anterior and posterior views. The anterior articular surface is 

slightly convex whereas the posterior surface is slightly concave. The postzygapophyses, which are 

tongue-shaped in ventral view, extend posteriorly beyond the posterior margin of the centrum, and 

although only a small fragment of a prezygapophysis is preserved, it appears to have extended 

anterodorsally from the neural arch. The vertebrae preserved within the mass of ossified tendons and 

osteoderms are black and glossy, differing in preservational style from the rest of the specimen. It is 

possible these vertebrae form part of a tail handle as found in nodosaurs (Vickaryous et al. 2004), given 

the density of ossified tendons and the close association of caudal osteoderms.  
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Figure 2.12. Best preserved caudal vertebra of Polacanthus foxii NHMUK PV R175 in A, anterior, B, posterior, C, left lateral, 

D, right lateral, E, dorsal, and F, ventral views. Abbreviations: np, notochordal prominence; ns, neural spine; tp, transverse 

process. 
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Ilia 

Both ilia are present and nearly complete, although a large sacral shield completely covers their dorsal 

surfaces (Fig. 2.14). The left ilium is missing the anterior-most region of the preacetabular process as 

well as the medial surface anterior to the acetabulum. The right ilium is broken into two parts, at the 

junction of the third dorsosacral rib and the preacetabular process; although as the fifth dorsosacral rib 

is fused to the preacetabular process, it appears this element is essentially complete. Both ilia have 

extensive areas of reconstruction (Hulke 1887), although this is mainly in the sacral shield portion that 

lies anterior and medial to the preacetabular process of the ilia. Also associated with the specimen are 

loose fragments of the ilia and sacral shield of unknown position. 

The preacetabular process diverges approximately 10° from the parasagittal plane. This differs 

dramatically from other ankylosaurs such as Edmontonia longiceps (CMN 8531; Carpenter et al., 2013) 

and Euoplocephalus (Arbour and Currie 2013a) where the ilia are widely divergent anteriorly. The 

preacetabular process is curved laterally so that it is transversely convex, as in most ankylosaurs 

(Vickaryous et al. 2004), although it is different from the condition in Mymoorapelta where the 

preacetabular process curves ventrally (Carpenter et al. 2013). Five ribs from the dorsosacral vertebrae 

fuse to the preacetabular process on the right ilium. The medial extents of the ilia are difficult to 

decipher because the overlying sacral shield is fused to their dorsal surfaces and the dorsosacral ribs; 

on the left side the medial surface appears to be broken whilst on the right ilium extensive 

reconstruction hinders identification of the boundary between the ilia and the overlying sacral shield. 

However, the ilia appear to taper transversely anteriorly from the lateral edge of the pubic peduncle to 

the medial edge of the anterior portion of the preacetabular process.  
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Figure 2.13. Caudal vertebrae of Polacanthus foxii NHMUK PV R175. A1, B1, C1, D1, E, F1, G1, H3: anterior view. A2, B2, 

C2, D2, E2, F2, G2, H6: posterior view. A3, B3, C3, D3, E3, F3, G3, H2, I4: left lateral view. A4, B4, C4, D4, E4, F4, G4, H1, 

I2: right lateral view. A5, B5, C5, D5, E5, F5, G5, H4, I1: dorsal view. A6, B6, C6, D6, E6, F6, G6, H5, I3: ventral view. 
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The acetabular region forms a gentle cup, bounded anteriorly by the pubic peduncle and the fused 

pubis, and posteriorly and medially by the ischiac peduncle and the fused ischium. This condition, 

where the acetabulum is bounded on all sides by a ventrally-extending rim that receives variable 

contributions from the pubis and ischium with the effect of closing the acetabulum in lateral view, is 

found in all ankylosaurs (Vickaryous et al. 2004), except Mymoorapelta (Kirkland and Carpenter 1994). 

In basal archosaurs (e.g., the archosauromorph Garjainia; PIN 951/8) and basal ornithischians (e.g., 

Lesothosaurus; Baron et al., 2017b), the acetabulum is also closed in lateral view by a flange that extends 

from the ventromedial acetabulum, but the acetabula of these taxa lack a ventrolaterally-extending 

rim. Stegosaur acetabula lack ventrally-extending rims either medially or laterally; consequently, the 

acetabulum is open in lateral view (e.g., Dacentrurus; NHMUK PV OR46013). The acetabulum of 

Polacanthus extends lateral to the transverse midpoint of the ilium. Lateral to this, the ilium is 

dorsoventrally flat; the transverse curvature of the preacetabular region is not present. Four sacral ribs 

are fused to the acetabular region of the ilium, and the middle two of these are fused to the cup of the 

acetabulum. The postacetabular region is blunt and reduced; it does not extend far posteriorly or 

laterally from the acetabulum, and this is similar to many other ankylosaurs such as Gargoyleosaurus 

and Mymoorapelta (Kirkland and Carpenter 1994; Kilbourne and Carpenter 2005). There is no 

postacetabular ridge and the region is dorsoventrally flat, similar to the condition in Gastonia 

lorriemcwhinnyae but in contrast to the condition in Gastonia burgei (Kinneer et al. 2016) where there 

is a distinct anteroposteriorly-trending postacetabular ridge. The ventral margin of the postacetabular 

process curves gently medially so that it is ‘U’-shaped in ventral view but does not extend medially past 

the medial edge of the acetabulum. In the left ilium, the postacetabular region is incomplete medially. 

 

Ischia 

Both ischia are present, although each is incomplete distally, and the left is broken into two parts at 

approximately shaft mid-length. They are ‘Y’-shaped elements and are strongly curved ventromedially, 

forming an approximately 90° angle, and this is unique among ankylosaurs (Vickaryous et al. 2004). 

Although Pereda-Suberbiola (1994) suggested that this is possibly due to crushing, I believe this to be 

autapomorphic as it seems unlikely that the extent of plastic deformation required would occur without 

fracturing. The proximal ends of both ischia are fused to the ischiadic peduncles of the ilium, forming 

the posterior margin of the acetabulum, and so the morphology of the dorsal surface of the proximal 

ends cannot be deduced, although they appear to extend anteriorly such that they also form the 

posteromedial edge of the acetabulum and appear to contact the pubes. The acetabular (anterior) 

surface of the proximal end of the ischia is transversely concave with a slight, proximodistally-

extending ridge present on the anterolateral surface. The transverse thickness of the shaft tapers slightly 

posteriorly, although the full extent of this is unknown due to the missing distal end. The 

anteroposterior thickness of the shaft does not change, so the anterior and posterior surfaces are 

parallel. The shaft projects posteroventrally at approximately 10° relative to the dorsal surface of the 

ilia before bending strongly medially. 

 



54 
 

Pubes 

The pubes of Polacanthus are similar to those of other ankylosaurs, such as Akainacephalus (Wiersma 

and Irmis 2018), Chuanqilong (Han et al. 2014), Europelta (Kirkland et al. 2013), and Gastonia burgei 

(Kinneer et al. 2016), in that they are much reduced and fused to the pubic peduncle of the ilia. 

However, both are incomplete and it is difficult to decipher their anatomy and to compare with other, 

well-preserved ankylosaur pubes. The right pubis is missing most of the postpubis whereas only the 

acetabular surface of the left pubis is present, and the obturator notch is not preserved.   

 

Femora 

Both femora are preserved and essentially complete (Fig. 2.15), although the right displays more 

evidence of anteroposterior crushing than the left, and the left is missing part of the greater trochanter. 

Both femora have fragments of bone attached, and a crocodilian tooth is adhered to the anterior distal 

surface of the right. 

In anterior view, the femur is straight with transversely expanded proximal and distal ends. The 

femoral head is rugose, bulbous, and faces slightly dorsomedially, as is the case in Gastonia burgei and 

Hoplitosaurus (Kinneer et al. 2016). The femoral head does not extend as far medially as the tibial 

condyle, the opposite condition to Gastonia (Kinneer et al. 2016). There is a distinct angle between the 

ventral margin of the head and the femoral shaft, rather than a smooth curve, and this feature is 

ontogenetically-controlled in stegosaurs (Galton 1982). The femoral head extends further dorsally than 

the greater trochanter, so that a distolaterally-sloping shelf separates the two, as in Hoplitosaurus 

(USNM 4752), although the latter taxon has a more robust greater trochanter. The anterior trochanter 

is a prominent, finger-like process that extends approximately one-third of the way down the femoral 

shaft, parallel to the lateral edge of the shaft. On the proximal surface, there is a groove lateral to the 

anterior trochanter. The fourth trochanter is not visible in anterior view, in contrast to the condition 

in Gargoyleosaurus (DMNH 27226). The anterior surface of the proximal end, excluding the femoral 

head, is flat on the right femur but gently convex in the left femur. On the lateral surface of the right 

femur, a shallow groove separates the anterior trochanter from the greater trochanter, although this is 

less obvious on the left femur. At the distal end of the shaft, just proximal to the articular condyles, 

there is a shallow concavity. The condyles are approximately equal in size, although in the right femur 

the medial condyle is slightly transversely wider. There is no evidence of the muscle scars that are 

found on the anterior surface of the shaft in the unnamed Argentinian ankylosaur (Coria and Salgado 

2001; Arbour and Currie 2016), although the bone surface is not well preserved. 
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Figure 2.14. Pelvic material of Polacanthus foxii NHMUK PV R175. Right ilium in ventral (A, B) and dorsal (C, D) views. 

Left ilium in ventral (E) and dorsal (F) views. Pre-sacral rod in ventral (G), dorsal (H), right lateral (I), left lateral (J), 

anterior (K), and posterior (L) views. Sacrum in ventral (M), dorsal (N), left lateral (O), right lateral (P), anterior (Q), and 

posterior (R) views. 
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In posterior view, the fourth trochanter is prominent and extends to approximately midlength of the 

femoral shaft, and although it is less prominent than that of Lesothosaurus and Scutellosaurus (Colbert 

1981; Baron et al. 2017b) it is more strongly developed than in most other eurypodans (Vickaryous et 

al. 2004; Maidment et al. 2008). Carpenter and Kirkland (1998) have argued that this prominence is 

due to taphonomic crushing and suggested that Polacanthus exhibits a condition similar to other 

ankylosaurs (Arbour and Currie 2013a), although I consider the feature to be the true morphology. On 

the fourth trochanter of the left femur a fragment of unidentifiable bone is attached. At the distal end 

of the posterior surface of the shaft a slight concavity is present just proximal to the articular condyles 

and this merges into a deep intercondylar groove. 

In lateral view, the femoral shaft is straight, as in all eurypodans (Butler et al. 2008) and 

anteroposteriorly compressed with slightly anteroposteriorly expanded proximal and distal ends. In 

both proximal and distal views, the femur is lemniscate, although this is more obvious in distal view 

due to the prominently bulbous articular condyles. In distal view, the medial condyle on both femora 

is larger than the lateral condyle. The lateral epicondyle is medially inset from the lateral edge of the 

femur. The shaft is subrectangular in cross-section, being wider transversely than long 

anteroposteriorly, although this could be partly explained by anteroposterior crushing post-burial. 

 

Tibia, Fibula, and Astragalus 

A complete left tibia is present and fused to the astragalus. The distal end of the left fibula is articulated 

with the tibia, and a small fragment of the proximal end of the fibula is attached to the tibia, although 

the rest of the left fibula is missing. 

The tibia is composed of a straight shaft with an anteroposteriorly and transversely expanded proximal 

end and a transversely expanded, but anteroposteriorly restricted, distal end, giving it an hourglass-

shaped outline in anterior view. The cnemial crest, which extends from the anterolateral corner of the 

proximal end, reaches approximately one-third of the way down the length of the shaft. The posterior 

surface of the cnemial crest is excavated. The lateral view of the tibia is partly obscured by the fibula, 

but in medial view it is wedge-shaped, with the anterior surface tapering posteriorly to the distal end, 

and a dorsoventrally straight posterior surface. The proximal surface of the tibia is concave and rugose 

in texture. The tibia is twisted so that an angle of approximately 60° separates the long axis through the 

proximal condyles and the long axis of the distal condyles, as is common for ankylosaurs (Vickaryous 

et al. 2004), although the preservation of the proximal end of the tibia makes this angle difficult to 

determine accurately. The distal end is compressed anteroposteriorly, fused to the astragalus, and is 

highly pyritised. The lateral malleolus is flat in lateral view, presumably for articulation with the distal 

end of the fibula, which lies just proximal to it. The medial malleolus is proximodistally deeper than 

the lateral malleolus and is slightly transversely convex on its anterior surface. The shaft is 

subtriangular in cross-section, with a flat medial surface. 
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Figure 2.15. Hind limb of holotype of Polacanthus foxii NHMUK PV R175. Left femur in A, anterior and B, posterior views. 

Right femur in C, posterior and D, anterior views. Left tibia in E, posterior and F, anterior views. Two metatarsals in G, 

anterior and H, posterior views. Abbreviations: ab, anterior trochanter; ft, fourth trochanter; he, femoral head; tc, tibial 

condyle. 

 

The fibula is much more slender transversely and anteroposteriorly than the tibia. In lateral view, it is 

curved anteriorly due to the anteroposterior expansion of the distal end, although the small section of 

shaft that is preserved is straight in lateral view. In anterior view, the fibula is straight, and the distal 

end is not expanded transversely. In distal view, the distal end is lemniscate with its long axis trending 

transversely, and the medial surface is larger and more bulbous than the lateral condyle. 

The astragalus is fused to the tibia, as in Dyoplosaurus, Euoplocephalus, and Europelta (Arbour et al. 

2009; Kirkland et al. 2013; Arbour and Currie 2013a), so its dorsal surface is obscured. It is less deep 

anteroposteriorly than it is wide transversely. In ventral view, it is subrectangular in outline with a 

rugose texture. 
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Metatarsals and Phalanx 

Two metatarsals are preserved and are almost identical to each other, meaning it is not possible to 

decipher to which pedal digit they belong, and they are described together. They are articulated, but 

one has been displaced distally relative to the other so that its distal end sits alongside the shaft of the 

other.  

The condition of the proximal surfaces is difficult to observe due to a fragment of bone (possibly another 

partial metatarsal) which lies on them. In anterior view, the proximal ends are transversely concave. 

In lateral view, the proximal ends of the metatarsals flare anteroposteriorly so that the elements appear 

subtriangular. In anterior view, the metatarsals appear subrectangular with the long axis trending 

proximodistally, and with both the proximal and distal ends slightly transversely expanded relative to 

the shaft. In distal view, the distal ends are horseshoe-shaped anteriorly, creating a deeply concave 

shape in lateral view. The lateral surfaces of the distal end are transversely concave. 

A single, well-preserved ungual phalanx is present. In dorsal view, it is hoof-shaped, as in most 

eurypodans except Liaoningosaurus and Dyoplosaurus (Xu et al. 2001; Arbour et al. 2009), with lateral 

margins tapering to a blunt distal end. The distal margin is rugose with two small notches present, 

possibly indicating it is slightly fragmented. The proximal margin is convex and on the lateral margin 

a fragment of bone is attached. In lateral and medial views, the phalanx curves ventrally distally from 

a point at roughly midlength. Proximal to this, there is a dorsoventrally-deepened bulge that marks the 

distal edge of the articular surface. In proximal view, the articular surface is oval, with the long axis 

trending transversely, and it is gently convex with a rugose texture. 

 

Armour 

Numerous osteoderms are preserved (Fig. 2.16) and were presumably held in lateral rows along the 

dorsum and sides of the body, as in Scolosaurus (NHMUK PV R5161) and Borealopelta (Brown et al. 

2017), although these are all out of life position, excluding the sacral shield, and so this is impossible to 

know for certain. The majority of the osteoderms are deeply excavated and are larger than the largest 

centrum of a dorsal vertebra, as in all known thyreophorans with osteoderms except Scutellosaurus 

(Arbour and Currie 2016). The osteoderms include 13 triangular, flat osteoderms (‘plates’ of Blows, 

2015), although the majority of these are incompletely preserved and have been reconstructed partially. 

‘Splates’ and ‘spines’ are also present (Blows and Honeysett, 2014; sensu Blows, 2015), as in 

Hoplitosaurus (USNM 4752). There appears to be a gradation between ‘plates’, ‘splates’, and ‘spines’. 

The ‘spines’ are slightly different to those of Hylaeosaurus in that they appear to be transversely wider 

with an oval base, although it is unknown whether the osteoderms of Polacanthus come from the same 

part of the body and are therefore homologous to those of Hylaeosaurus. There is an extensive sacral 

shield, composed of large, interlocking rosettes surrounded by smaller tubercles, and this was classified 

as a Category 2 morphology of the three sacral shield morphologies of Arbour et al. (2011). This 

morphology is also seen  in Gargoyleosaurus (DMNH 27726), Gastonia burgei (Kinneer et al. 2016), and 

Mymoorapelta (Kirkland and Carpenter 1994).  
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The morphology and distribution of osteoderms of Polacanthus has been described in detail numerous 

times (e.g., Nopcsa, 1905;  Blows, 1987, 2015; Pereda-Suberbiola, 1994). Blows (1987) defined six types 

of osteoderms in the holotype of Polacanthus and NHMUK PV R9293; three forms of presacral spines, 

caudal plates, the sacral shield, and ossicles. It is, however, undefined and unclear how the forms of 

presacral spines differ from each other and from the caudal plates, and it is not known how the position 

of these osteoderms (i.e., presacral or caudal) was decided, given that the material was not found in 

situ. Given the lack of in situ osteoderms in the holotype, the position of the osteoderms on the body 

of the animal is impossible to determine without direct comparisons to taxa with in situ body armour, 

such as Scolosaurus (NHMUK PV R5161) and Borealopelta (Brown et al. 2017), although there are few 

ankylosaur taxa known with such preservation, and there is high variation in the morphology of 

osteoderms between these taxa. The distribution of osteoderms of Polacanthus is regarded herein as a 

tentative hypothesis until future specimens are found. Unfortunately, this makes comparisons between 

taxa difficult, given there is no positional homology between individual osteoderms from different 

specimens, limiting the taxonomic and phylogenetic data that can be attributed to osteoderms. Over-

interpretation of osteoderm character data is a common issue in ankylosaur studies, with many 

characters based on osteoderms (e.g., Penkalski, 2018), without discussion of the homologies between 

the different morphologies. Furthermore, due to lack of multiple articulated specimens of the same 

species at different ontogenetic stages, it is not currently possible to determine how the morphology of 

osteoderms varied with sex and ontogeny in any ankylosaur. 
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Figure 2.16. Osteoderms of Polacanthus foxii NHMUK PV R175. Selection of five different osteoderms in multiple views. 
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2.10. Specimens Previously Referred to Polacanthus 
‘Bexhill Specimen’ 

An individual (BEXHM 1999.34.1-2011.23.1) from the Wadhurst Clay Formation (Valanginian) of 

Ashdown Quarry, Bexhill, East Sussex has been dubbed the ‘Bexhill specimen’ (Blows and Honeysett 

2014) and suggested to be the oldest occurrence of Polacanthus. The referral of this specimen to 

Polacanthus was based on osteoderm morphology and the similarity of the scapula (Blows and 

Honeysett 2014). However, the ‘scapula’ of the ‘Bexhill specimen’ is actually an ischium. The ischium 

of the ‘Bexhill specimen’ is fragmentary; it does not completely preserve the proximal end and the distal 

end is completely missing, meaning comparisons with the ischia of the Polacanthus holotype are 

difficult. The ‘Bexhill specimen’ ischium is not curved ventromedially, in contrast to Polacanthus, 

although this could be due to the incompleteness of the element.  

The ‘Bexhill specimen’ exhibits none of the autapomorphies of Polacanthus, so it cannot be referred to 

the taxon. The considerable stratigraphic gap separating the ‘Bexhill specimen’ from Polacanthus sensu 

stricto suggests that if it were referable to any currently named taxon, it would be Hylaeosaurus instead. 

However, the ‘Bexhill specimen’ does not exhibit any of the autapomorphies of Hylaeosaurus either, 

and lacks the ventral keels on the cervical vertebrae and the strongly concave centrodiapophyseal fossa 

on the dorsal vertebrae that are seen in Hylaeosaurus. It is possible, therefore, that the specimen 

represents a distinct taxon; however, it possesses no unique features or character combinations. Thus, 

it is considered an indeterminate nodosaurid ankylosaur herein based upon features such as the 

presence of a sacral shield.  

 

‘Horshamosaurus rudgwickensis’ 

HORSM 1988.1546 was described as a second species of Polacanthus by Blows (1996) and was later 

reassigned to the new genus Horshamosaurus (Blows, 2015). It was found in the Weald Clay Group 

(Hauterivian–Barremian) of Sussex, on the mainland of southeast England, and was thought to be 

distinct from Polacanthus based on differences in the size of the specimen as well as anatomical 

differences in the osteoderms, tibia, and caudal vertebrae. HORSM 1988.1546 is, however, fragmentary; 

only a dorsal vertebra, a dorsal centrum, a caudal centrum, scapula, humerus, tibia, ribs, and osteoderms 

are known, and many of these elements are incomplete (Blows 1996). Additionally, the phylogenetic 

position of the taxon is labile (Ősi 2015); it has been referred to as a ‘polacanthid’ (Blows 1996, 2015; 

Carpenter 2001a), a nodosaurid (Thompson et al. 2012), and as Ankylosauria incertae sedis (Vickaryous 

et al. 2004).  

The diagnosis given by Blows (2015) is as follows: (1) about 30% larger than Polacanthus; (2) large and 

robust scapula with fused coracoid; (3) large dorsal vertebrae with rounded centrum faces; (4) anterior 

caudal vertebrae with round centrum faces; (5) anterior caudal vertebrae centrum short in length but 

tall; (6) anterior caudal vertebrae lateral processes supported by two inferior ridges merging with the 

centrum margins; (7) caudal vertebra lateral processes form tall, raised dorsal ridges which are sloped 

downwards blending the base of the lateral processes with the neural arch; (8) caudal vertebra base of 
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the lateral process occupies the top 50% of the centrum height when viewed anteriorly or posteriorly; 

(9) tibia longer and straighter than Polacanthus; (10) posterior dorsal ribs large and deep; (11) large, 

rounded, low-keeled dermal spine with solid base; and (12) roof-like hollow-based thin walled 

osteoderms. 

Characters 1, 2, 3, 9, and 10 are all based on size differences that could be controlled by individual and 

ontogenetic variation (as occurs between individuals of Euoplocephalus, for example; Arbour and 

Currie, 2013). Characters 4, 5, 6, 7, and 8 are based on vertebral features that can vary along the length 

of the vertebral column (as in cf. Pinacosaurus; MPC D 100.1305; Arbour and Currie, 2013b; Burns et 

al., 2015), and given that the specimen was found disarticulated, are difficult to use as diagnostic 

characters. Furthermore, these are common features within Ankylosauria (e.g., Arbour and Currie, 

2013) and cannot be used as autapomorphies. Character 9 is based on the misidentification of an 

ischium as a tibia, and the ischium differs from that of Polacanthus as it does not curve ventromedially. 

Characters 11 and 12 are based on osteoderms that should not be used as diagnostic characters given 

the high individual variation they might exhibit (as seen in Gastonia burgei; Kinneer et al., 2016). 

Consequently, this survey demonstrates that all of the characters previously used to diagnose 

‘Horshamosaurus’ are not robust autapomorphies. ‘Horshamosaurus’ is clearly a nodosaurid, as it 

possesses nodosaurid character states such as the dorsal curvature of the scapula blade. However, given 

the lack of diagnostic characters or unique character combinations in the fragmentary material, the 

specimen should be regarded as an indeterminate nodosaurid ankylosaur and ‘Horshamosaurus 

rudgwickensis’ is a nomen dubium. 

 

NHMUK PV R9293  

NHMUK PV R9293, from the Wessex Formation of Compton Bay, Isle of Wight, consists of cervical, 

dorsal, sacral and caudal vertebrae, and dermal armour, and was described in detail by Blows (1987). It 

has similar morphology to Polacanthus and other nodosaurid ankylosaurs, but it preserves no 

autapomorphies of Polacanthus and is thus an indeterminate nodosaurid ankylosaur based upon 

features such as the presence of a sacral shield. Indeed, despite the similarities of the caudal vertebrae 

with the holotype of Polacanthus, there are deep fossae lateral to the prezygyapophyses that are not 

present in Polacanthus, indicating this could represent a new taxon. The sacral shield of NHMUK PV 

R9293 is very similar to that of Polacanthus, but this morphology is also found in other ankylosaurs, 

such as Gargoyleosaurus, Gastonia, and Mymoorapelta (Arbour et al., 2011). 

 

‘Polacanthoides ponderosus’ 

A humerus and a tibia from the Wessex Formation of Brighstone Bay on the Isle of Wight, represented 

by casts NHMUK PV R1106 and R1107, respectively (as the originals are now lost), were used, in part, 

to name Polacanthoides ponderosus (Nopcsa, 1928). These were referred to Hylaeosaurus by Hulke 

(1874), and latterly Polacanthoides has been considered a junior subjective synonym of both 
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Hylaeosaurus and Polacanthus in part (Coombs and Maryanska, 1990; Pereda-Suberbiola, 1993, 1994). 

The specimens exhibit no autapomorphies of Polacanthus, and there are no diagnostic characters or 

unique character combinations in the material, so the specimens are regarded as indeterminate 

ankylosaurs based upon features such as the expanded articular ends of the tibia, and ‘Polacanthoides 

ponderosus’ is a nomen dubium. 

 

‘Polacanthus becklesi’ 

A partial ilio-sacral block (NHMUK PV R1926) from the Isle of Wight, described by Lydekker (1891), 

was named as Polacanthus becklesi by Hennig (1924). This has since been considered a junior subjective 

synonym of P. foxii (Blows, 1987; Pereda-Suberbiola, 1994; Pereda-Suberbiola et al., 2007). The 

specimen is, however, fragmentary, and preserves no autapomorphies of Polacanthus, and there are no 

diagnostic characters or unique character combinations, so it is regarded as an indeterminate 

ankylosaur based upon the presence of osteoderms and ‘Polacanthus becklesi’ is a nomen dubium. 

 

Hoplitosaurus marshi 

Hoplitosaurus marshi, from the Lower Cretaceous (?Barremian) Lakota Formation of South Dakota, 

U.S.A., was named by Lucas (1901). The type and only specimen consists of both femora, portions of 

the right scapula and coracoid, two fragments of humerus, two vertebral centra, rib fragments, and 

dermal armour. Given the potential stratigraphic overlap and anatomical similarities of the humerus, 

femur, and dermal armour, Hoplitosaurus was regarded as a junior subjective synonym of Polacanthus 

by Blows (1987) and Pereda-Suberbiola (1994), although this was rejected by Carpenter and Kirkland 

(1998) and the synonymy has not been accepted by subsequent workers (e.g., Vickaryous et al., 2004; 

Parish, 2005; Thompson et al., 2012; Arbour and Currie, 2016). None of the autapomorphies of 

Polacanthus are found in the material of Hoplitosaurus, there are morphological differences in the 

femora of Hoplitosaurus and Polacanthus (see description above), and several of the unique characters 

that were thought to link Hoplitosaurus and Polacanthus, such as the groove separating the anterior 

and greater trochanters of the femora, have a wider distribution within Ankylosauria (e.g., in Gastonia 

burgei; Carpenter and Kirkland, 1998), meaning that the two taxa are distinct from each other. 

 

‘Vectensia’ 

A single osteoderm from the Wessex Formation at Barnes High, Isle of Wight, GM 1981.45, was 

described as the type specimen of the genus Vectensia by Delair (1982), with no specific name 

designated. This has since been considered a junior subjective synonym of Polacanthus (Pereda-

Suberbiola 1994). Osteoderms are common in ankylosaurs (Arbour and Currie 2016) and, given the 

specimen exhibits no autapomorphies of Polacanthus, nor other diagnostic characters or unique 

character combinations, it is regarded as an indeterminate ankylosaur, and ‘Vectensia’ is a nomen 

dubium. For all specimens regarded as indeterminate ankylosaurs, see Appendix A1.2.  
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2.11. Discussion 
 

Hylaeosaurus and Polacanthus are Distinct Taxa 

Although separated by between 3–14 million years (absolute dating of the Wealden Supergroup is 

lacking and the precise stratigraphic locations of many of the specimens are unknown), Hylaeosaurus 

and Polacanthus have been hypothesised to represent the same taxon (Coombs 1978; Coombs and 

Maryanska 1990). This synonymy has been rejected (Blows, 1987; Pereda-Suberbiola, 1993, 1994; 

Blows and Honeysett, 2014), however, and their taxonomic distinction is maintained herein based on 

a suite of clear anatomical differences. Their respective holotypes, which are the only specimens 

considered to be referable to each taxon herein, overlap only in the presence of dorsal vertebrae. The 

anatomy of dorsal vertebrae is known to vary slightly along the vertebral column in thyreophorans 

(Arbour and Currie 2013a; Maidment et al. 2015), although I consider the differences in dorsal vertebral 

morphology between Hylaeosaurus and Polacanthus to be robust enough to separate these taxa. In 

Hylaeosaurus, a ventral keel is present in lateral view, which is absent in Polacanthus, and the lateral 

surfaces of the centra in Hylaeosaurus have anteroposteriorly-trending ridges at mid-height, which are 

also absent in Polacanthus. Additionally, the dorsal ribs of Polacanthus are all ‘T’-shaped in cross-

section, whereas they are almost exclusively triangular in Hylaeosaurus. The most striking difference 

is that the centrodiapophyseal fossae of the dorsal vertebrae in Hylaeosaurus are strongly concave, with 

anterior and posterior centrodiapophyseal laminae separating them from the prezygapophyseal 

centrodiapophyseal fossae and postzygapophyseal centrodiapophyseal fossae respectively, and this 

condition is absent in Polacanthus.  

Blows and Honeysett (2014) used, in part, the presence of distinct osteoderm morphologies as the basis 

for distinguishing these taxa. However, although I agree that the osteoderms of the two holotypes 

differ, I argue that the degree of individual, ontogenetic, and sexual variation of ankylosaur armour is 

unknown, and consider it unsafe to base taxonomic referrals based on osteoderm patterning, especially 

when it is not found in situ. In addition to the morphological differences between the two taxa, there 

is a significant stratigraphic gap between them. With the removal of the ‘Bexhill specimen’ from 

Polacanthus, this taxon is restricted to the Barremian, whereas Hylaeosaurus is from the Valanginian, 

a time difference approximately equivalent to the stratigraphic gap between Homo sapiens and our last 

common ancestor with Pan and Pongo (chimpanzees and orangutans, respectively; Tocheri et al., 

2008), suggesting further that synonymy of Hylaeosaurus and Polacanthus is unlikely.  

 

The Upper and Lower Wealden Dinosaur Faunas 

The taxonomic, stratigraphic, and geographic separation of Hylaeosaurus and Polacanthus has 

implications for the biostratigraphy of the Wealden Supergroup within the Weald and Wessex sub-

basins. The Lower Cretaceous Wealden Supergroup consists of terrestrial, fluvial, lacustrine, and 

lagoonal strata that were deposited in the Weald Sub-basin of Sussex, Kent, and Surrey, and in the 

Wessex Sub-basin of the Isle of Wight and Dorset (Martill and Naish, 2001; Batten, 2011) during the 

Berriasian–Aptian. The Weald Sub-basin contains the Hastings Beds Group (Berriasian–Valanginian), 
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which is made up of the Ashdown, Wadhurst Clay, Lower Tunbridge Wells Sandstone and Upper 

Tunbridge Wells Sandstone formations, and the Weald Clay Group (Hauterivian–Barremian; Batten 

and Austen, 2011), which contains the Upper and Lower Weald Clay formations. In the Wessex Sub-

basin, the Wealden is given the stratigraphic status of ‘Group’ rather than ‘Supergroup’, and it contains 

the Wessex (Valanginian–Barremian) and Vectis (Aptian) formations, although only Barremian–

Aptian strata are exposed at the surface (Batten, 2011). Although the vertebrate fauna of the Wealden 

Supergroup has been considered homogenous (e.g., Ostrom, 1970), more recent research has suggested 

two distinct biozones, separated by the Valanginian/Hauterivian boundary (Norman, 1987, 2015; 

Pereda-Suberbiola, 1993; Blows, 1998; Wright et al., 1998). The ‘Lower Wealden’ fauna includes the 

ornithopods Barilium, Hypselospinus and Kukufeldia (Norman, 2010; McDonald et al., 2010), the 

theropod Becklespinax (Naish 2011), and the sauropods Haestasaurus and Xenoposeidon (Upchurch et 

al. 2011b). The ‘Upper Wealden’ fauna includes the ornithopods Hypsilophodon, Iguanodon, 

Mantellisaurus, and Valdosaurus (Norman, 2011), the theropods Aristosuchus, Eotyrannus, 

Neovenator, Baryonyx, and Yaverlandia (Naish 2011), and the sauropods Eucamerotus and Ornithopsis 

(Upchurch et al. 2011b). Polacanthus was suggested to be potentially present in both the Lower and 

Upper Wealden faunas (Austen et al., 2010; Barrett and Maidment, 2011b; Blows and Honeysett, 2014). 

However, the reassessment of the ankylosaurs of the Wealden based on autapomorphies here indicates 

that the specimen previously referred to Polacanthus from the lower part of the Wealden Supergroup 

(the ‘Bexhill specimen’), is an indeterminate nodosaurid, referable to neither Polacanthus nor 

Hylaeosaurus. Polacanthus is therefore restricted to the Upper Wealden fauna, and Hylaeosaurus to 

the Lower Wealden fauna, and consequently there is no taxonomic overlap between them.   

 

The Weald and Wessex Sub-basins 

The Upper Weald Clay Formation of the Weald Sub-basin and the Wessex Formation of the Wessex 

Sub-basin overlap temporally (both are Barremian; Batten, 2011). Baryonyx (Naish 2011), Iguanodon, 

and Mantellisaurus (Norman 2010) are found in both sub-basins, but no ankylosaur taxa are currently 

shared between the Weald and Wessex Sub-basins. This could be due to sampling bias; many of the 

ankylosaur fossils found in the Wealden are fragmentary and not diagnosable to genus level. If higher 

quality material were to be found, it is possible that these taxa could have had a wider distribution, but 

current data do not support this scenario. Conversely, the observed pattern could be due to genuine 

regional-scale habitat differences. Butler and Barrett (2008) and Arbour et al. (2016) demonstrated a 

statistically significant association between nodosaurid occurrences and marine depositional 

environments in Europe, and given the differences in lithology between the Wessex and Weald Sub-

basins, with the Wessex Sub-basin having more marine influence than the Weald (Austen and Batten 

2018), it is possible there was a taxonomic preference of habitat between the two Sub-basins. 
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2.12. Conclusions 

The holotypes of Hylaeosaurus armatus and Polacanthus foxii are redescribed in the light of recent 

advances in our knowledge of ankylosaur anatomy, taxonomy, and phylogenetics. Both Hylaeosaurus 

and Polacanthus represent valid ankylosaur taxa, from distinct geographic and stratigraphic locations, 

and can be rediagnosed on the basis of robust autapomorphies and character combinations, although 

both are currently restricted to the type specimens. ‘Horshamosaurus rudgwickensis’ is a nomen 

dubium and an indeterminate nodosaurid ankylosaur. The majority of ankylosaur material known from 

the Lower Cretaceous of Europe is fragmentary and indeterminate to a genus level; the taxonomic 

identification of both new and historically collected material needs to be based on morphological 

comparisons rather than relying largely on provenance in order that the true diversity of ankylosaurs 

from this time and geographic location be understood. The taxonomy of these important thyreophoran 

taxa has now been stabilised and it is now possible to accurately incorporate them into the phylogenetic 

analyses of Chapter Three and subsequent biogeographic analyses of Chapter Four and 

macroevolutionary analyses of Chapter Five. 
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3. The Phylogenetic Relationships of the Armoured Dinosaurs (Ornithischia: 

Thyreophora) 

 

3.1. Abstract 

The armoured dinosaurs (Thyreophora) were a significant component of Mesozoic terrestrial 

ecosystems, appearing in the earliest Jurassic and surviving until the latest Cretaceous, and fossils of 

the group have been found on all continents, including Antarctica. However, a patchy fossil record and 

highly modified anatomy hinders reconstruction of their evolutionary history. For example, the 

relationships of many early-diverging taxa are labile and the degree of convergence between the two 

major clades, Ankylosauria and Stegosauria, has been difficult to assess. There has never been a species-

level phylogenetic analysis of the thyreophoran dinosaurs; until recently, the computational ability to 

analyse such a dataset did not exist and, as such, the interrelationships of taxa within the group are 

debated. I address these issues with a new phylogenetic dataset that includes the majority of named 

thyreophoran taxa (340 characters, 91 taxa), of which 66% were observed first-hand. This was analysed 

using equal- and implied-weights parsimony and Bayesian inference, and further explored using 

constraint trees and partitioned datasets, with support inferred using Bremer indices and symmetric 

resampling. Stratigraphic congruence was used to identify a ‘preferred tree’ and this analysis reveals a 

novel hypothesis for thyreophoran relationships. The hitherto accepted ankylosaurian dichotomy is 

not supported: instead, four distinct ankylosaur clades are identified, with the long-standing 

‘traditional’ clade Nodosauridae rendered paraphyletic. Ankylosauridae, Edmontonidae, 

Polacanthidae, and Struthiosauridae have distinct morphotypes, typified by Euoplocephalus, 

Edmontonia, Gastonia, and Struthiosaurus, respectively. Isaberrysaura is an early stegosaur and 

Scelidosaurus is a non-eurypodan. As well as their taxonomic implications, these results have 

interesting implications for character evolution within the group, with many characters related to 

feeding and quadrupedality coincident with the diversification of Eurypoda. Unstable taxa in the 

analyses are generally highly incomplete but other better-known taxa are also unstable suggesting the 

need for further taxonomic revisions. Partitioned datasets suggest that there is a high degree of 

convergence in the postcrania of thyreophoran dinosaurs and that osteoderm characters do not contain 

a strong phylogenetic signal. This new phylogenetic hypothesis will be the framework for future studies 

into thyreophoran dinosaur macroevolution, including biogeographical analyses and diversity and 

disparity studies.  

 

3.2. Introduction 

Knowledge of phylogenetic relationships is an important prerequisite for understanding evolutionary 

pattern and process and has been regarded as such since the foundation of evolutionary biology; the 

only figure in On the Origin of Species (Darwin 1859) is a phylogenetic tree. Phylogenies provide the 

framework for assessing relationships among taxa (Kitching et al., 1998) and for understanding 

macroevolutionary patterns such as diversity and disparity in deep-time (Benson 2018). In addition, 

they aid conservation efforts (Price 2012) and have even assisted in understanding the spread of the 
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COVID-19 virus during the 2020-21 pandemic (Rothan and Byrareddy 2020). Reliable and robust 

phylogenetic trees are thus fundamental to understanding the history of life on Earth. 

Cladistics, or phylogenetic systematics, is a classification method that groups taxa hierarchically into 

discrete groups and subgroups and has become widely used since its introduction by Willi Hennig in 

the 1950s and 1960s (Kitching et al., 1998). It is the primary method for phylogenetic inference (Kluge 

and Wolf 1993) and is widely used in dinosaur palaeontology (e.g. Pisani et al., 2002; Butler et al., 2008; 

Maidment et al., 2008; Thompson et al., 2012; Mannion et al., 2013; Boyd, 2015; Tschopp et al., 2015; 

Arbour and Currie, 2016; Brusatte and Carr, 2016; Baron et al., 2017a). The use of morphological data 

was traditionally the only means of inferring evolutionary trees and was fundamental in the 

development of phylogenetic methodology (Keating et al. 2020). However, morphology has since been 

superseded by the development of approaches using molecular sequence data in the genomic age 

(Scotland et al. 2003), where empirical observations of molecular characters can be used directly to 

model evolutionary processes. Nevertheless, it is not currently possible to access molecular data from 

the majority of fossils, meaning morphological data are usually the only means for phylogenetic 

inference in palaeontology, thus giving the only direct perspective on evolution in deep time. The 

recognition that morphology is necessary for time-scaling phylogenies and is the only current way of 

producing evolutionary models for extinct taxa (Lee and Palci 2015) has meant that morphological data 

are enjoying a ‘phylogenetic renaissance’ throughout the biological sciences (O’Reilly et al. 2016), 

meaning more focus is being applied to the field.  

Although traditionally employed under the principle of equal-weights parsimony, where the resulting 

trees are chosen on the basis of the fewest number of character changes (Kitching et al., 1998), other 

methods have recently been used in an attempt to recover more accurate phylogenies. These include 

implied-weights parsimony, where characters are rescaled according to their levels of homoplasy 

(Goloboff 1993; Goloboff et al. 2008b, 2017), and likelihood-based models such as the Mk model (Lewis 

2001), which is ordinarily analysed using Bayesian analysis (O’Reilly et al. 2016). However, it is unclear 

which methodology is the most appropriate for phylogenetic inference from morphological data 

(Goloboff et al. 2018; O’Reilly et al. 2018a), with this debate complicated by the variety of methods 

used to analyse the accuracy and quality of the resulting phylogenetic trees (Keating et al. 2020). 

Phylogenetic hypotheses based on morphological data are sensitive to several variables, including 

character ‘type’, be it discrete or continuous data (Thiele 1993), as well as character sampling, the 

implementation of optimality criteria (Parry et al. 2017), and taxon sampling (Heath et al., 2008). 

Although currently considered to be an unequivocally monophyletic group (Galton and Upchurch 

2004; Norman et al. 2004; Vickaryous et al. 2004), a comprehensive whole-group phylogeny of 

Thyreophora has never been attempted. Here, I rectify this by producing a species-level phylogeny of 

the thyreophoran dinosaurs. I create the most comprehensive character-taxon matrix ever produced 

for the group, with 340 characters and 91 taxa, and analyse it with equal-weights and implied-weights 

parsimony and Bayesian inference. I then explore this dataset with partitioned datasets, constraint 

analyses and stratigraphic congruence tests. The results of this new study provide a novel hypothesis 

of thyreophoran dinosaur interrelationships, with wide-ranging implications for our understanding of 
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their systematics, and this will provide the framework for the biogeographic analyses in Chapter Four 

and the macroevolutionary analyses in Chapter Five.  

 

3.3. Previous Phylogenetic Analyses 

A species-level phylogenetic dataset has never been produced for Thyreophora as a whole and most 

studies have focused instead on one of the two major sub-groups, Ankylosauria or Stegosauria. With 

respect to stegosaurs, the first analysis of the clade (Sereno and Dong, 1992) included 22 characters for 

four taxa and two suprageneric OTUs (Operational Taxonomic Units), although there is no mention of 

the phylogenetic methodology employed. Subsequently, Galton and Upchurch (2004) used 55 

characters scored for 11 taxa but produced a largely unresolved tree and five taxa were removed a 

posteriori to increase resolution. The phylogeny of Maidment et al. (2008), with 85 characters and 18 

taxa, was the first produced following examination of all valid taxa first-hand, and this was later 

updated with the addition of newly described taxa in Mateus et al. (2009) and Maidment (2010). The 

most-recent phylogeny of Stegosauria was produced by Raven and Maidment (2017), which was later 

updated by Raven and Maidment (2018) and Maidment et al. (2020), and included the highest number 

of stegosaurian taxa used in a cladistic analysis (23 taxa, 115 characters). These phylogenies all had 

common themes, such as finding Huayangosaurus as an early-diverging stegosaur and Stegosaurus as a 

derived stegosaur. Additionally, a close relationship between Huayangosaurus and Chungkingosaurus 

(in the clade Huayangosauridae) is often found, as is the clade Dacentrurinae (Dacentrurus + Miragaia), 

and a group of Chinese taxa are frequently found outside of the clade Stegosauridae (Kentrosaurus + 

Loricatosaurus + Miragaia + Dacentrurus + Stegosaurus). However, the ability to compare the results of 

these phylogenies is hindered by a lack of resolution at the base of Stegosauria and, in particular, the 

large number of taxa used by Galton and Upchurch (2004) that are now considered invalid (e.g. 

Wuerhosaurus, Lexovisaurus and Chialingosaurus). The phylogeny of Raven and Maidment (2017) 

achieved the highest resolution and so offers the most insight into the interrelationships of the clade. 

Paranthodon and Tuojiangosaurus were found as sister-taxa, probably due to a combination of a lack 

of character scores for Paranthodon and similarities in the teeth of these taxa (Raven and Maidment 

2018). Jiangjunosaurus, Gigantspinosaurus, Kentrosaurus, Dacentrurus and Loricatosaurus were found 

as successive sister-taxa. Hesperosaurus and Miragaia were found as sister-taxa, prompting the 

reerection of these genera and a monophyletic Stegosaurus was found as the most derived member of 

Stegosauria. When this matrix was updated with additional taxa (Raven and Maidment 2018; Maidment 

et al. 2020), Isaberrysaura was found to be an early-diverging stegosaur, rather than an early-diverging 

neornithischian as originally described (contra Salgado et al., 2017). Additionally, the newly described 

Moroccan stegosaur Adratiklit (Maidment et al. 2020) was found in a close relationship with the 

European stegosaurs Dacentrurus and Miragaia, rather than the African stegosaurs Kentrosaurus and 

Paranthodon. Alcovasaurus was also found within Stegosauria, closely related to Paranthodon and 

Tuojiangosaurus, and the interrelationships of Stegosauridae differed slightly from the original analysis 

(Raven and Maidment 2017).  
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Numerous non-numerical phylogenies of Ankylosauria have been produced (e.g. Coombs 1978; Sereno 

1986; Tumanova 1987; Coombs and Maryańska 1990) but the first quantitative cladistic analysis of the 

group was by Lee (1996), although this contained only 26 characters and eight taxa due to limited 

computational power. Carpenter et al. (1998) and Carpenter (2001) found a clade of ‘polacanthid’ 

ankylosaurs; however, these studies used suprageneric groups of predetermined taxa in a 

compartmentalisation technique, thus not allowing testing of relationships between taxa in each of the 

composite clades (Wilkinson et al. 1998). The cladistic analyses of Vickaryous et al. (2001) and Hill et 

al. (2003) used solely cranial characters, limiting the taxa available for inclusion and the morphological 

data available for consideration. Sereno (1999), and an updated version of the same dataset by Xu et al. 

(2001), produced phylogenies of ankylosaurs but used composite suprageneric taxa for the derived 

members of Ankylosauridae and Nodosauridae, thus limiting their abilities to test the interrelationships 

of these clades. A relatively comprehensive analysis was performed by Vickaryous et al. (2004), based 

on 23 taxa and 63 cranial and postcranial characters, and this was later used as the basis for other studies 

(Ősi 2005; Lu et al. 2007a; Parsons and Parsons 2009; Ősi and Makádi 2009). A more comprehensive 

review of the Ankylosauria in the unpublished PhD thesis of Parish (2005) was, at the time, the most 

thorough cladistic analysis of the group, with 42 taxa and 159 characters. This was later updated by 

Thompson et al. (2012), who included 52 taxa and 170 characters. A phylogeny of Ankylosauridae was 

produced by Arbour and Currie (2016), with 44 taxa and 177 characters, and this was later updated 

with more nodosaurids (Arbour et al. 2016), to increase the total number of taxa to 56. This was again 

updated with the addition of newly described taxa (Borealopelta, Brown et al., 2017a; Jinyunpelta, 

Zheng et al., 2018;  Zuul, Arbour and Evans, 2017), with the former finding Jinyunpelta as the most 

basal ankylosaurine taxon. All of the phylogenies mentioned recovered the ‘traditional’ 

Ankylosauridae-Nodosauridae dichotomy that was first established on phenetic grounds by Coombs 

(1978); however, there are some marked differences between the analyses, most notably the presence 

or absence of a clade of ‘polacanthids’. As mentioned previously, Carpenter et al. (1998) found a clade 

consisting of Mymoorapelta, Gastonia and Polacanthus close to the base of Ankylosauridae, with 

Hoplitosaurus and Hylaeosaurus added to this group based on synapomorphies. Carpenter (2001) then 

added Gargoyleosaurus to this group and termed it Polacanthidae. Hill et al. (2003) and Vickaryous et 

al. (2004) also found this group, but without Mymoorapelta, Polacanthus and Hylaeosaurus as the latter 

did not preserve cranial characters. However, the more comprehensive analyses of Parish (2005) and 

Thompson et al. (2012) found the ‘polacanthid’ taxa as early-diverging members of Nodosauridae that 

did not form a clade. Additionally, Arbour et al. (2016) also failed to recover a monophyletic 

Polacanthidae, with its proposed members also found as early-diverging nodosaurs. Other potentially 

monophyletic groups within Ankylosauria include Shamosaurine and Stegopeltinae (Arbour and 

Currie 2016). Tumanova (1983) first erected Shamosaurinae as a subfamily of Ankylosauridae to group 

the Mongolian taxa Shamosaurus and Saichania. Both Carpenter (2001) and Carpenter et al. (2008) 

considered Shamosaurus, Gobisaurus and the North American taxon Cedarpelta to be shamosaurine 

ankylosaurids, and Vickaryous et al. (2004) found Shamosaurus and Gobisaurus as sister-taxa in a 

monophyletic Shamosaurinae. Thompson et al. (2012) did not find this relationship, while Arbour and 

Currie (2016) did so with the exclusion of Cedarpelta. They thus considered it likely that Gobisaurus 

could be subsumed into a second species of Shamosaurus, given their close anatomical similarities, 
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effectively eradicating Shamosaurinae as a valid clade. This was supported further by the results of 

Arbour et al. (2016). Stegopeltinae was first mentioned by Ford (2000), who grouped Aletopelta, 

Glyptodontopelta and Stegopelta as a clade within Ankylosauridae. However, this clade has not been 

found in any subsequent phylogenetic analysis (e.g. Vickaryous et al. 2004; Thompson et al. 2012; 

Arbour and Currie 2016) and it was hypothesised that, in any case, Nodosaurinae would be a better 

name for an inclusive clade within Nodosauridae if Stegopelta was considered a junior synonym of 

Nodosaurus, given they are found in the same formation (Arbour and Currie 2016).  

Additionally, in the publication of the new ankylosaurid Akainacephalus (Wiersma and Irmis 2018), a 

phylogenetic dataset was used in part and cited as Kirkland and Loewen (in prep). This phylogeny has 

been presented at a conference (Kirkland and Loewen, 2013) but has never been published in a peer-

reviewed journal. Since the publication of Akainacephalus this dataset has undergone substantial 

revision (Kirkland, J. pers. comms.): therefore, the results of this full phylogeny cannot be discussed 

further until it has been published. A summary of all previous phylogenetic analyses can be found in 

Table 3.1.  

Analysis Number of OTUs Number of Characters Focus of Study 

Lee 1996 9 25 Ankylosauria 

Carpenter et al. 1998 4 26 Ankylosauria 

Carpenter 2001 9 17 Ankylosauria 

Vickaryous et al. 2001 24 41 Ankylosauria 

Hill et al. 2003 24 50 Ankylosauria 

Galton and Upchurch 2004 11 55 Stegosauria 

Vickaryous et al. 2004 23 63 Ankylosauria 

Parish 2005 40 159 Ankylosauria 

Ősi 2005 18 63 Ankylosauria 

Lu et al. 2007 24 63 Ankylosauria 

Maidment et al. 2008 18 85 Stegosauria 

Mateus et al. 2009 19 89 Stegosauria 

Ősi and Makádi 2009 17 63 Ankylosauria 

Parsons and Parsons 2009 26 63 Ankylosauria 

Maidment 2010 20 89 Stegosauria 

Thompson et al. 2012 52 170 Ankylosauria 

Arbour et al. 2014a 19 154 Ankylosauridae 

Arbour et al. 2014b 20 160 Ankylosauridae 

Han et al. 2014 53 170 Ankylosauria 

Arbour and Currie 2016 44 177 Ankylosauridae 

Arbour et al. 2016 59 177 Ankylosauridae 

Brown et al. 2016 47 177 Ankylosauria 

Arbour and Evans 2017 58 177 Ankylosauridae 

Raven and Maidment 2017 23 115 Stegosauria 

Raven and Maidment 2018 23 121 Stegosauria 

Wiersma and Irmis 2018 35 293 Ankylosauridae 

Zheng et al. 2018 59 177 Ankylosauridae 

Maidment et al. 2020 25 115 Stegosauria 

Table 3.1. Previous numerical phylogenetic analyses of Thyreophora 
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3.4. Methods 

Taxon Selection 

The increased computational power available to modern researchers has meant that phylogenetic trees 

can have more taxa and more characters than ever before (de Queiroz and Gatesy 2007). The 

construction of large phylogenies is usually performed by one of two methods; supertrees and 

supermatrices. The supertree approach (Sanderson et al. 1998) takes a number of overlapping 

phylogenetic tree topologies and combines them into a single, more comprehensive tree. This approach 

has been used frequently in many areas of biology (Bininda-Emonds 2004), although not often within 

dinosaur palaeontology (Pisani et al. 2002). In this approach, the individual characters are not 

interpreted as phylogenetic evidence and topologies are inferred instead from the different source trees, 

which are encoded into a matrix and used to reconstruct the supertree (Gatesy et al. 2002). 

Consequently, the underlying character data is not directly accountable for the topology of the 

supertree (Gatesy et al. 2004). By contrast, construction of a supermatrix uses information from each 

character directly (de Queiroz and Gatesy 2007); all characters from smaller phylogenies are combined 

into a single supermatrix and the data is analysed simultaneously (Miyamota 1985; Kluge 1989; Nixon 

and Carpenter 1996b). This approach does have drawbacks; if there are only a few taxa in common 

between the original datasets, a high proportion of the newly combined data matrix will be scored as 

missing data (Sanderson et al. 1998), and the computational power needed for building a supermatrix 

is vast (de Queiroz and Gatesy 2007). The scale of the problem presented by the first drawback is 

debated (de Queiroz and Gatesy 2007), and the advent of new, faster methods of analysis (Nylander et 

al. 2004; Goloboff et al. 2008a) has begun to address the second issue. Supermatrices are still used 

infrequently, however, especially in the context of morphological data applied to palaeontological 

problems (e.g. Dembo et al. 2015), given that the methods arose from the use of molecular data. They 

are, however, becoming more frequent (e.g. Moon 2017; Jones and Butler 2018). These are often called 

‘modified supermatrices’ (e.g. Moon 2017), where separate phylogenetic datasets are concatenated, 

then modified so that the characters are critically analysed to exclude repeated, uninformative and 

misleading characters, and then analysed as a single dataset using a consistent character coding strategy 

(de Queiroz and Gatesy 2007).  

There has never been a whole-group thyreophoran supertree or supermatrix. All previous studies focus 

on either ankylosaurs (e.g. Vickaryous et al., 2004; Parish, 2005; Thompson et al., 2012; Arbour and 

Currie, 2016) or stegosaurs (e.g. Galton and Upchurch, 2004; Maidment et al., 2008; Maidment, 2010; 

Raven and Maidment, 2017), with few taxa outside of the focus groups included (see Previous 

Phylogenetic Analyses, above). Additionally, due to the speciose nature of Ankylosauria and the 

computational inability to analyse large character taxon matrices, most studies that have focused on 

ankylosaurs have not included all taxonomically valid species (e.g. Arbour and Currie, 2016), meaning 

there have been few phylogenetic analyses of whole-group Ankylosauria. 
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Outgroup Selection 

Cladistic character states need to be polarised; that is, a direction of character state change needs to be 

imposed by distinguishing the plesiomorphic state from the apomorphic state (Kitching et al., 1998). 

This is an important stage in designing a cladistic analysis; an incorrectly rooted tree can produce 

misleading interpretations of interrelationships and character evolution (Graham et al. 2002), yet this 

stage is often a neglected part of the process (Sanderson and Shaffer 2002). Prior to the advent of 

computational phylogenetics, characters had to be polarised a priori in manual cladistic methods, 

although this is no longer necessary, with a posteriori tree rooting now also possible (Kitching et al., 

1998). There are numerous methods available for identifying apomorphic character states (Kitching et 

al., 1998) and Nelson (1973) produced an important division between indirect methods that require 

information from a source external to the study taxa (e.g. outgroup comparison) and direct methods 

that are implemented using only information from the study group (e.g. ontogenetic character 

optimisation). Kitching et al. (1998) concluded that out of the various criteria proposed as methods for 

determining character polarity, only the ontogenetic criterion and outgroup comparison methods are 

theoretically defensible (with other criteria such as ingroup commonality, stratigraphy, biogeography, 

functional value and underlying synapomorphy being fundamentally flawed). Ontogenetic criteria are 

based on the perception that ontogeny and phylogeny are fundamentally interlinked, in that the 

earlier-diverging condition can be observed in a juvenile during development, but is then lost as an 

adult (Williams et al. 1990). Outgroup comparison, on the other hand, is where an outgroup taxon to 

an unresolved set of ingroup taxa is designated and the character states of the outgroup taxon are 

assumed to be the primitive state for the ingroup (Williams et al. 1990). In palaeontology, however, it 

is rare to know a full ontogenetic sequence (Kitching et al., 1998) and outgroup comparison is by far 

the commonest method for character optimisation (e.g. Maidment et al. 2008; Mannion et al. 2013; 

Wilberg 2015; Arbour and Currie 2016; Baron et al. 2017b). When determining character polarity a 

priori, outgroup comparison has been characterised as a ‘constrained, two-step analysis’ (Kitching et 

al., 1998) where the different character states are first organised into a transformation series and are 

then polarised against the outgroup. This involves assumptions about the monophyly of the ingroup 

taxa and does not allow testing of the relationships of the ingroup taxa to the outgroup taxa, and is 

derived from Maddison et al. (1984). The need for characters to be assigned polarity a priori is alleviated 

by the use of ‘simultaneous, unconstrained analysis’ (Kitching et al., 1998) in which ingroup and 

outgroup taxa are analysed together (i.e. simultaneous) and the outgroup relationships are unspecified 

prior to analysis (i.e. unconstrained). This approach is implemented in the majority of computer 

algorithms, which generate unrooted networks and then are rooted after they are output as cladograms 

by placing the root at the outgroup node, and has been advocated as both the theoretically and 

empirically defensible approach to cladogram construction (Nixon and Carpenter 1993). It will always 

yield at least the same cladogram as a two-step, constrained analysis, as the assumptions therein may 

prove to be correct, but it may also produce a more parsimonious result if those assumptions are 

incorrect, and is thus the preferred method of cladistic analysis (Kitching et al., 1998). It does, however, 

require characters that are informative with respect to outgroup taxa, not just ingroup taxa (Nixon and 

Carpenter 1993). Other techniques, such as using an artificial outgroup taxon, Lundberg rooting and 



74 
 

midpoint rooting, have been suggested as ways for rooting cladograms, however they all have major 

defects and are rarely used in practice (Kitching et al., 1998). 

Outgroup sampling can, however, have dramatic effects on the results of phylogenetic analyses and 

justification for outgroup selection is not always discussed adequately (Puslednik and Serb 2008; 

Wilberg 2015). If only a single outgroup taxon is used it is not possible to test the monophyly of the 

ingroup; as a result, the use of multiple, more distant outgroup taxa is recommended (Nixon and 

Carpenter 1993; Barriel and Tassy 1998; Sanderson and Shaffer 2002; Puslednik and Serb 2008; Wilberg 

2015), although this is not always agreed upon (Lyons-Weiler et al. 1998). Choosing an outgroup more 

distant than the two closest sister groups allows a test of the true relationships of the ingroup and its 

presumed sister group (Graham et al. 2002). This is particularly relevant for thyreophorans; 

Lesothosaurus was long thought to be a non-genasaurian ornithischian but recent analyses (Butler et 

al. 2008; Boyd 2015) suggest instead that it is an early-diverging member of Thyreophora. If chosen as 

the outgroup taxon for Thyreophora, the thyreophoran affinities of Lesothosaurus cannot be tested. 

However, choosing outgroup taxa that are too distantly removed can produce long branches in which 

homoplasy can accumulate, and very distantly related taxa might not share sufficient relevant 

characters (Wilberg 2015). Empirical tests show that taxon sampling, be it ingroup or outgroup taxa, 

can have a large effect on ingroup relationships (Hill 2005; Heath et al. 2008; Ketchum and Benson 

2010), particularly for labile groups such as Cetacea (Spaulding et al. 2009) and Thyreophora (Raven 

and Maidment 2018), and an increase in taxon sampling needs to be matched by an increase in character 

sampling (Hill 2005), which is also important for phylogenetic stability (Mongle et al. 2019).  

Most previous thyreophoran phylogenies have included Lesothosaurus as the outgroup taxon 

(Vickaryous et al. 2001, 2004; Parish 2005; Lu et al. 2007b; Maidment et al. 2008; Maidment 2010; 

Thompson et al. 2012; Arbour and Currie 2016; Arbour et al. 2016; Wiersma and Irmis 2018; Zheng et 

al. 2018). However, others, such as Ősi (2005) and Parsons and Parsons (2009), used the more deeply 

nested thyreophoran Scelidosaurus, as they were aiming to understand ankylosaurian ingroup 

relationships, and Galton and Upchurch (2004) used a hypothetical ancestor with all characters scored 

as ‘0’. Raven and Maidment (2017) used Pisanosaurus but included Lesothosaurus in an attempt to test 

its thyreophoran affinities. However, Pisanosaurus has now been identified as a non-dinosaurian 

silesaurid (Baron 2017; Agnolín and Rozadilla 2018). In addition to using Lesothosaurus as an outgroup, 

most thyreophoran phylogenies also include exemplar taxa from the other sub-group that the study is 

focusing on. For example, Huayangosaurus and/or Stegosaurus have been included in ankylosaurian 

phylogenies (e.g. Thompson et al., 2012) whereas Euoplocephalus, Gastonia and Sauropelta have been 

included in stegosaurian analyses (e.g. Maidment et al., 2008).  

 

Character Selection 

The type of morphological data used in phylogenetic inference is likely to affect the results obtained 

and the inclusion/exclusion of different data types can be driven by the software available (Kitching et 

al., 1998). For example, continuous data have often been overlooked in phylogenetic analyses; it was 



75 
 

not until TNT (Tree analysis using New Technology) was developed (Goloboff et al. 2006, 2008a) that 

raw continuous data could be analysed as such whereas previous analyses had to arbitrarily categorise 

such data into discrete character states. There are numerous methods for rediscretising continuous data 

but they are generally types of gap coding with slight variations (e.g. simple gap coding, segment 

coding, divergence coding, generalised gap coding and range coding; Kitching et al., 1998). Gap 

weighting is an extension of this, where a weighting is added to each gap so that the character state 

score not only relates the relative position of the observed data but also maintains the relative size of 

the gaps between them, and this has been used, albeit rarely, in phylogenetic analyses of dinosaurs 

(Maidment et al. 2008) and plesiosaurs (Ketchum and Benson 2010). A much more common method is 

the division of the observed variation into two or more discrete states based on previous studies or 

outgroup taxa (Mannion et al. 2013). This rediscretisation is, however, problematic. It is an arbitrary 

decision (Wiens 2001; Jones and Butler 2018) and this can impose artificial divisions that have no 

biological meaning (Mannion et al. 2013). Additionally, the variation observed might not fall into 

clusters with gaps in between and so different researchers may find evidence for alternate tree 

topologies based on a different boundary being placed between states (Mannion et al. 2013). Perhaps 

most importantly, however, is the loss of biological information that could contain phylogenetic 

information (Parins-Fukuchi 2017); this is particularly pertinent to palaeontology, where specimens 

are often fragmentary and researchers need to glean as much information from them as possible. The 

use of continuous data is not without its drawbacks, although these are often practical problems related 

to the infrequent use of such data in analyses. It is time consuming to take measurements of every 

potential phylogenetic character, particularly for large animals such as dinosaurs, and measurement 

data is often lacking from published descriptions, meaning that less information is available unless first-

hand observation is possible (Mannion et al. 2013). Additionally, continuous data represent a spectrum 

of variation and as such synapomorphies are difficult to identify (Mannion et al. 2013), although in 

Mesquite (Maddison and Maddison 2019) the direction of change can be interpreted as synapomorphic 

(e.g. Raven and Maidment 2017). A negative relating to continuous data is that intraspecific variation 

may be too great for a phylogenetic signal to exist (Kitching et al., 1998), and it has been suggested that 

increasing the number of character states to include continuous data leads to an artificial increase in 

resolution that does not reflect phylogeny (Bardin et al. 2014). An important issue with continuous 

data is that of scaling, where the range of values of a character means the characters are likely to need 

different weights  (Goloboff et al. 2006). One method to do this is implied weighting (Goloboff 1993) 

and this was implemented by Mannion et al. (2013). Other methods include transforming the data 

trigonometrically (Vidovic and Martill 2014), logarithmically (Mongiardino Koch et al. 2015) or 

through a normalisation method to values between 0 and 3 (Vidovic and Martill 2017). TNT can also 

now automatically rescale data so the range of values are equivalent to the 0-1 character state change 

of discrete characters (Goloboff and Catalano 2016) and this helps to mitigate the effect of topological 

change caused by the arbitrary choice of numerator and denominator in ratio characters (Raven and 

Maidment 2017). The use of raw continuous data does have many advantages. It can be collected 

objectively whereas the decisions required to discretise them are subjective (Worthington 2017) and it 

does not require a priori ordering of character states (Parins-Fukuchi 2017). It could also be a more 

accurate method for obtaining phylogenetic information than discrete data given that the majority of 
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biological variation is fundamentally continuous (Wiens 2001), and it can reduce homoplasy (Jones and 

Butler 2018). Additionally, it means later analyses, either for higher taxonomic levels or when 

characters are being updated, can use the character statements without modifying state boundaries or 

reversing the character polarity (Mannion et al. 2013). Continuous data has been shown to be 

phylogenetically informative under both parsimony (Goloboff et al. 2006) and Bayesian 

implementation of the Mk model (Parins-Fukuchi 2017). Perhaps the most important argument for the 

use of continuous data in phylogenetic analyses is, however, that its exclusion is an a priori assumption 

that some variables have greater systematic values than others (Kitching et al., 1998), although whether 

this outweighs the logistical difficulty in implementing continuous characters remains to be decided 

by phylogeneticists.  

Previous thyreophoran phylogenies have predominantly used discrete morphological data, with only 

Raven and Maidment (2017), Maidment (2010) and Maidment et al. (2008) including continuous data. 

The latter two used gap-weighting methods (Thiele 1993) to divide the data series of 16 characters into 

a number of discrete character states, which due to software restrictions was a maximum of 26 different 

states. The former treated raw continuous data as such (Goloboff et al. 2006) in the software TNT 

(Goloboff et al. 2008a), with 24 continuous characters included. All of these studies investigated the 

effects of continuous data on their analyses by running a second analysis with the continuous characters 

excluded a priori. They found that similar topologies were recovered when including and excluding 

continuous data, but that poorer resolution resulted when continuous data were excluded, suggesting 

that continuous data was congruent with discrete data and contained phylogenetic signal. However, 

given that the continuous characters were not replaced by rediscretised characters, but were simply 

removed, the lack of resolution is not surprising, as fewer characters overall were included in the 

analyses (Mongle et al. 2019).  

 

Character Coding Strategy 

There are multiple techniques for character coding hierarchical morphological data, with reductive 

character coding the most widely used in dinosaur palaeontology (Strong and Lipscomb 1999; Brazeau 

2011). This method splits hierarchical characters into pairs and utilises non-applicable character states 

(represented by a ‘?’ or a ‘-‘) when there is no logical interpretation of the character. This allows the 

analysis to test for independent origins of character states. For an example of reductive character 

coding, see characters 52 and 53 of Raven and Maidment (2017):  

52. Skull roof: cortical remodelling absent (0); present (1).  

53. Skull roof: cortical remodelling present in only some bones (0); present in all bones, so that 

the antorbital and supratemporal fenestrae are closed (1).  

The opposite of reductive character coding is non-reductive character coding, where characters are 

combined into large, multi-state characters with linked character states (Kitching et al., 1998). For 

example, character 154 of Arbour and Currie (2016):  
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154. Postcranial osteoderm distribution: no postcranial osteoderms (0); postcranial osteoderms 

arranged in multiple transverse rows (1); postcranial osteoderms primarily present in two rows 

along midline (2). 

Although it is the most commonly used method, reductive character coding is not flawless; non-

applicable states are treated as missing data, which can lead to issues such as “pseudo-parsimony” 

(Brazeau 2011), where coding results in ancestors being assigned states due to an invalid assumption of 

close ancestry between far removed branches and the transparency of missing data to computer 

algorithms (Maddison 1993). Additionally, reductive character coding can lead to groupings of taxa 

that share only the non-applicable character state (Strong and Lipscomb 1999; Brazeau 2011; Brazeau 

et al. 2018), although this effect can be avoided by collapsing zero length branches. Although there is 

no error-free method for character coding, the review of Brazeau (2011) suggests that reductive 

character coding is the best solution, as long as it is combined with an appreciation of the algorithms 

used in parsimony software, in order to not lose phylogenetic information about the shared character 

state condition.  

The most recent stegosaurian phylogenies used reductive coding (Raven and Maidment 2017; Raven 

and Maidment, 2018; Maidment et al., 2020). However, the most recent and comprehensive 

ankylosaurian phylogenies to date (Arbour and Currie 2016; Arbour et al. 2016; Arbour and Evans 

2017) did not, choosing to use multistate characters instead (following the recommendations of 

Maddison, 1993), even though this approach duplicates the gains or losses of a character. The latter 

technique was applied to minimise the problem of missing data, as taxa without osteoderms 

(e.g. Lesothosaurus) in that analysis would be scored as ‘?’ for the many characters describing 

osteoderms, which are widespread in ankylosaurians. Most other thyreophoran phylogenies use 

reductive character coding, which is the most common character coding technique for dinosaur 

phylogenetic studies. 

 

Multistate Characters 

There has been much debate regarding the use of multistate characters in morphological phylogenetic 

analyses, particularly over whether to order such characters or not (Hauser and Presch 1991; Wilkinson 

1992; Barriel and Tassy 1993; Slowinski 1993; Pleijel 1995; Wiens 2001; Grand et al. 2013). These 

debates primarily revolve around the question of whether characters should have an a priori 

assumption of evolution applied or not, regardless of whether or not they appear to form morphoclines. 

Ordered characters can either increase (Slowinski 1993) or decrease (Hauser and Presch 1991) 

resolution in phylogenetic datasets, and can also produce both more or less equally parsiminous trees 

depending on the dataset used (Hauser and Presch 1991). Modelling, rather than empirical datasets, 

suggests that unordered characters have a high artefactual resolution rate and a low resolving power 

(Grand et al. 2013). It is clear there is no consensus on whether or not to order multistate characters, 

and that their usage varies over time (Grand et al. 2013). The decision over whether to order characters 

or not should therefore be stated and justified. 



78 
 

Previous thyreophoran phylogenies have generally excluded ordered characters (Vickaryous et al. 

2001, 2004; Galton and Upchurch 2004; Ősi 2005; Parish 2005; Li et al. 2007; Parsons and Parsons 2009; 

Thompson et al. 2012; Han et al. 2014; Arbour et al. 2014a,b, 2016; Arbour and Currie 2016; Arbour 

and Evans 2017; Zheng et al. 2018). A few studies have ordered characters, however, including 

successive iterations of the stegosaurian phylogeny by Maidment et al. (Maidment et al. 2008, 2020; 

Mateus et al. 2009; Maidment 2010; Raven and Maidment 2017, 2018). The ordered characters in these 

analyses, of which there are two, relate to the successive loss of phalanges. Additionally, the 

ankylosaurian phylogeny used in the description of the ankylosaurid Akainacephalus (Wiersma and 

Irmis 2018) ordered a large number of characters, although no justification or description was given 

(see comments on this phylogeny, above). 

 

Data Matrix Construction 

Here, I employ a ‘modified supermatrix’ approach to produce the first species-level phylogenetic dataset 

of Thyreophora. This was an attempt to combine characters from all known previous thyreophoran 

phylogenetic studies. These studies include: Sereno and Dong (1992); Lee (1996); Carpenter et al. 

(1998); Kirkland (1998); Sereno (1999); Carpenter (2001); Hill et al. (2003); Galton and Upchurch 

(2004); Vickaryous et al. (2004); Parish (2005); Butler et al. (2008); Thompson et al. (2012); Arbour and 

Currie (2013a, b, 2016), Arbour et al. (2014a, b); Burns and Currie (2014); Boyd (2015); Burns (2015); 

and Raven and Maidment (2017). The analysis in Xu et al. (2001) was not included here as neither the 

journal nor the corresponding author could locate the character-taxon matrix, and both Maidment et 

al. (2008) and Maidment (2010) were excluded as the characters had been updated by Raven and 

Maidment (2017). Additionally, the phylogenies of Sereno (1986), Tumanova (1987) and Coombs and 

Maryańska (1990) were not included as they were pre-numerical in nature and did not include 

character-taxon matrices. Characters from phylogenetic studies postdating Raven and Maidment 

(2017) were not included as they were published after data collection for this study had started.  

All characters from the aforementioned phylogenies were included in my character list except those 

that were identical between phylogenies (in which case the most recent iteration was used) or those 

that were exactly correlated (e.g. character 19 of Hill et al. (2003) and character 26 of Vickaryous et al. 

(2004) both described sinuses of the nasal, so the former was excluded). This is particularly important 

for ‘modified supermatrix’ approaches using morphological data because the character data are 

compiled from several different sources, meaning there may be overlap in the assignment of character 

states to taxa (Mongle et al. 2019). Additionally, because it is known that phylogenetic reconstructions 

are sensitive to the influence of ontogeny (Tsai and Fordyce 2014), any characters that were obviously 

linked to ontogenetic variation were removed, such as character 19 of Burns (2015): “Obliteration of 

cranial sutures in adults, involving fusion and dermal sculpturing of the outer surface of most of the 

dermal skull roof: absent (0); present (1).”. All characters that were excluded from previous 

phylogenetic studies are listed in Appendix A3.1. Only characters relating to thyreophoran 

synapomorphies were included from the phylogenies of Butler et al. (2008) and Boyd (2015); these 

analyses were designed to test the wider relationships of derived ornithischians, so most of the 
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characters listed therein are inapplicable to thyreophorans. Some characters from different phylogenies 

described the same feature but were inapplicable when taken together (e.g. character 51 of Arbour and 

Currie (2016) and character 33 of Raven and Maidment (2017), which both describe the dorsal surface 

of the parietal) and so a new character combination was produced. Characters were constructed using 

the principles of Sereno (2007), where character statements are composed of locators, variables and 

variable quantifiers, and character states. Any character that was not constructed in this manner 

previously was edited for consistency.  

In addition to characters previously used, I incorporated 61 new characters into the dataset. These 

additions include autapomorphies, as these are important for analyses using Bayesian inference, where 

an ascertainment bias correction would otherwise be needed, as well as for evolutionary rates and 

disparity analyses (Matzke and Irmis 2018), for which this phylogeny will form the backbone (see 

Chapter Five). Additionally, including autapomorphies allows the testing of whether a character is 

truly autapomorphic, or whether it can be coded for multiple taxa when creating a large phylogenetic 

dataset.  

The 24 continuous characters used in the stegosaurian phylogeny of Raven and Maidment (2017) were 

rediscretised herein, using a similar method to Jones and Butler (2018), for inclusion in the dataset. 

This was despite the benefits of continuous data (see Character Selection above) and was primarily due 

to the logistical difficulties of including continuous data in a large phylogenetic matrix that is analysed 

using multiple software packages.  

The effects of reductive versus non-reductive character coding techniques have not been investigated 

with empirical data (Brazeau 2011) and the thyreophoran dinosaurs appear to be an ideal group on 

which to test this, with osteoderms potentially containing a large amount of phylogenetic 

signal (Arbour 2014). Additionally, previous thyreophoran studies have used both reductive (e.g. 

Raven and Maidment, 2017) and non-reductive character coding (Arbour and Currie 2016). To decide 

which character coding strategy should be used, I tested the effects of reductive versus non-reductive 

character coding in a pilot study of thyreophoran phylogeny. This used a supermatrix of previous 

thyreophoran phylogenies sensu stricto, in that characters from ankylosaur studies were not scored for 

stegosaurs and vice versa. Two matrices were produced, one with reductive character coding and 

consisting of 357 characters, and one with non-reductive character coding and consisting of 334 

characters. These were analysed with identical settings with 76 taxa included. There was little 

difference in the results of the two analyses, with a slight drop in resolution in the reductive analysis, 

which was probably due to the higher percentage of missing data produced by that strategy (Kearney 

and Clark 2003; Brazeau 2011), and a longer tree length in the non-reductive analysis. This could 

suggest the reductive dataset is more parsimonious, with less homoplasy present, as it would be 

expected to have a larger step-count given the larger number of characters in the dataset. Additionally, 

the higher resolution of the non-reductive dataset does not necessarily mean a higher accuracy, only a 

higher precision. Indeed, non-reductive character coding could actually produce inaccurate results, 

where spurious groupings could consist of taxa sharing only repeated instances of the absence, ‘0’, state 

(Brazeau 2011). Missing data will not produce groupings for which there is no evidence (Kearney and 
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Clark 2003) and so while reductive character coding may produce less precise results, it will not 

produce less accurate results. Character statements should be a statement of homology (Brazeau 2011) 

and non-reductive coding produces character statements with two homology statements, i.e. 

presence/absence of a feature and variations of the feature. Reductive character coding has therefore 

been employed in this study as, despite the possibility (but not certainty) that it will produce lower 

resolution strict consensus trees, there is a stronger philosophical grounding for its use (Brazeau, 2011), 

and it will not produce less accurate results than other character coding methods. 

All multistate characters in which there was an intermediate state possible (i.e. they represented nested 

sets of homologies) were ordered (additive in TNT; Goloboff et al., 2008a). For example, character 29:  

29. Maxilla, anterior tooth rows in ventral view: nearly parallel (<10°) to convergent 

posteriorly (0), mid-range (10–20º) (1), strongly divergent posteriorly (>20°).   

In total, 21 characters were ordered (14, 26, 29, 42, 67, 113, 121, 122, 130, 148, 161, 214, 215, 221, 228, 

233, 251, 262, 263, 264). These characters, which represented nested sets of homologies, were ordered 

for all analyses. 

Overall, 340 characters were identified for inclusion in the character list (see Appendix A3.2), and all 

were figured and described to enable easier scoring by future workers. This is a substantial increase on 

any previous attempt; the largest previous thyreophoran character list included 177 characters. The 

complete character list comprises 125 cranial (36.8 %), 140 postcranial (41.1 %) and 75 osteoderm (22.1 

%) characters.  

For all analyses Lesothosaurus was used as the outgroup taxon. This dataset is aimed at testing the in-

group relationships of Thyreophora, the monophyly of which is not contested (Galton and Upchurch 

2004; Norman et al. 2004; Vickaryous et al. 2004; Butler et al. 2008; Boyd 2015). The fossil record of 

early-diverging ornithischian dinosaurs is incredibly poor, with the three specimens that were thought 

to be from the Late Triassic (Irmis et al. 2007) now thought to be either Early Jurassic in age (Olsen et 

al. 2011) or non-ornithischians (Baron 2017; Agnolín and Rozadilla 2018). This means the earliest 

definitive ornithischians are Early Jurassic in age (Raven et al. 2019), and these taxa include Eocursor, 

Laquintasaura and Lesothosaurus (Butler et al. 2007; Butler 2010; Barrett et al. 2014; Porro et al. 2015; 

Baron et al. 2017b). Of these, only Lesothosaurus is nearly completely known, on the basis of several 

specimens. Given that Lesothosaurus lacks dermal armour (Porro et al. 2015; Baron et al. 2017b), a 

thyreophoran synapomorphy, and the poor fossil record of early-diverging ornithischians, it is difficult 

to determine if Lesothosaurus is either a non-thyreophoran ornithischian (e.g. Sereno, 1991, 1999) or 

an early-diverging thyreophoran as found in several recent phylogenetic analyses (e.g. Butler et al., 

2008; Boyd, 2015; Baron et al., 2017a). Moreover, if Lesothosaurus was not used as the outgroup, and 

was instead allowed to move freely as part of the ingroup, then the choice of ornithischian outgroup 

taxon would be limited. Additionally, using an outgroup taxon that is too distantly removed can 

produce long branches in which homoplasy accumulates (Wilberg 2015), and theropod, 

sauropodomorph or non-dinosaurian dinosauromorph taxa might not share enough relevant characters 

to polarise the ingroup. Ideally, several well-known early ornithischians would be included as 
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outgroups, in order to test the thyreophoran affinities of Lesothosaurus, but as the fossil record does 

not allow this, and the aim of the study is to understand ingroup thyreophoran interrelationships, 

Lesothosaurus is the best choice as an outgroup taxon herein. Heterodontosaurus could have been 

included as the outgroup taxon in an attempt to test the thyreophoran affinities of Lesothosaurus, given 

its relative completeness and placement as an early-diverging ornithischian (Butler et al. 2008; Boyd 

2015), but its highly specialised anatomy (Norman et al. 2011) would likely cause inaccuracies in 

polarising the ingroup. 

In total, 91 taxa were included in the dataset, with the aim of including the most comprehensive 

taxonomic sample of thyreophorans possible. This includes all 16 valid stegosaurian taxa (following 

Maidment et al., 2020) as well as the newly named stegosaur Mongolostegus (Tumanova and Alifanov 

2018) and the early-diverging thyreophoran taxa Scutellosaurus (Colbert 1981; Breeden 2016; Breeden 

and Rowe 2020; Breeden, Raven et al. In Review), Emausaurus (Haubold 1990) and Scelidosaurus 

(Norman 2019a,b, 2020a,b). Laquintasaura was also included, as in Raven and Maidment (2017), given 

that is has been found within Thyreophora by previous studies (Baron et al. 2017a,b). The majority of 

named ankylosaurian taxa were included, with some notable exceptions. All ankylosaurian taxa from 

Arbour et al. (2016), which represents the most taxonomically comprehensive ankylosaurian 

phylogeny, were included except Sauroplites. The latter taxon is represented primarily by osteoderms, 

which should not be used as the sole basis for taxonomic distinction (Raven et al., 2020; Chapter One). 

Additionally, Sauroplites was considered a nomen dubium by Coombs and Maryanska (1990) and 

Vickaryous et al. (2004), and the casts of the material (AMNH 2074) do not contain any obvious 

morphological information that could be scored for phylogenetic characters.  

Other taxa excluded from this analysis include ‘Horshamosaurus’, which is now regarded as a nomen 

dubium (Raven et al., in 2020 see Chapter One). ‘Jindipelta zuoyunensis’, from the Zhumapu Formation 

of the People’s Republic of China, was not included as it has not been formally published (appearing 

only in a conference abstract: Jia et al., 2019). Bissektipelta was not included as it lacks sufficient 

material to score any of the phylogenetic characters listed herein. Similarly, Glyptodontopelta (Ford 

2000; Burns 2008) was excluded as it consists entirely of pelvic armour and has been considered a 

nomen dubium by previous authors (Vickaryous et al. 2004). Propanoplosaurus (Stanford et al. 2011) 

was not considered as it consists of the natural cast and mould of a potentially juvenile animal and the 

validity of this taxon is controversial (Raven, T. pers. obs.). Several recently named ankylosaurid taxa 

from the Late Cretaceous of North America (Anodontosaurus inceptus, Platypelta, Oohkotokia, 

Scolosaurus thronus; Penkalski, 2018) have not been included as OTUs as it is likely that these 

specimens represent intraspecific variants of other earlier named valid taxa (Anodontosaurus lambei, 

Euoplocephalus, Scolosaurus cutleri and Euoplocephalus, respectively; Arbour and Currie, 2016). 

Some poorly-represented (but named) taxa with controversial taxonomic statuses have been excluded 

to reduce the amount of missing data that would otherwise be introduced into the analysis, as increased 

missing data can adversely affect some results (Kearney and Clark 2003). For this reason, potential 

nomina dubia based on fragmentary material recovered from formations yielding other well-known 

diagnosable taxa were excluded a priori as there is a possibility that the nomen dubium represents 
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material of its better-known contemporary, leading to an inflation in missing data with no increase in 

useful phylogenetic signal. For example, Zhongyuanosaurus has been considered valid by some authors 

but as a nomen dubium by others (Li et al. 2007; Arbour and Currie 2016) and was found in the same 

formation as the valid and better known Gobisaurus (Vickaryous et al., 2001). Although I do not 

exclude the possibility that these might represent separate taxa (taxonomic reassessment of all 

thyreophoran taxa is beyond the scope of this study) there is currently no benefit to be gained in 

including this fragmentary material. Other examples excluded for the same reason include Shanxia 

(Barrett et al. 1998) and Tianzhenosaurus, which have been considered junior synonyms of Saichania 

(Arbour and Currie 2016), and Crichtonsaurus bohlini (Dong 2001), which was considered a nomen 

dubium by Arbour and Currie (2016) and is from the same formation as Crichtonpelta benxiensis 

(Arbour and Currie 2016; Yang et al. 2017). However, poorly-known taxa that are not found alongside 

other named taxa, such as Antarctopelta (Salgado and Gasparini 2006) and Tianchisaurus (Dong, 1993), 

have been included, in an attempt to include as much biogeographic and biostratigraphic data as 

possible.  

Minmi was included as an OTU here, despite being considered a nomen dubium by Arbour and Currie 

(2016), as it was thought to be valid by Leahey et al. (2019) and represents an important biogeographic 

datapoint. Several other taxa included here were not included in Arbour et al. (2016) as they post-date 

the latter. These include Acantholipan (Rivera-Sylva et al. 2018), Akainacephalus (Wiersma and Irmis 

2018), Borealopelta (Brown et al. 2017), Gastonia lorriemcwhinnyae (Kinneer et al. 2016), Invictarx 

(McDonald and Wolfe 2018), Jinyunpelta (Zheng et al. 2018), Tarchia teresae (Penkalski and Tumanova 

2017) and Zuul (Arbour and Evans 2017). In addition, the poorly-known taxa Anoplosaurus (Pereda-

Suberbiola and Barrett 1999), Dracopelta (Galton 1980b), Minotaurasaurus (Miles and Miles 2009), 

Sarcolestes (Lydekker 1893) and Stegopelta (Williston 1905) are included here, although previous 

phylogenetic analyses excluded them because of their fragmentary nature. These taxa are valid and 

could be scored for a number of characters, so excluding them based on their incompleteness is 

problematic as they might preserve important phylogenetic signal (Kearney and Clark 2003). An 

unnamed ankylosaur (the Spearpoint ankylosaur) from the Isle of Wight (including IWCMS 1996.153 

and material in a private collection; Raven et al., 2020, Chapter Two), which represents a different 

taxon to Polacanthus (Raven, T. pers. obs.), has also been included, as has the unnamed Paw Paw 

Formation juvenile (Jacobs et al. 1994) and the unnamed Argentinian ankylosaur (Coria and Salgado 

2001).  

In order to score the 340 characters for the 91 taxa included to produce a ‘modified supermatrix’, I 

visited numerous collections to maximize the number of taxa and specimens that could be examined 

first-hand. These included: American Museum of Natural History, New York, U.S.A.; Beijing Museum 

of Natural History, Beijing, People’s Republic of China; Bexhill Museum, East Sussex, U.K.; Booth 

Museum of Natural History, Brighton and Hove, U.K.; Bristol City Museum, Bristol, U.K.; Canadian 

Museum of Nature, Ottawa, Canada; Central Museum of Mongolian Dinosaurs, Ulaanbaatar, Mongolia; 

College of Eastern Utah Prehistoric Museum, Price, Utah, U.S.A.; Denver Museum of Nature and 

Science, Colorado, U.S.A.; Dinosaur Isle Museum, Isle of Wight, U.K.; Field Museum of Natural 

History, Chicago, Illinois, U.S.A.; Geological Museum of China, Beijing, People’s Republic of China; 
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Horsham Museum, West Sussex, U.K.; Hungarian Natural History Museum, Budapest, Hungary; 

Institute of Paleobiology, Polish Academy of Sciences, Warsaw, Poland; Institute of Vertebrate 

Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, People’s Republic of 

China; Mongolian Paleontological Center, Ulaanbaatar, Mongolia; Museum of Northern Arizona, 

Flagstaff, Arizona, U.S.A.; Natural History Museum, London, U.K.; Natural History Museum of Utah, 

Salt Lake City, Utah, U.S.A.; Paleontological Institute, Russian Academy of Sciences, Moscow, Russia; 

Royal Ontario Museum, Toronto, Canada; Sedgwick Museum of Earth Sciences, Cambridge, U.K.; 

Sereno Lab, University of Chicago, Chicago, Illinois, U.S.A.; Smithsonian Museum of Natural History, 

Smithsonian Institution, Washington, D.C., U.S.A.; University of Vienna, Vienna, Austria; and Yale 

Peabody Museum, New Haven, Connecticut, U.S.A. This enabled me to study 60 taxa first-hand, 

representing 66% of the total taxa in the dataset. The scoring of taxa was supplemented with data from 

the published, peer-reviewed literature, and the sources of all scorings is present in Table 3.2. Taxon 

scores were treated as polymorphic if multiple character states were present in multiple specimens of 

a taxon, in order to more accurately sample intraspecific variation (Watanabe 2016). Photographs of all 

specimens were taken using a Kodak PIXPRO AZ901 camera. The character-taxon matrix was 

compiled in Mesquite v. 3.61 (Maddison and Maddison 2019).  

 

Operational Taxonomic Unit Sources of Scorings 
Acantholipan gonzalezi Rivera-Sylva et al., 2018; Rivera-Sylva et al., 2011 

Adratiklit boulafaha NHMUK PV R37365; R37366; R37367; R37368; R37007; Maidment et al. 
2020 

Ahshislepelta minor Burns and Sullivan, 2011 

Akainacephalus johnsoni UMNH VP 20202; Wiersma and Irmis, 2018 

Alcovasaurus longispinus Galton and Carpenter, 2016 

Aletopelta coombsi Coombs and Deméré, 1996; Ford and Kirkland, 2001 

Animantarx ramaljonesi CEUM 6228; Carpenter et al., 1999 

Ankylosaurus magniventris AMNH 5895; 5214; 5866; 5347; CMN 8880; Carpenter, 2004; Arbour and 

Mallon, 2017 

Anodontosaurus lambei AMNH 5216; 5223; 5245; CMN 8530; NHMUK PV R4947; ROM 832; 

Arbour and Currie, 2013b 

Anoplosaurus curtonotus SMC B55731; B55670-55730; B55732-55742; Pereda-Suberbiola and 

Barrett, 1999 

Antarctopelta oliveroi Salgado and Gasparini, 2006 

Argentinian ankylosaur Coria and Salgado, 2001; Arbour and Currie, 2016 

Borealopelta markmitchelli Brown et al., 2017a 

Cedarpelta bilbeyhallorum CEUM 12360; 10405; 10410; 10421; 10560; 10352; 10598; 10325; 10332; 

1034; 10417; 10561; 10267; Carpenter et al., 2001, 2008 

Chuanqilong chaoyangensis Han et al., 2014 

Chungkingosaurus jiangbeiensis Dong et al., 1983; Maidment and Wei, 2006; Maidment et al., 2008 

Crichtonpelta benxiensis Lu et al., 2007a; Arbour and Currie, 2016 

Dacentrurus armatus NHMUK PV R46613; Galton, 1985; Maidment et al., 2008 

Denversaurus schlessmani DMNH 468; Bakker, 1988; Burns, 2015 

Dongyangopelta yangyanensis Chen et al., 2013 
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Dracopelta zbyszewskii Galton, 1980 

Dyoplosaurus acutosquameus ROM 874; Arbour et al., 2009 

Edmontonia longiceps AMNH 3076; CMN 8531; Bakker, 1988; Carpenter, 1990 

Edmontonia rugosidens AMNH 3076; 5665; 5381; DMNH 59317 (cast); USNM V11868; V18940; 

V14732; V5940; V5944; V7733; V5793; Bakker, 1988; Carpenter, 1990 

Emausaurus ernsti Cast of SGWG 85 at NHMUK; Haubold, 1990 

Euoplocephalus tutus AMNH 5238; 5245; 5337; 5403; 5404; 5405; 5406; 5466; 5470; CMN 210; 

ROM 1930; Arbour and Currie, 2013b; Penkalski, 2018 

Europelta carbonensis Kirkland et al., 2013 

Gargoyleosaurus parkpinorum DMNH 22726; 28831; Carpenter et al., 1998, 2013; Kilbourne and 

Carpenter, 2005 

Gastonia burgei CEUM 1307; 1341; 11911; 5373; 11909; 11910; 1108; 10293; 1238; 11209; 

1359; 2356; 3565; 1099; 1129; 2386; 3514; 3880; 1272; 3926; 5351; 1371; 

1115; 3646; 1159; 5465; 2344/472; 476; 1039; 283; 11036; Kirkland, 1998; 

Kinneer et al., 2016 

Gastonia lorriemcwhinnyae DMNH 49877; 50169; 53000; 50168; 50188; 53040; 53009; 53069; 46860; 

53737; 51745; 45385; 53883; 53551; 52636; 45577; 53278; 50084; 59852; 

53339; 53685; 50108; 50370; 52077; 49623; 62612; 52726; 53715; 40699; 

56591; 53861; 64729; 50289; 50215; 45665; 45606; 58031; Kinneer et al., 
2016 

Gigantspinosaurus sichuanensis Maidment and Wei, 2006; Maidment et al., 2008; Hao et al., 2018 

Gobisaurus domoculus Vickaryous et al., 2001 

Hesperosaurus mjosi DMNH 29431 (cast); Carpenter et al., 2001a; Maidment et al., 2008; 2018; 

Woodruff et al., 2019 

Hoplitosaurus marshi USNM V4752; Lucas, 1901; Carpenter and Kirkland, 1998 

Huayangosaurus taibaii IVPP V6728; Sereno and Dong, 1992; Maidment and Wei, 2006; 

Maidment et al., 2006, 2008 

Hungarosaurus tormai HNHM MTM 2007.26.1 – 2007.26.34; 2007.89.1; 2007.89.2; Ősi, 2005; 

Ősi and Makádi, 2009; Ősi et al., 2014a, 2019; Ősi and Pereda-Suberbiola, 

2017 

Hylaeosaurus armatus NHMUK PV OR3775; Chapter Two; Raven et al. 2020 

Invictarx zephyri McDonald and Wolfe, 2018 

Isaberrysaura mollensis Salgado et al., 2017 

Jiangjunosaurus junggarensis IVPP V14724; Jia et al., 2007 

Jinyunpelta sinensis Zheng et al., 2018 

Kentrosaurus aethiopicus Hennig, 1915; Galton, 1988; Maidment et al., 2008; Mallison, 2010, 2011 

Kunbarrasaurus ieversi USNM PAL 508490 (cast); Leahey et al., 2015 

Laquintasaura venezuelae Barrett et al., 2014 

Lesothosaurus diagnosticus NHMUK PV RU B17; B23; R8501; R11002; R11003; R11004; R11000; 

R11956; Sereno, 1991; Porro et al., 2015; Barrett et al., 2016; Baron et al., 
2017b 

Liaoningosaurus paradoxus IVPP V12560; BNHM Ph000924; Xu et al., 2001 

Loricatosaurus priscus NHMUK PV R3167; Maidment et al., 2008 

Minmi paravertebra Molnar, 1996 

Minotaurasaurus ramachandrani AMNH 31765 (cast); Miles and Miles, 2009 

Miragaia longicollum Mateus et al., 2009; Costa and Mateus, 2019 

Mongolostegus exspectabilis PIN 3779-15/3; Tumanova and Alifanov, 2018 
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Mymoorapelta maysi Unlabelled cast at ROM; Kirkland and Carpenter, 1994 

Niobrarasaurus coleii Carpenter et al., 1995; Carpenter and Everhart, 2007 

Nodocephalosaurus kirtlandensis NMMNH C-3176 (cast of SMP VP-900); Sullivan, 1999; Burns and 

Sullivan, 2011 

Nodosaurus textilis YPM 1815; Lull, 1921 

Panoplosaurus mirus CMN 2759; ROM 125; USNM 18490 (cast); Carpenter, 1990 

Paranthodon africanus NHMUK PV R47338; Galton and Coombs, 1981; Raven and Maidment, 

2018 

Pawpawsaurus campbelli Lee, 1996; Paulina-Carabajal et al., 2016 

Paw Paw juvenile Jacobs et al., 1994 

Peloroplites cedrimontanus CEUM 26331; 12850; 31230; 34530; 26335; 26336; 12850; 26336; 12812; 

1496; 1557; 1077-1082; 1463; 11889; 52275; 1390; 1359; Carpenter et al., 
2008 

Pinacosaurus grangeri AMNH 6523; IVPP V16283; V16346; V16854; V16855; V35056; MPC D 

100/1335; 100/1301; PIN 3144; 3780/3; 554-1; ZPAL MgD 11/1; 11/7; 

11/9; 11/21; 11/31; 11/32; Hill et al., 2003; Currie et al., 2011; Burns et al., 
2015 

Pinacosaurus mephistocephalus Godefroit et al., 1999 

Polacanthus foxii NHMUK PV R175; Chapter Two; Raven et al. 2020 

Spearpoint ankylosaur IWCMS 1996.153; unaccessioned material in a private collection, 

currently housed at Dinosaur Isle Museum; Pond, Raven et al., In Prep 

Saichania chulsanensis IVPP V11276; MPC D 100/151; ZPAL MgD 11/112; unlabelled specimen 

at CMMD; Maryanska, 1977; Arbour et al., 2014a 

Sarcolestes leedsi NHMUK PV R2682; Lydekker, 1893; Galton, 1980b 

Sauropelta edwardsorum AMNH 3016; 3032; 3033; 3035; 3036; 3064; 5833; 5853; YPM 5074; 5079; 

5102; 5141; 5319; 5337; 5350; 5502; 5529; Ostrom, 1970; Carpenter, 1984 

Scelidosaurus harrisonii NHMUK PV R1111; R6704; BRSMG Ce12785; Ce12787-89; Norman, 

2019a, 2019b, 2020a, 2020b 

Scolosaurus cutleri NHMUK PV R5161; USNM V11892; V7943; Arbour and Currie, 2013b 

Scutellosaurus lawleri MNA V.175; V.1752; V.3133; V.3137; V.12395; Breeden, Raven et al., In 

Review; Colbert, 1981; Rosenbaum and Padian, 2000; Breeden and Rowe, 

2020 

Shamosaurus scutatus PIN 3779/2; Tumanova, 1983; Arbour and Currie, 2016 

Silvisaurus condrayi NHMUK PV R11189 (cast of KU VP 1029b); Eaton, 1960 

Stegopelta landerensis FMNH UR88; Williston, 1905 

Stegosaurus homheni IVPP V4006; Maidment et al., 2008 

Stegosaurus stenops AMNH 464; 470; 524; 548; 650; DMNH 2818; 22786; 1483; 22796 (cast); 

22798 (cast); FMNH PR2706 (cast); PR4761 (cast); NHMUK PV R36730; 

USNM 4934; 4936; 8036; YPM 1850; Maidment et al., 2008, 2015 

Struthiosaurus austriacus PIUW 2349 (incorporating multiple, individually-labelled elements); 

Pereda-Suberbiola and Galton, 1994; 2001 

Struthiosaurus languedocensis Garcia and Pereda-Suberbiola, 2003 

Struthiosaurus transylvanicus NHMUK PV R4966; Pereda-Suberbiola and Galton, 1994 

Talarurus plicatospineus PIN 557 (incorporating multiple, individually-labelled elements); MPC 

KID 166; 167; 175; Maryanska, 1977 

Taohelong jinchengensis Yang et al., 2013 

Tarchia kielanae ZPAL MgD 11/111; Maryanska, 1977; Tumanova, 1987; Arbour et al., 
2014a; Penkalski and Tumanova, 2017 
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Tarchia teresae PIN 3142/250; Penkalski and Tumanova, 2017 

Tatankacephalus Parsons and Parsons, 2009 

Texasetes pleurohalio USNM 337987; 487130; Coombs, 1995 

Tianchisaurus nedegoapeferima Dong, 1993 

Tsagantegia longicranialis MPC D 700.17; Tumanova, 1993 

Tuojiangosaurus multispinus Dong et al., 1977; Maidment and Wei, 2006 

Zaraapelta nomadis MPC D100/1338; Arbour et al., 2014a 

Zhejiangosaurus lishuiensis Lu et al., 2007b 

Ziapelta sanjuanensis NMMNH P-64484; P-66930; Arbour et al., 2014b 

Zuul crurivastator ROM 75860; Arbour and Evans, 2017 

Table 3.2. Operational taxonomic units and source of scorings. If no specimen number is present, taxon was observed only 

using published literature. 

 

Analytical Methodology 

Parsimony is a method of phylogenetic inference that chooses the arrangement of taxa in a 

phylogenetic tree which accounts for the greatest number of character state changes in the simplest 

way, i.e. the most parsimonious solution is the solution with the fewest number of steps on a tree 

(Kitching et al., 1998). Equal-weights parsimony employs this philosophy by stating that all steps have 

an equal weighting. Ideally this method would include a thorough search of all of treespace (i.e. an 

exhaustive search) to search for the shortest tree (which is the sum of the number of steps for each 

character). In an exhaustive search, all of the most parsimonious trees will be identified, as the search 

includes every possible fully resolved, unrooted phylogenetic tree for the included taxa (Kitching et al., 

1998). This method, however, becomes exponentially more difficult with an increasing number of taxa. 

For n-1 taxa, there are 2n-5 possible positions to which the nth taxon can be attached (Kitching et al., 

1998). Therefore, for four taxa, there are three possible tree topologies and for six taxa, there are 105. 

For 10 taxa, there are over 2 million possible tree topologies. When there are 60 taxa, which is becoming 

common in morphological phylogenetics, there are more possible topologies than there are atoms in 

the observable universe (Kitching et al., 1998; Silverman, 2002). This means that computational limits 

require algorithms that are able to search treespace more efficiently (Goloboff et al. 2008a). TNT can 

use exhaustive searches for small datasets of 15–30 taxa using a branch-and-bound search (also known 

as Implicit Enumeration; Goloboff et al., 2008a). This is similar to a true exhaustive search but begins 

with the calculation of a tree using algorithms to find the upper limit of tree length (Kitching et al., 

1998). This means that once the trees have reached this upper bound, the search is stopped, as further 

searching can only increase the length of the tree, and this therefore greatly reduces the number of 

trees that have to be evaluated. Once all the trees below the upper bound have been evaluated, if there 

is a tree that is an improvement, this will become the upper bound and the search is repeated, until 

there is no improvement on the tree length.  

Larger datasets, however, often require heuristic (approximate) methods to adequately search treespace 

so that the search does not get stuck on a local optimum, and can instead lead to the global optimum 

(Kitching et al., 1998). These sacrifice the certainty of finding the most parsimonious trees (MPTs) in 

favour of computational speed. Two common heuristic methods, which are implemented in many 
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software packages, such as TNT and PAUP* (Phylogenetic Analysis Using Parsimony: Swofford 2003; 

Goloboff et al. 2008a), are random addition sequences and branch-swapping (Kitching et al., 1998). 

Random addition sequences are a form of stepwise addition (Swofford 1993), which is the process 

whereby taxa are added to the developing phylogenetic tree in the initial building phase of the analysis, 

which starts with three taxa before adding taxa to the branches.  Random addition sequences then uses 

a randomisation approach to the addition sequences; the order of taxa added to the initial triplet is 

continually reassessed during the analysis, so that only the shortest possible topology is chosen at each 

step. This does mean, however, that if the placement of a taxon on a tree is optimal at that point but 

later becomes suboptimal due to addition of further taxa, the topology cannot be revisited. Instead, 

running a large number (~100) of random addition sequence analyses will help to ‘hone in’ on the 

global optimum, whereby one can be confident in the MPTs if they are being found using a number of 

different starting points and addition sequences. Often, however, random addition sequences alone are 

not enough to find the global optimum, and branch-swapping is also needed (Kitching et al., 1998). 

This is where the trees found from random addition sequences are subjected to trial rearrangements 

that attempt to find shorter trees. There are multiple branch-swapping algorithms, including nearest-

neighbour interchange (Robinson 1971), where each internal branch of a tree is exchanged with the 

neighbouring branch, subtree pruning-regrafting (SPR; Hein et al., 1996), where each subtree of a tree 

is clipped off and regrafted on to each remaining branch, and tree bisection-reconnection (TBR; 

Swofford, 1993). TBR is similar to SPR, but each subtree is rerooted before it is regrafted onto the 

remaining branch. TBR is the most effective at recovering the global optima of MPTs, followed by SPR 

(Kitching et al., 1998), and so it is the most commonly used, but it is also the most computationally 

expensive. Additionally, like random addition sequences, branch-swapping can become trapped in 

local optima, especially if there are multiple equally parsimonious solutions (Kitching et al., 1998). 

Retaining equal length trees, rather than just shorter trees, can help this issue, but also limits 

computational speed.  

These branch-swapping methods can, however, be sped up using algorithms (Goloboff 1999) that are 

implemented in the software TNT (New Technology searches: Goloboff et al., 2008a). The parsimony 

ratchet (Nixon 1999) effectively performs a single search composed of a series of short heuristic 

searches. If one of the small searches becomes stuck on a local parsimony optimum, the ratchet will 

warp treespace so that a gap between two optima becomes a bridge, thus enabling the search to cover 

more treespace. As the parsimony ratchet samples more of treespace, but with fewer trees at each 

optima, it provides a more accurate estimate of the global optima than collecting many trees from fewer 

optima (Nixon 1999). Tree-drifting (Goloboff 1999) allows sub-optimal topologies to be retained during 

the search, but with a probability of accepting the topology that depends on the relative fit difference 

and the difference in length between the new and old solutions. Tree-drifting thus takes into account 

conflict between characters, which is what determines local optima (Goloboff 1999). Tree-fusing 

(Goloboff 1999) exchanges subgroups between trees, with all possible exchanges between two trees 

being evaluated, with only those exchanges which improve the tree being kept (‘fused’). Sectorial 

searches (Goloboff 1999) select different sections of a tree and reanalyse them separately; if the section 

finds a better configuration, it is replaced on the whole tree. This method can be done quickly due to 

the reduced dataset it works on. The best combination of these algorithms depends on the size and 
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complexity of the dataset involved, with different analyses yielding equally-optimal results depending 

on the data, and further work is necessary to deduce the most appropriate methodology (Giribet 2007).  

Implied-weights parsimony is a variation of equal-weights parsimony, where characters have been 

weighted inversely to their level of homoplasy, on the basis that characters with more homoplasy are 

less reliable for phylogenetic inference (Goloboff et al. 2008b). This method was originally identified 

by Farris (1969), with further modifications by Goloboff (1993), and states that the first time a character 

state change on a tree occurs, the state change is given the weight ‘1’, and subsequent changes are given 

a weight of less than ‘1’, under the assumption that these characters have more apparent homoplasy 

(Goloboff 1993). This method appears to work well for morphological datasets but not with molecular 

data (Goloboff et al. 2008b) and so, to account for this inconsistency between data types, extended 

implied weighting was introduced by Goloboff (2014). Extended implied weighting uses concavity 

values (k-values in TNT; Goloboff, 2014), which define how strongly characters with different amounts 

of homoplasy are downweighted (Tschopp and Upchurch 2018), with lower k-values meaning a highly 

homoplastic character is strongly downweighted compared to a less variable character. There is no 

apparent biological basis for selecting any specific k-value, with a value of 12 being shown to produce 

the most accurate results in morphological datasets (Goloboff et al. 2017), although this can vary in 

different taxonomic groups (Tschopp and Upchurch 2018). As such, different analyses with varying k-

values should be used (Goloboff et al. 2008b), and these can be compared using stratigraphic or 

statistical tests (Tschopp and Upchurch 2018). The algorithms applied to implied-weights parsimony 

are the same as those applied to equal-weights parsimony. 

As well as parsimony, probabilistic methods such as maximum likelihood and the Bayesian 

implementation of the Mk model are widely used for phylogenetic inference, particularly for sequence 

data (Goloboff and Pol 2005). Maximum likelihood was introduced by Lewis (2001) who described the 

Mk model, a generalisation of the 1969 Jukes-Cantor model (Jukes and Cantor 1969) of nucleotide 

sequence evolution to k morphological character states (Nascimento et al. 2017). This allows multiple 

symmetrical character state changes along a single branch, where the probability of a character state 

change in one direction is the same as a change in the opposite direction. The Mk model includes a 

correction for ascertainment bias, a character sampling bias where morphologists generally exclude 

parsimony uninformative characters from a dataset (Lewis 2001). This model was extended by Wagner 

(2012) to allow for rate heterogeneity between sites and by Wright et al. (2016) to allow for asymmetric 

transition rates. However, maximum likelihood is not a common method for phylogenetic inference in 

palaeontology, as although it often finds a single most likely tree (MLT) it has a large computational 

cost for evaluating any possible tree (Zhou et al. 2018). The Bayesian implementation of the Mk model 

is a much more common probabilistic method for phylogenetic inference in palaeobiology (e.g. Müller 

and Reisz 2006; Prieto-Márquez 2010; Lee and Worthy 2012; Dembo et al. 2015; Parry et al. 2017; 

Simões et al. 2017). This uses Markov Chain Monte Carlo algorithms within a Bayesian statistical 

framework and so enables a robust search of treespace without the high computational burden afforded 

by maximum likelihood (Alfaro and Holder 2006). The aim is to find the tree with the maximum 

posterior probability (i.e. the probability the tree is correct) using Bayes’ theorem, which is a 

combination of the prior probability of a phylogeny (i.e. probability of the tree before any observations 
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are made) and the likelihood (i.e. proportional to the probability of the observations conditional on the 

tree) (Huelsenbeck 2001; Alfaro and Holder 2006). This differs from maximum likelihood, where trees 

are solely chosen on the basis of the likelihood, without the use of the prior probability (Lewis 2001). 

Bayesian implementations of the Mk model relax the assumption of symmetrical character change 

through the use of the prior, which allows variable change probabilities among states, and they allow 

for the incorporation of uncertainty in phylogenetic inference (Wright and Hillis 2014). Additionally, 

the development of the new software RevBayes (Höhna et al. 2017) allows for the inclusion of 

continuous data in a probabilistic method (Parins-Fukuchi 2017), which had previously only been 

possible in parsimony software (Goloboff et al. 2006).  

There is currently a debate on the most accurate method for inferring phylogenies, with no consensus. 

Simulation studies, where phylogenetic data is simulated and tested to compare to a known outcome, 

appear to support the Bayesian implementation of the Mk model as the most accurate in terms of 

topology (O’Reilly et al. 2016; Puttick et al. 2017a), and as having lower error rates in comparison to 

parsimony (Wright and Hillis 2014). Additionally, when investigating clade support, the Bayesian 

method appears to have a similar accuracy to the maximum-likelihood method, with both more 

accurate than parsimony, and Bayesian appears to be more precise than maximum-likelihood (O’Reilly 

et al. 2018b). However, Goloboff et al. (2017, 2018) suggest that simulation studies are problematic for 

representing morphological evolution, and Goloboff and Arias (2019) suggest that implied weighting 

can be a valid alternative to the Mk model for morphological datasets. The simulation models need to 

be compared to empirical data as a test of whether morphological data fulfil the assumptions of the 

models (Goloboff et al. 2017), and in particular, the models used by Wright and Hillis (2014), O’Reilly 

et al. (2016, 2018) and Puttick et al. (2017a, b), where datasets were generated using branch lengths 

common for all characters and so where characters increase their probability of change at the same 

branches by the same exponential factor, are more suited to analysing DNA data, with little theoretical 

support for their use with morphological data (Goloboff et al. 2018). Both Goloboff et al. (2017) and 

Goloboff et al. (2018), using a number of comparisons such as tree length, tree shape, and the recovery 

of ‘standard topologies’ of well-known taxa, conclude that equal-weights parsimony is at least equal, if 

not better, than both Bayesian and maximum-likelihood methods, and that implied-weights parsimony 

is superior to all three alternative methods. Additionally, Sansom et al. (2018) found that parsimony 

recovers more stratigraphically congruent phylogenies than Bayesian inference. From the studies 

favouring modelling, Bayesian inference appears to be superior to maximum-likelihood (Puttick et al. 

2017b; O’Reilly et al. 2018b), and Vernygora et al. (2020) found that Bayesian out-performs maximum-

likelihood with regards to consistency, accuracy and robustness to taxonomic sampling, especially at 

high levels of missing data, which is common for palaeontological studies. However, Brown et al. 

(2017b) conclude all methods to be comparable and the type of biological question being addressed 

should decide the method to be used, and Smith (2019) concluded that both parsimony and Bayesian 

approaches both reconstruct phylogenetically informative trees, although with different amounts of 

accuracy and resolution. Additionally, Congreve and Lamsdell (2016) found that implied-weights 

parsimony is inconsistent in comparison to equal-weights parsimony and concluded that the latter is a 

preferable method for analysis, although this could be because the modelled phylogenies do not 

accurately represent the distribution of homoplasy that would be found in a real morphological dataset 
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(Goloboff et al. 2018). In a study using two novel simulation models, Keating et al. (2020) found that 

Bayesian inference yields fewer incorrect nodes than equal-weights and implied-weights parsimony. 

However, they also found that selection-based models have lower levels of homoplasy than empirical 

datasets (Keating et al. 2020). 

It is clear that the most appropriate method for phylogenetic inference is still unknown, with modelling 

approaches having a strong statistical background but parsimony perhaps being a more appropriate 

method to simulate morphological (i.e. not molecular) evolution. This issue is further complicated by 

the variety of metrics that can be used to estimate the accuracy of the phylogenetic results (Keating et 

al. 2020). The plethora of recent studies in this field is an interesting and important advance for 

phylogenetic systematics; there has clearly been a step towards simulation-based assessments of 

phylogenetic methods. However, development is still needed to truly understand the best method for 

phylogenetic inference and, in particular, identifying modes of morphological evolution so that 

modifications to the Mk model can be made to better represent morphological change (O’Reilly et al. 

2018a; Keating et al. 2020).  

The analytical settings used in earlier thyreophoran phylogenies have varied, but all previous studies 

used parsimony as the method of phylogenetic inference. The stegosaurian analysis of Galton and 

Upchurch (2004) used an exhaustive search in PAUP* (Swofford 2003), although this is the only 

analysis small enough to be able to use an exhaustive search. A heuristic search in PAUP* was used by 

Parish (2005), whereas Maidment et al. (2008) and Maidment (2010) used a branch-and-bound search 

in PAUP*. Thompson et al. (2012) used a traditional (heuristic) search in TNT (Goloboff et al. 2008a) 

with TBR branch-swapping, as did Arbour and Currie (2016), Arbour et al. (2016), Wiersma and Irmis 

(2018) and Zheng et al. (2018). The stegosaurian analyses of Raven and Maidment (2017), (2018) and 

Maidment et al. (2020) used New Technology searches (sectorial search, ratchet, drift and tree fusing) 

in TNT, followed by traditional searches with TBR branch-swapping. 

I have used various analytical settings herein to test the interrelationships of thyreophoran dinosaurs. 

I have produced five initial analyses (Table 3.3), with four based on parsimony (Analyses A-D) and one 

using Bayesian inference (Analysis E). The four parsimony analyses included an initial search using 

New Technology algorithms in TNT (Goloboff and Catalano 2016). Sectorial search, the parsimony 

ratchet (with 20 substitutions), tree fusing (with five rounds) and tree-drifting were used, with 100 

random addition sequences, and zero-length branches were collapsed. A second round of TBR branch-

swapping was then performed on the trees held in RAM in order to more fully explore treespace for 

additional MPTs. Ten-thousand trees were held in memory using the command ‘hold’ in TNT. Analysis 

A was an equal-weights analysis, whereas Analyses B-D were conducted using extended implied 

weighting. The k-values for these analyses were: k=3 (Analysis B), k=8 (Analysis C) and k=12 (Analysis 

D). Analysis E was performed using Bayesian inference in MrBayes (Ronquist et al. 2012). The 

following commands were used: lset coding = variable, rates = gamma, ngammacat = 4, ngen = 

20,000,000, nruns = 4, nchains = 8, samplefreq = 10,000, printfreq = 10,000, diagnfreq = 10,000 with a 

burn in fraction of 25%. The four runs were analysed in Tracer (Rambaut et al. 2018) to ensure they 

had hit a plateau and stationarity and to investigate effective sample size (ESS). These are similar 
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settings to those used by other Bayesian phylogenetic analyses of palaeontological datasets (Parry et al. 

2017; Groh et al. 2020) in order to adequately analyse morphological character data, although the 

number of generations was set to 20,000,000 to ensure the runs had hit a plateau and stationarity.  

 

Unstable Taxa 

In order to improve the resolution of phylogenetic analysis, it is often important to identify the 

presence of unstable taxa that may cause a dramatic loss in resolution and collapse otherwise well-

supported clades, and this is especially the case in palaeontological datasets where missing data are 

frequent (Siu-Ting et al. 2015). These unstable taxa are often called ‘rogues’ and can be removed a priori 

or a posteriori using several methods. Safe taxonomic reduction (Wilkinson 1995b) involves the a priori 

identification and removal of taxa that would increase the number of MPTs, and thus create a loss of 

resolution in the consensus, that can also be removed without impacting upon the interrelationships 

of the remaining taxa (i.e. they are taxonomic equivalents of other taxa that remain in the analysis). 

This produces consensus trees with higher resolution and reduces computational run time, but is not 

always effective for identifying rogue taxa (Mannion et al. 2013). Concatabominations (Siu-Ting et al. 

2015) is an extension of safe taxonomic reduction, and combines potential taxonomic equivalents to 

see whether the ‘concatabominated’ taxa can be combined with others without introducing additional 

homoplasy to the dataset. However, concatabominations might suggest taxa that are not safe to delete, 

and it may fail to suggest taxa that are safe to delete (Siu-Ting et al. 2015), and thus needs to be 

confirmed as safe a posteriori, meaning it sits in between the a priori method of safe taxonomic 

reduction and a posteriori methods such as RogueNaRok (Aberer et al. 2013) and IterPCR (Pol and 

Escapa 2009; Goloboff and Szumik 2015) as well as other reduced consensus methods (Wilkinson 1994). 

IterPCR, which can be implemented in TNT (Goloboff and Szumik 2015), is an a posteriori method 

which identifies taxa that cause clades to collapse into polytomies as well as the characters involved in 

the problem of phylogenetic instability (Pol and Escapa 2009). RogueNaRok, which formulates the 

identification of rogue taxa as an optimisation problem and thus uses a cut-off value to prune taxa and 

compare the resultant tree with the original tree, can identify varying sets of rogue taxa depending on 

the user-inputted cut-off for node optimisation (Goloboff and Szumik 2015), but thus has an issue with 

objectivity.  

Previous thyreophoran phylogenies have often used safe taxonomic reduction in order to identify rogue 

taxa. The stegosaurian analysis of Galton and Upchurch (2004) used safe taxonomic reduction to 

remove ‘Dravidosaurus’, ‘Craterosaurus’ and ‘Monkonosaurus’, although they also used reduced 

consensus methods to improve resolution a posteriori by removing Paranthodon, ‘Lexovisaurus’, 

‘Chialingosaurus’, Chungkingosaurus and either Hesperosaurus or Wuerhosaurus. Neither Maidment 

et al. (2008) nor Maidment (2010) used a priori methods to identify rogue taxa, but they did use reduced 

consensus methods to increase resolution a posteriori, whereas neither Raven and Maidment (2017) 

nor Maidment et al. (2020) manipulated their datasets in any way to increase resolution. Although the 

ankylosaurian analysis of Vickaryous et al. (2004) did not use any methods to increase resolution, most 

other ankylosaurian analyses did. Parish (2005) used safe taxonomic reduction to prune 
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Nodocephalosaurus, which was found to be the taxonomic equivalent of Saichania and Tarchia, and 

Thompson et al. (2012) used safe taxonomic reduction to prune Bissektipelta, which was found to be 

the taxonomic equivalent of Euoplocephalus. Arbour and Currie (2016) used safe taxonomic reduction 

to prune Bissektipelta, Minmi and Tianchisaurus, although their taxonomic equivalents were not 

specified, whereas Arbour et al. (2016) pruned the same three taxa and also removed Anoplosaurus, 

Acanthopholis, Dracopelta and Horshamosaurus as they “caused a collapse in tree resolution”. It is, 

however, unclear how they came to this conclusion, with no details on whether it was an a priori or a 

posterior decision. Wiersma and Irmis (2018) removed Ahshislepelta due to the high proportion of 

missing data, but they did not specify why or how they did this. In doing so, they did not take into 

account that the amount of phylogenetic information of a taxon is not correlated to its completeness 

(Kearney and Clark 2003), and that this approach, though widely used in the past, has no theoretical 

basis.  

In order to identify rogue taxa in the dataset, I performed safe taxonomic reduction using the R package 

Claddis (Lloyd 2016) and IterPCR using the command ‘pcrpune’ in TNT. Additionally, in order to 

identify parsimony-uninformative characters (e.g. autapomorphies), I used the command ‘xinact’ in 

TNT, although these characters were not excluded from the analyses.  

  

Support Measures 

Given that phylogenetic hypotheses are subject to revisions due to new data, new analytical methods 

or new investigations of the same data, it is not safe to assume that any phylogenetic tree represents 

the ‘true phylogeny’. This is particularly so for taxa derived entirely from the infamously incomplete 

palaeontological record, where a vast number of taxa have not and will probably never be found 

(Novacek and Wheeler 1992). However, finding quantitative statistical support for relationships in a 

phylogenetic tree can provide information on the degree of confidence that can be placed in the 

phylogenetic hypothesis. There are two main types of support measures for phylogenetic trees found 

using parsimony: those that are applied to the whole tree, and those which are measures of support for 

individual clades in the tree. The first type, which includes tests of data decisiveness (Goloboff 1991), 

the distribution of cladogram lengths (Huelsenbeck 1991), and the permutation tail probability test 

(Bryant 1992), are based on upon comparisons of the lengths of the MPTs from a real dataset with sets 

of randomly produced variations of the same data (Kitching et al., 1998), but are infrequently used in 

palaeontological studies. The second type, which aim to determine which clades are well supported by 

the data, are commonly used. The simplest of these measures is branch length, which is equated to 

clade support (i.e. the number of characters found solely on a branch that provide support for the clade 

on that branch) (Kitching et al., 1998). This concept is, however, only applicable in the theoretical 

situation when all characters in the matrix are unreversed synapomorphies, with no homoplasy (Farris 

et al. 2001). Bremer support (Bremer 1988) aims to circumvent this by calculating the number of extra 

steps required before the strict consensus tree loses a clade. Thus, when there is no homoplasy in a 

dataset, Bremer support is congruent with branch length. Bremer support can be summed across the 

entire tree to produce a total support index (Kitching et al., 1998), which equals zero when a tree is 
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fully polytomous, and equals one when a tree is fully resolved. This, however, does not imply support 

on a clade-level; individual clades may be well supported despite a low overall total support index, if 

they are outweighed by more numerous poorly supported clades, and the total support index is rarely 

used. Additionally, Bremer support is problematic for use with continuous data (Catalano and Goloboff 

2018), where the extra steps can be down to three decimal places, providing an inaccurate estimate of 

clade support.   

Resampling methods, which use randomisation techniques, can also be used as a measure of clade 

support. The most common of these methods is the bootstrap (Felsenstein 1985), which randomly 

samples characters from the dataset, with replacement, to form a pseudoreplicate dataset of the same 

size as the original. The percentage of MPTs arising from the running of the pseudoreplicate datasets 

that find a particular group is then used as the support value for that group. Jackknife resampling is 

similar to the bootstrap but differs in that it is applied without replacement (Lanyon 1985; Farris et al. 

1996), meaning the pseudoreplicate datasets are smaller than the original, and it is a faster method than 

bootstrapping. Jackknifing works by randomly removing characters, which thus have a probability of 

being deleted (Kopuchian and Ramirez 2010), from the dataset when producing the pseudoreplicate 

dataset, with support values being the percentage of pseudoreplicate MPTs where a particular group is 

recovered (Kitching et al., 1998). However, both bootstrap and jackknifing have been criticised for 

producing illogical results, with under- or overestimations of support due to difference in prior weights 

or state transformation costs (Goloboff et al. 2003), and bootstrap is only statistically sound when the 

dataset includes over 10,000 characters, which is rare, and it requires a random sample of all possible 

characters, which contradicts the aims of systematic studies (Kitching et al., 1998). An alternative 

method, symmetric resampling, was proposed by Goloboff et al. (2003), and combines the properties of 

jackknife and bootstrap resampling (Ramirez 2005). This approach, where the probability of increasing 

and decreasing the weight of a character is equal (Goloboff et al. 2003), provides a frequency of a 

particular group being found in the MPTs of the resampled matrices as the measure of support. These 

three methods do not, however, provide meaningful support if frequencies below 50% are obtained; 

below this threshold, frequency may not correlate with support due to a higher frequency of MPTs 

contradicting the group (Kopuchian and Ramirez 2010). Other resampling methods include the clade 

stability index (Davis 1993), which uses the ratio of the minimum number of characters needing 

deletion to lose a clade to the number of informative characters in a dataset, and topology-dependent 

permutation tail probability (Faith 1991), which randomly changes the character states but keeps their 

proportion the same and is applied to individual clades, although both of these methods are flawed 

(Swofford et al., 1996; Kitching et al., 1998) and are not commonly used in palaeontological studies.  

Various support measures have been used in previous thyreophoran phylogenetic studies. In the 

stegosaurian analysis of Maidment et al. (2008), bootstrap, Bremer support and permutation tail 

probability tests were used, with the authors acknowledging the flaws of the methods. In Raven and 

Maidment (2017), bootstrap was used along with symmetric resampling, as the inclusion of continuous 

data therein led to Bremer support being inapplicable (Catalano and Goloboff 2018). In the 

ankylosaurian analysis of Parish (2005), bootstrap and the permutation tail probability test were used, 
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whereas in Thompson et al. (2012) and Arbour and Currie (2016), bootstrap and Bremer support were 

used.  

In order to assess the support for the relationships in the analyses herein, I used symmetric resampling 

and Bremer support for the parsimony analyses (Analyses A-D). Symmetric resampling was applied 

using 5000 replicates and a New Technology search in TNT, and Bremer support was applied using the 

BREMER.run script in TNT. For the Bayesian analysis (Analysis E), posterior probabilities of each clade 

were used as the support measure.  

 

Tree Statistics 

The fit that the underlying character and taxon data have to the topology of the phylogenetic tree can 

also be assessed to provide support for a phylogenetic hypothesis. For example, the simple measure of 

tree length, where the shorter the phylogenetic tree, the better fit it has to the data (Kitching et al., 

1998). The consistency index (ci; Kluge and Farris, 1969), which is the ratio of the minimum number 

of steps a character can have on a tree to the number of steps it has on a given tree, measures the amount 

of homoplasy in the data. The ensemble consistency index (CI) assesses this for the entire dataset, rather 

than just one character. The retention index (ri; Farris, 1989) measures the amount of similarity a 

character can have on a tree, and thus the synapomorphies, and the ensemble retention index (RI) 

measures this for the entire dataset. However, because CI does not take into account autapomorphies 

and can never reach a zero value, the rescaled consistency index (rc; Farris, 1989) was introduced, 

where ci is rescaled using ri (i.e. ci multiplied by ri) and which is able to reach a zero value. The 

ensemble rescaled consistency index (RC) is the sum of rc and the homoplasy index (HI) is 1 minus CI.  

Providing tree statistics is common in phylogenetic studies of Thyreophora. In the ankylosaurian 

phylogeny of Parish (2005), the characters were reweighted according to their RC, CI and RI, with RC 

producing the best results in terms of the number of MPTs, tree length and highest CI and RI. In 

Thompson et al. (2012), CI, RI and RC were provided, whereas only CI and RI were provided by Arbour 

and Currie (2016). In both Maidment et al. (2008) and Raven and Maidment (2017) CI, RI and RC were 

provided. 

Here, I report the ensemble consistency index (CI), the ensemble retention index (RI), the ensemble 

rescaled consistency index (RC) and the homoplasy index (HI) for each of the four parsimony analyses 

(analyses A-D). These were calculated in the software TNT using the script STATS.RUN (Goloboff et 

al. 2008a). 

 

Consensus Methods 

In order to visualise support for clades from the numerous MPTs, consensus trees can summarise 

agreements and disagreements that are congruent in a number of the MPTs (Kitching et al., 1998). 

Numerous methods have been described, but most studies only use one of several common methods. A 
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strict consensus tree, which only contains groups which are found in all MPTs, is the most conservative 

consensus method and is the only method that truly summarises all agreement among the input trees 

(Nixon and Carpenter 1996a). This often has the drawback of little resolution, however, especially with 

palaeontological datasets where there is a lot of missing data (Kearney and Clark 2003). The higher 

resolution of the input MPTs comes from the ambiguous character optimisation of the parsimony 

software, whereas the strict consensus tree has the same length as the input MPTs but the resolved 

nodes are all supported by data (Kitching et al., 1998). Semi-strict, or combinable component, consensus 

trees are formed from all the uncontradicted groups of the MPTs, not just those that are found in all 

MPTs (Bremer 1990). Majority rule trees are usually produced by the combination of groups that are 

found in 50% of the input MPTs (Margush and McMorris 1981). This can often be the preferred option 

when a high number of MPTs are being compared, such as in Bayesian inference (Swofford 1991), 

although it should be noted that if groups are only found in 50% of the MPTs, in 50% of the MPTs 

these groups are not found. Adams consensus trees remove taxa in conflicting positions in the MPTs to 

the most inclusive node they have in common (Adams 1972). As such, groups of taxa can appear in 

Adams consensus trees that do not appear in the input MPTs. Adams consensus trees can therefore be 

useful for identifying rogue taxa (Kitching et al., 1998). Agreement subtrees differ from the 

aforementioned consensus methods in that they show only the clades and taxa that are common to the 

input MPTs (Finden and Gordon 1985), meaning they have a different number of taxa than the input 

MPTs. An agreement subtree is therefore the largest fully resolved topology common to all MPTs and 

is obtained through the removal of one or more branches from the MPTs until a common topology is 

obtained (Kitching et al., 1998) and can be easily implemented in TNT (Goloboff et al. 2008a). One type 

of agreement subtrees are strict reduced consensus trees, which represent all n-taxon statements that 

are common in the MPTs, though not necessarily including all taxa from the MPTs (Wilkinson 1994).  

Consensus trees have commonly been used in thyreophoran phylogenetic studies, with all studies 

presenting strict consensus trees. Additionally, the stegosaurian analysis of Maidment et al. (2008) 

produced 50% majority rule, Adams and strict reduced consensus trees, although these were similar in 

resolution and topology to the strict consensus tree, with the topological changes relating to the highly 

fragmentary Paranthodon. The ankylosaurian analysis of Parish (2005) also included an Adams 

consensus and a 50% majority rule tree. During exploration of the data, strict reduced consensus trees 

were also produced. Thompson et al. (2012) provided 50% majority rule and strict reduced consensus 

trees, whereas Arbour and Currie (2016) presented 50% majority rule and maximum agreement 

subtrees due to a lack of resolution in their strict consensus tree. 

Here, I produced strict consensus trees of each of the four parsimony analyses (analyses A-D), because 

they are the only true method of summarising the input MPTs (Nixon and Carpenter 1996a). 

Additionally, I produced an agreement subtree in TNT (Goloboff et al. 2008a) of the three implied 

weighting analyses (analyses B-D), with 30,000 trees stored in memory using the command ‘hold’ in 

TNT. For the Bayesian analysis (analysis E), I produced a 50% majority rule tree of the MLTs in MrBayes 

(Ronquist et al. 2012) due to the high number of trees produced by the Bayesian analysis. All consensus 

trees were viewed in FigTree (Rambaut 2018).  



96 
 

Character Completeness Score 

The variation in fossil record quality, which is biased in its temporal, geographical, and environmental 

distributions, as well as in terms of the preservation potential and completeness of individual fossils, 

can be assessed using completeness metrics, which consider the quality of fossil taxa or specimens 

through time. These can be used for studies into absolute fossil record quality (e.g. Fountaine et al., 

2005; Smith, 2007) or historical trends in fossil record quality (e.g. Benton, 2008). They can also be used 

as an indication of past biodiversity, although the relationship between diversity and fossil record 

completeness is unclear (Mannion and Upchurch 2010; Brocklehurst et al. 2012; Brocklehurst and 

Frobisch 2014; Cleary et al. 2015; Brown et al. 2019; Cashmore and Butler 2019) and further work in 

this area is needed. Early completeness metrics were based on the completeness of taxa, i.e. whether 

species are represented by isolated bones, complete skeletal regions, or multiple specimens (Fountaine 

et al. 2005; Benton 2008), although these are based on arbitrarily and crudely defined quality metrics, 

which render a systematic approach unfeasible (Mannion and Upchurch 2010).  

In order to provide increased objectivity when estimating fossil record quality, Mannion and Upchurch 

(2010) introduced two completeness metrics based on the percentage of the skeleton that individual 

specimens, rather than taxa, represent: Skeletal Completeness Metric (SCM) and Character 

Completeness Metric (CCM). Both SCM and CCM were devised to assess relative completeness of 

different regions of the skeleton, with weightings based on the average percentage of characters 

attributed to each region of the body. SCM approximates the amount of anatomical information 

present, whereas CCM is based on the number of phylogenetic characters that can be scored for the 

taxon. Both metrics were devised to calculate the completeness of both the most complete individual 

of a taxon and of the type specimen, although SCM is problematic when comparing distantly-related 

clades and in clades where there are regions of ‘extra’ anatomy (e.g. osteoderms).  

CCM was applied to stegosaurs by Raven and Maidment (2017), where it was shown that the majority 

of stegosaurian taxa are highly incomplete (CCM <50%) and often represented by postcranial material 

alone (e.g. Loricatosaurus). This study is, however, the only example where a completeness metric has 

been applied to thyreophorans. 

Instead of assessing relative completeness of different regions of the skeleton, I have used a CCM 

approach here as a whole-body assessment so that the overall completeness of different taxa can be 

easily compared. This avoids the need for weightings for different region of the body, and given the 

phylogenetic dataset is the most comprehensive in terms of character sampling of any thyreophoran 

phylogeny to date, it provides a first-order observation of how complete the taxa in the phylogenetic 

dataset are. The use of reductive character coding (see Character Selection, above) means that there 

may be a higher percentage of missing data in the phylogenetic dataset, due to the inclusion of 

inapplicable characters. However, as this is consistent for each of the taxa, the overall completeness of 

the taxa will be comparable within this study. The results of this CCM calculation are in Table 3.5. 
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Stratigraphic Congruence Test 

The relationship between the phylogenetic relationships of taxa and their stratigraphic distributions 

can be used to independently choose between equally optimal phylogenetic trees that have been 

calculated without stratigraphic input (Bell and Lloyd 2015). Comparisons between phylogeny and 

stratigraphy were originally qualitative (e.g. Bown and Rose, 1987), but more recent studies have 

identified explicit metrics that allow quantitative assessments of the correlation between phylogeny 

and stratigraphy, through either the measurement of mismatches between phylogeny and stratigraphy 

or the measurement of ghost ranges (Pol et al. 2004).  

Norell and Novacek (1992), whose work expanded upon that of Gauthier et al. (1988), presented the 

first quantitative method for correlating stratigraphic position with phylogenetic rank, the Spearman 

Rank Correlation (SRC), and applied this method to a dataset of 38 groups of vertebrates. Their method 

used Spearman rank coefficients to measure the correlation between ‘age rank’ and ‘clade rank’ and 

required phylogenetic trees to be fully pectinate (i.e. with no equal-ranking clades). However, this 

condition is rare in reality and so the method is rarely used.   

Huelsenbeck (1994) introduced the Stratigraphic Consistency Index (SCI), a ratio of the internal nodes 

which are stratigraphically consistent to the total number of internal nodes (i.e. excluding the root). 

Stratigraphic consistency is defined as “the age above the node is the same age or younger than the age 

below the node”. SCI, which can range from zero (maximally stratigraphically inconsistent) to one 

(maximally stratigraphically consistent), has been widely criticised for being sensitive to parameters 

such as tree shape and tree size (Wills 1999; Pol et al. 2004) and is now infrequently used (although see 

Hitchin and Benton (1997) for an alternative, more positive opinion of the metric). 

Benton and Storrs (1994) proposed the Relative Completeness Index (RCI), which focuses on the 

completeness of the fossil record with respect to the inferred ghost ranges – it is the ratio of the sum of 

observed ranges of taxa and the sum of their ghost ranges. It thus determines how much of a total 

branch can be explained by actual taxon ranges, rather than inferred ghost ranges, meaning the internal 

nodes themselves are not seen as stratigraphically consistent or inconsistent, but they contribute to the 

overall measure of consistency (Wills 1999). It is viewed as a percentage, although is not limited to a 

0–100 scale, with negative values possible (i.e. if the ghost range is longer than the observed taxon 

range), meaning interpretation is problematic (Wills 1999; Bell and Lloyd 2015).  

Siddall (1998) introduced the Manhattan Stratigraphic Measure (MSM), where the ages of terminal taxa 

are represented as Sankoff characters, and a step matrix of these ages is produced with the Manhattan 

distance being the cost of transformations between states (i.e. the stratigraphic age of each first 

appearance) in this matrix. As such, it is analogous to the character consistency index proposed by 

Kluge and Farris (1969), with the minimum length the age character can have on an optimal, pectinate, 

topology divided by the Manhattan distance (i.e. the total length of the actual phylogeny as calculated 

from the step matrix). However, MSM sensu stricto allows reversals, as noted by Pol and Norell (2001), 

meaning ancestors are theoretically allowed to be younger than their descendants. As such, Pol and 

Norell (2001) introduced the modified Manhattan Stratigraphic Measure (MSM*), which varies from 
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zero (maximally stratigraphically suboptimal fit) to one (maximally stratigraphically optimal fit) and 

where the transformations in the step matrix are irreversible (Bell and Lloyd 2015). This modification 

meant that the length of the age character quantifies the sum of ghost lineages on the phylogenetic tree 

(Pol et al. 2004). The sum of ghost ranges does not indicate stratigraphic congruence in itself, because 

it depends upon the number of taxa in the phylogeny and their stratigraphic distribution, but it needs 

to be scaled between a maximum and a minimum value (Wills et al. 2008), which in this case is the 

difference between the oldest and youngest first appearance dates. 

Wills (1999) proposed the Gap Excess Ratio (GER), which also uses the sum of the ghost lineages of a 

tree, but instead scales it with the sum of the ghost lineages on both the minimally optimal and 

maximally optimal topologies. Although not using Sankoff optimisations, the GER can be seen as 

analogous to the retention index of Farris (1989), allowing for comparisons with the MSM* (Pol et al. 

2004). The GER, like MSM*, ranges from zero (maximally stratigraphically suboptimal fit) to one 

(maximally stratigraphically optimal fit) (Bell and Lloyd 2015). Wills et al. (2008) then suggested two 

modifications of the GER, GERt and GER*, in order to remove bias in the range of values possible with 

trees of different shapes. GERt scales the observed sum of ghost ranges between the minimum and 

maximum possible values on a given topology, rather than on any topology, and GER* uses the 

underlying distribution of the sums of possible ghost ranges that are lower than the observed value. 

Whereas GERt can theoretically have values that exceed one or less than zero (but in practice these 

conditions are converted to zero and one, respectively; Bell and Lloyd 2015), GER* necessarily ranges 

from 0, where the observed tree is worse than all randomly generated topologies, to one, where the 

observed tree is better than all randomly generated topologies (Bell and Lloyd 2015).  

Although it is becoming more common to use stratigraphic congruence metrics to compare equally 

optimal phylogenies (e.g. Groh et al., 2020), and this is particularly useful in groups that have overall 

stratigraphic congruence, such as dinosaurs (Wills et al. 2008), they have been used infrequently in 

thyreophoran studies. The collection of dinosaur phylogenies used by Wills et al. (2008) in their 

development of the modified Gap Excess Ratio (GERt and GER*) included the ankylosaur phylogeny 

of Vickaryous et al. (2004) and the stegosaur phylogeny of Galton and Upchurch (2004). However, 

these were used to compare between the results of the three variants of the Gap Excess Ratio and were 

not used in determining a preferred tree topology. In the unpublished PhD thesis of Maidment (2007), 

SCI, RCI and GER indices were recorded using the software PAST (Hammer et al. 2001) and showed 

that stegosaurian phylogeny had a relatively high degree of stratigraphic consistency, although these 

results were not included in the published study that resulted from the thesis (Maidment et al. 2008). 

Thompson et al. (2012) later noted the congruence of their phylogenetic hypothesis with stratigraphy, 

although they did not use a quantitative metric to illustrate this. Arbour and Currie (2016) calculated 

the SCI for their phylogeny of Ankylosauridae, which was 0.625 for the 50% majority rule tree, 

although this was not used to compare between different tree topologies. 

In order to compare the different tree topologies of the five analytical variations (see Analytical 

Methodology above), and identify a ‘preferred tree’, I used stratigraphic congruence, implemented in 

the R package strap (Bell and Lloyd 2015). Taxon ages were taken from the Paleobiology Database and 
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adjusted to the latest International Chronostratigaphic Chart (Cohen et al. 2013) based on recent 

literature. In strap, I applied the command StratPhyloCongruence with 1000 permutations each for 

resampled and randomly generated trees and used a fixed overall tree shape and fixed outgroup taxon 

(Lesothosaurus diagnosticus). The stratigraphic congruence was calculated using four metrics: 

Stratigraphic Consistency Index (SCI), the Relative Completeness Index (RCI), the modified Manhattan 

Stratigraphic Measure (MSM*) and the Gap Excess Ratio (GER). The results of these stratigraphic 

congruence analyses are in Table 3.4. 

 

Partitioned Analyses 

The fossil record is inherently biased in various ways, but one of the key biases it exhibits is that of 

organismal incompleteness, with only a small and often predictably restricted sample of anatomical 

features, such as shells and bones, surviving the fossilisation process (Sansom and Wills 2013; Li et al. 

2019). This has consequences for phylogenetic analysis, and it is not uncommon for character sampling 

to be focused on particular aspects of anatomy, in order to either glean as much data from a limited 

sample size as possible, or because it is believed that different anatomical regions display differing 

amounts of phylogenetic signal (Mounce et al. 2016; Li et al. 2019). Indeed, Mounce et al. (2016) 

discovered that craniodental characters are significantly more numerous than postcranial characters in 

vertebrate datasets, and an extreme example of this is in the ceratopsian phylogeny of Farke et al. (2011: 

697) where only cranial characters were used because they were deemed to be “most useful for 

elucidating phylogenetic relationships among these taxa” despite no justification for this statement. It 

has, however, been shown that there is statistically significant incongruence between the phylogenetic 

trees produced by craniodental and postcranial characters in a variety of taxa, such as dinosaurs (Li et 

al. 2019), mammals (Sansom et al. 2016), cetaceans (O’Leary and Gatesy 2008), and tetrapods in general 

(Mounce et al. 2016). Other partitioned datasets include divisions of appendicular and axial skeletons 

(Ruta and Wills 2016), integument such as osteoderms (Buchwitz et al. 2012) and, for extant taxa, 

behaviour (O’Leary and Gatesy 2008).  

Within dinosaurs, and vertebrates in general, there are further biases in that more compact elements, 

such as limb bones, are better preserved than delicate anatomical features, such as skulls and vertebrae 

(Li et al. 2019). This exacerbates the reliance on cranial characters in phylogenetic analyses, with 

(often) potentially poorly preserved cranial material being favoured over better preserved postcranial 

material on the (often unsubstantiated) assumption that cranial material conveys either more 

phylogenetic signal or a higher quality phylogenetic signal (Arratia 2009; Mounce et al. 2016). 

Ankylosaur skulls, however, are heavily fortified by the fusion of osteoderms to the bone surface, 

which might have given them a higher preservation potential than other dinosaur skulls (although the 

sparse record of pachycephalosaurians offers a counterpoint to this). The consequence of this is that 

several workers have used skulls alone for phylogenetic inference (Vickaryous et al. 2001; Hill et al. 

2003), although the majority of studies use a more inclusive dataset (e.g. Thompson et al., 2012; Arbour 

and Currie, 2016). Among thyreophoran datasets more generally, osteoderm characters have been used 

variably, with Blows (2015) recommending an increased sampling of osteoderm characters in order to 
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more accurately infer ankylosaur phylogenetic relationships, although no study has utilised specific 

partitions to test the phylogenetic signal of osteoderms relative to other osteological characters.  

Here, in order to test the phylogenetic signal of the different anatomical regions of thyreophoran 

dinosaurs, I produced four partitioned analyses using the settings for the most stratigraphically 

congruent tree. The first partitioned analysis (Analysis F) included only craniodental characters (1-125) 

and all taxa without character scores for these characters were removed (Adratiklit, Ahshislepelta, 

Alcovasaurus, Aletopelta, the Argentinian ankylosaur, Dacentrurus, Dongyangopelta, Hoplitosaurus, 

Hylaeosaurus, Invictarx, Loricatosaurus, Minmi, Mymoorapelta, Nodosaurus, Polacanthus, the 

Spearpoint ankylosaur, Stegosaurus homheni, Taohelong, Tianchisaurus and Zhejiangosaurus). The 

second partitioned analysis (Analysis G) included only postcranial characters (126-266) and all taxa 

without character scores for these characters were removed (Borealopelta, Denversaurus, 

Isaberrysaura, Minotaurasaurus, Nodocephalosaurus, Pawpawsaurus, Sarcolestes, Shamosaurus, 

Tarchia kielanae, Tarchia teresae, Tatankacephalus, Zaraapelta and Ziapelta). The third partitioned 

analysis (Analysis H) included osteoderm characters only (267-340) and all taxa without character 

scores for these characters were removed (Adratiklit, Anoplosaurus, the Argentinian ankylosaur, 

Laquintasaura and the Paw Paw juvenile). The fourth partitioned analysis (Analysis I) included only 

cranial and postcranial characters (1-266) and no taxa were removed as all taxa contained character 

scores for these taxa. 

 

Constraint Analyses 

Constraint trees are commonly used to force taxa either into or out of a grouping defined a priori. This 

means that only subtrees that either have, or do not have, the specified subset of taxa are acceptable in 

the search algorithm (Goloboff et al. 2008a). This can be used to define the monophyly of ingroup taxa 

(Brusatte 2010), hold an unstable, floating taxon in its known systematic position (Lambkin et al. 2009), 

or to test the implications of conflicting topologies (Tschopp et al. 2015).  

The only thyreophoran phylogenies that have used constraint trees are Thompson et al. (2012) and 

Raven and Maidment (2017), both of which tested previously proposed hypotheses of various 

thyreophoran relationships. In the ankylosaur phylogeny of Thompson et al. (2012) three constraint 

trees were used: (1), Dyoplosaurus and Euoplocephalus were constrained to be sister taxa, based upon 

previous synonymisation (Coombs 1978; Vickaryous et al. 2004); (2), Scelidosaurus was constrained to 

be an ankylosaur, as various workers have proposed the taxon as the earliest ankylosaur (e.g. Carpenter, 

2001); and (3), polacanthid ankylosaurs were constrained to fall within Ankylosauridae, based upon 

previous assessments of their systematic position (Kirkland 1998; Carpenter 2001a). In the stegosaur 

phylogeny of Raven and Maidment (2017) Alcovasaurus longispinus was constrained to be the sister 

taxon to Stegosaurus stenops, given that the taxon was originally described as Stegosaurus longispinus 

(Galton 2010). 

Here, in order to test various previously-proposed hypotheses of thyreophoran relationships, I have 

written constraint trees in TNT (Goloboff et al. 2008a) using the ‘Force’ command, and compared their 
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relative length increases (as in Tschopp et al. [2015]). I constructed three different constraint trees: 

Analysis J, including  a monophyletic Nodosauridae, as recovered in the recent ankylosaur phylogeny 

of Arbour et al. (2016), with the addition of Gastonia lorriemcwhinnyae and Spearpoint ankylosaur, 

and the exclusion of Kunbarrasaurus, Hylaeosaurus, (which were found as ankylosaurids in the original 

analysis), and Sauroplites (which was not included as an OTU in this study: see Taxon Selection, above); 

Analysis K, ‘polacanthid’ taxa constrained as members of Ankylosauridae, with Gastonia burgei, 

Gastonia lorriemcwhinnyae, Gargoyleosaurus, Hoplitosaurus, Hylaeosaurus, Mymoorapelta and 

Polacanthus being classed as ‘polacanthids’, following Kirkland (1998) and Blows (2015); and Analysis 

L, Scelidosaurus constrained as a member of Ankylosauria, as suggested by Carpenter (2001) and others. 

Search settings were the same as in the most stratigraphically congruent tree. All analyses are 

summarised in Table 3.3. 

 

Character Optimisation 

Character optimisation refers to reconstruction of character state changes on a phylogenetic tree in 

order to visualise the sequence of character evolution. Under parsimony, character optimisations are 

ambiguous, because the alternative reconstructions of characters onto the tree have an equal cost (Farris 

1970). This means there are many alternative reconstruction methods for resolving ambiguous 

character optimisations on any given tree, to give what is termed a most parsimonious reconstruction 

(Swofford and Maddison 1987; Miyakawa and Narushima 2004; Agnarsson and Miller 2008). Two 

popular methods of character optimisation are ACCTRAN (accelerated transformation; Farris, 1970) 

and DELTRAN (delayed transformation; Swofford and Maddison, 1987), which represent extreme 

opposites of each other (Agnarsson and Miller 2008). ACCTRAN means that ‘forward’ character state 

changes (i.e. 0 to 1) are placed, or accelerated, as fast as possible on the branches of the tree, nearest the 

root, whereas DELTRAN means that character state changes are postponed, or delayed, for as long as 

possible, away from the root. This means that ACCTRAN favours the acquisition of a character, and 

thus maximises reversals and minimises convergent evolution, whereas DELTRAN minimises reversals 

and maximises convergent evolution through independent gains of a character (Swofford and Maddison 

1987). Both of these are examples of Wagner optimisation, which was based upon the work of Wagner 

(1961) and subsequently formalised by Farris (1970), and that focuses on ordered character state 

changes (i.e. in order to change from 0 to 2, it is necessary to pass through 1, thus adding two steps). 

Other methods of character optimisation are Fitch optimisation, which works similarly to Wagner 

optimisation but concerns unordered characters (Fitch 1971), Dollo optimisation, where apomorphic 

states can only arise once and all homoplasy must be accounted for by a secondary loss (Kitching et al., 

1998) and Camin-Sokal optimisation, where character states can be gained multiple times but cannot 

be lost once they are gained (Camin and Sokal 1965). These optimisation methods, which are carried 

out using step matrices that specify the cost of assuming certain character state transformations, are 

specialist cases of character optimisation. Generalised optimisation, where the cost of a transformation 

between character states is represented as a square matrix, allows flexibility in permitted 

transformations (Swofford and Olsen 1990). These character optimisation techniques can be 
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implemented without additional user input during the tree search algorithms in parsimony 

programmes such as TNT (Goloboff et al. 2008a), although they can also be specified, for instance TNT 

uses Farris optimisation when dealing with continuous characters (Goloboff et al. 2006). Additionally, 

they can be applied a posteriori to a given tree to map the ambiguous apomorphies of individual nodes 

and to reconstruct ancestral states. This is often performed on a tree that has been inferred from the 

same underlying data, and it can be done through parsimony, maximum likelihood or Bayesian 

optimisation (Huelsenbeck et al. 2003). It is particularly informative for use on extinct taxa, where the 

character states of hypothetical ancestors can be mapped out, including both phenotypic and ecological 

characters (O’Leary 2001). 

Character mapping of synapomorphies has been carried out in many thyreophoran phylogenetic 

studies, including the stegosaurian analyses of Maidment et al. (2008) and Raven and Maidment (2017), 

and the ankylosaurian analyses of Parish (2005), Thompson et al. (2012), Arbour and Currie (2016). All 

of these studies utilised both ACCTRAN and DELTRAN optimisations in order to produce a list of 

synapomorphies for the internal nodes of their preferred phylogenetic hypothesis. 

Here, using the phylogenetic software PAUP* (Swofford 2003), I mapped out ambiguous 

synapomorphies, using both ACCTRAN and DELTRAN optimisation techniques, and unambiguous 

synapomorphies (i.e. where ACCTRAN and DELTRAN are congruent in determining a character state 

change). This was carried out on the most stratigraphically congruent tree. The results of this character 

optimisation are discussed below (see Discussion) and are listed in detail in Appendix A3.3. 

 

Analysis Protocol Number of MPTs Tree Length 

Analysis A Equal weights parsimony 8 1508 

Analysis B Extended implied weights parsimony, k = 3 3 115.62395 

Analysis C Extended implied weights parsimony, k = 8 1 70.24048 

Analysis D Extended implied weights parsimony, k = 12 2 54.71693 

Analysis E Bayesian - - 

Analysis F Partition (craniodental) using Analysis B 

protocol 

4 45.04870 

Analysis G Partition (postcrania) using Analysis B 

protocol 

5 49.53680 

Analysis H Partition (osteoderms) using Analysis B 

protocol 

4 16.11021 

Analysis I Partition (craniodental + postcrania) using 

Analysis B protocol 

4 93.44972 

Analysis J Constrained monophyletic Nodosauridae 

using Analysis B protocol 

11 116.99444 

Analysis K Constrained polacanthid taxa as basal 

ankylosaurids using Analysis B protocol 

2 118.63027 

Analysis L Constrained Scelidosaurus as an ankylosaur 

using Analysis B protocol 

2 117.92452 

Table 3.3. Analytical protocols for all analyses. Analysis B, highlighted in green, identified as ‘preferred tree’ on the basis of 

the stratigraphic congruence tests. 
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Similarity Matrix 

Phenetic similarity between taxa in a phylogenetic dataset can be used to illustrate the structure of the 

dataset and to indicate high or low similarity of character states between taxa (Foote 1994; Wagner 

1997). The similarity between two taxa can be calculated as the number of identical scoring matches 

between the taxa divided by the number of comparable scores between them (Benson and 

Druckenmiller 2013). The resulting similarity values are then represented in a symmetric similarity 

matrix, which can be visualised using heatmaps (Evers and Benson 2018), with high between-group 

similarity of clades indicating high levels of homoplasy. The similarity values can also be used to show 

patterns of disparity over time (Foote 1994; Wagner 1997; Benson and Druckenmiller 2013). 

Here, I produced heatmaps of similarity matrices to illustrate the structure of the character-taxon 

matrix. This was done using the R script provided by Evers and Benson (2018). Polymorphisms and 

missing data were treated as inapplicable, and each similarity matrix was assigned a spectrum of colours 

using the package gclus (Hurley 2012). I produced similarity matrices for the total dataset (Fig. 3.16), 

as well as for partitioned datasets that correspond to the partitioned analyses of craniodental, 

postcranial and osteoderm characters (Analyses F-H). This is the first instance of similarity matrices 

being produced for a thyreophoran character-taxon matrix.  

 

3.5. Results 

Acantholipan and Mongolostegus were removed as OTUs prior to all analyses because safe taxonomic 

reduction identified them as taxonomic equivalents of Euoplocephalus and Chungkingosaurus, 

respectively, although IterPCR did not identify any taxa to remove. The stratigraphically most 

congruent topology, as identified by the four stratigraphic congruence metrics SCI, RCI, MSM* and 

GER, was Analysis B, and so this was identified as the ‘preferred tree’ (see Tree Selection below). The 

analytical settings used in Analysis B were therefore also used in the analyses of the partitioned datasets 

and constraint trees (Analyses F-H), and the topology of Analysis B was used to map synapomorphies 

of the dataset. Further results, including the results of each analysis, are discussed in detail below.  
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Analysis A 

The equal-weights parsimony analysis (Analysis A) produced 8 MPTs with lengths of 1508 steps (CI = 

0.282; RI = 0.529; RC = 0.149). The stratigraphic congruence tests results were: SCI = 0.482; RCI = -

211.796; GER = 0.687; and MSM* = 0.053. The strict consensus tree is shown in Figure 3.1 but it shows 

a lack of resolution in Stegosauria. Huayangosaurus and Isaberrysaura are outside of Eurypoda, as is 

Scelidosaurus, and Ankylosauria is found in an unresolved polytomy with most stegosaur taxa. There 

are two clades within Ankylosauria (Ankylosauridae + Nodosauridae), with several ankylosaur taxa 

falling outside of this split. Within Nodosauridae, there are three groupings of taxa: ‘polacanthid’ 

ankylosaurs, but excluding Polacanthus; edmontonid taxa typified by Edmontonia and Panoplosaurus; 

and struthiosaurid taxa, typified by Struthiosaurus and Hungarosaurus. The clades Eurypoda + 

Isaberrysaura + Huayangosaurus, Eurypoda, Thyreophoroidea, and a clade of ankylosaurids from Asia 

are particularly well supported by Bremer support and symmetric resampling. 

 

Figure 3.1. Analysis A. Analysis using equal weights parsimony. Strict consensus tree of 8 MPTs of length 1508. Numbers in 

bold above clades Bremer support values. Numbers in italics below clades are symmetric resampling frequencies, only those 

over 50% are shown. 
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Analysis B 

The extended implied weights parsimony analysis, with k = 3 (Analysis B), produced 3 MPTs with 

lengths of 115.62395 steps (CI = 0.269; RI = 0.498; RC = 0.134). The stratigraphic congruence tests 

results are: SCI = 0.440; RCI = -132.499; GER = 0.771; and MSM* = 0.072, meaning this topology is the 

most congruent with stratigraphy. The strict consensus tree is shown in Figure 3.2. Eurypoda is 

monophyletic with Scelidosaurus and Minmi outside of the split. There is high resolution within 

Stegosauria, with sister-taxon relationships between Paranthodon and Tuojiangosaurus, 

Huayangosaurus and Isaberrysaura, Loricatosaurus and Alcovasaurus, and Adratiklit and Miragaia, 

although Stegosaurus is paraphyletic. A dichotomous Ankylosauria is not recovered; Nodosauridae is 

paraphyletic, with the three groups found in Analysis A also found here though in different topological 

positions. Additionally, the ‘polacanthid’ clade includes Polacanthus. Within Ankylosauridae, a 

grouping of shamosaurine taxa is recovered as early-diverging members of the clade. The clades 

Eurypoda, Ankylosauridae, Ankylosauridae + edmontonids + struthiosaurids and Stegosauridae are 

particularly well supported by Bremer support and symmetric resampling. 

 

Figure 3.2. Analysis B. Analysis using implied weights parsimony, k = 3. Strict consensus tree of 3 MPTs of length 115.62395. 

Numbers in bold above clades Bremer support values. Numbers in italics below clades are symmetric resampling frequencies, 

only those over 50% are shown. 
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Analysis C 

The extended implied weights parsimony analysis, with k = 8 (Analysis C), produced 1 MPT of length 

70.24048 steps (CI = 0.272; RI = 0.505; RC = 0.137). The stratigraphic congruence tests results were: SCI 

= 0.448; RCI = -154.832; GER = 0.747; and MSM* = 0.066. The single most parsimonious tree is shown 

in Figure 3.3. Eurypoda is recovered with both Scelidosaurus and Minmi falling outside. Similar 

resolution and relationships to Analysis B are found within Stegosauria, although the early ankylosaur 

Mymoorapelta is found within the clade, and Adratiklit and Miragaia are found as distantly related 

stegosaurs. Similarly, a dichotomous Ankylosauria is not recovered, and Nodosauridae is paraphyletic. 

Groupings of polacanthid, edmontonid and struthiosaurid taxa are found, although they differ from 

those in Analysis B in their topological positions and taxonomic compositions. Sarcolestes is recovered 

as the earliest-diverging ankylosaur and two late-diverging groups of Ankylosauridae from Asia and 

North America are found. The clades Stegosauria, Thyreophoroidea, Eurypoda, struthiosaurids, 

polacanthids, Ankylosauridae and Ankylosauridae + polacanthids are particularly well supported by 

Bremer support and symmetric resampling.  

 

Figure 3.3. Analysis C. Analysis using implied weights parsimony, k = 8. 1 MPT of length 70.24048. Numbers in bold above 

clades Bremer support values. Numbers in italics below clades are symmetric resampling frequencies, only those over 50% are 

shown. 
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Analysis D 

The extended implied weights parsimony analysis, with k = 12 (Analysis D), produced 2 MPTs of 

lengths 54.71693 steps (CI = 0.279; RI = 0.522; RC = 0.146). The stratigraphic congruence tests results 

were: SCI = 0.425, RCI = -155.603,; GER = 0.746; and MSM* = 0.065. The strict consensus tree is shown 

in Figure 3.4. Eurypoda is recovered with Scelidosaurus falling outside the clade. Similar relationships 

to those found in Analysis B were recovered with respect to stegosaurs, but Stegosaurus is not 

paraphyletic. A dichotomous Ankylosauria was not recovered, but struthiosaurid and edmontonid 

groups were found. The polacanthid group is split into two, with several taxa such as Polacanthus found 

near to the struthiosaurid group, and others such as Gastonia found as early-diverging members of 

Ankylosauridae. The clades Thyreophoroidea, Stegosauria, struthiosaurids + polacanthids, 

Ankylosauridae + edmontonids and Ankylosaurini are particularly well supported by Bremer support 

and symmetric resampling.  

 

Figure 3.4. Analysis D. Analysis using implied weights parsimony, k = 12. Strict consensus tree of 2 MPTs of length 54.71693. 

Numbers in bold above clades Bremer support values. Numbers in italics below clades are symmetric resampling frequencies, 

only those over 50% are shown. 



108 
 

Analysis E 

The Bayesian analysis (Analysis E) produced 2001 trees in each run, for a total of 8004 trees. The 

analysis took 159 hours, 8 minutes and 39 seconds to reach an average standard deviation of 0.01097, 

although the average standard deviation was not decreasing below 0.01 for the final 4,000,000 

generations. Analysis in Tracer showed the runs to have hit a plateau and stationarity, with ESS scores 

>1000 for both the four individual runs and the combined runs. The stratigraphic congruence results 

are: SCI = 0.929; RCI = -427.083; GER = 0.458; and MSM* = 0.032. The 50% majority rule tree for 

Analysis E is shown in Figure 3.5, although this shows a lack of resolution in both Ankylosauria and 

Stegosauria. Scelidosaurus, Huayangosaurus and Isaberrysaura are found outside of Eurypoda, however.  

 

Figure 3.5. Analysis E. Analysis using Bayesian inference. Numbers at nodes indicate posterior probabilities.  
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Analysis F  

The partitioned analysis, using the analytical protocol of the ‘preferred tree’ of Analysis B and 

craniodental characters only (Analysis F) produced 4 MPTs of length 45.04870. The tree is shown in 

Figure 3.6. Eurypoda is not recovered, with ankylosaurs and stegosaurs being relatively well mixed, 

although there is a grouping of five stegosaur taxa recovered. Several multispecific genera are found to 

be paraphyletic, such as Struthiosaurus, Tarchia, Pinacosaurus and Edmontonia.  

 

 

Figure 3.6. Analysis F. Partitioned analysis using craniodental characters. Strict consensus tree of 4 MPTs of length 45.04870. 
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Analysis G 

The partitioned analysis, using the analytical protocol of Analysis B and postcranial characters only 

(Analysis G), produced 5 MPTs of length 49.53680. The strict consensus tree is shown in Figure 3.7. 

Stegosauria is not recovered as a monophyletic group, with stegosaurs mixed in with polacanthid 

ankylosaurs and some ankylosaurid ankylosaurs. The four groups of ankylosaurian taxa are found and 

whilst edmontonid and struthiosaurid groups are similar, polacanthid and ankylosaurid groups differ. 

 

 

Figure 3.7. Analysis G. Partitioned analysis using postcranial characters. Strict consensus tree of 5 MPTs of length 49.53680 
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Analysis H 

The partitioned analysis, using the analytical protocol of Analysis B and osteoderm characters only 

(Analysis H), produced 4 MPTs of length 16.11021. The strict consensus tree is shown in Figure 3.8. 

Eurypoda is unsurprisingly not recovered, with no resolution within Stegosauria. Ankylosauridae is 

recovered but with a different taxonomic composition (e.g. Struthiosaurus languedocensis is found 

within the group), and there are several different groups of ankylosaur, although these do not appear 

to correspond to any previously identified groups.  

 

Figure 3.8. Analysis H. Partitioned analysis using osteoderm characters. Strict consensus tree of 4 MPTs of length 16.11021. 
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Analysis I 

The partitioned analysis, using the analytical protocol of Analysis B and combined craniodental and 

postcranial characters (Analysis I), produced 4 MPTs with lengths of 93.44972 steps. The strict 

consensus tree is shown in Figure 3.9. Eurypoda is recovered, with Scelidosaurus, Minmi and the Paw 

Paw juvenile falling outside the clade. Stegosauria is similar to the analyses of the full dataset, although 

the ankylosaurs Antarctopelta and Invictarx fall within the group. A dichotomous Ankylosauria is not 

recovered, with a paraphyletic Nodosauridae. The four groupings previously identified are again found 

here although with less clarity than before.  

 

 

Figure 3.9. Analysis I. Partitioned analysis using craniodental and postcranial characters. Strict consensus tree of 4 MPTs of 

length 93.44972. 
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Analysis J  

This analysis, using the protocols from Analysis B, where the relevant taxa were positively constrained 

to form a monophyletic Nodosauridae (Analysis J), produced 11 MPTs with lengths of 116.99444 steps. 

This was a relative length increase of 1.19%. The strict consensus tree is shown in Figure 3.10. 

Scelidosaurus falls outside of Eurypoda, and there is a large polytomy at the base of Eurypoda. 

Stegosauria is well resolved although Paranthodon is not recovered as a stegosaur. Ankylosauridae is 

well resolved, with an early-diverging grouping of shamosaurine taxa. Within Nodosauridae, the three 

groupings of polacanthid, edmontonid and struthiosaurid taxa are recovered, although several 

polacanthine taxa are in the polytomy at the base of Eurypoda. 

 

Figure 3.10. Analysis J. Constrained analysis with a monophyletic Nodosauridae. Strict consensus tree of 11 MPTs with lengths 

of 116.99444. 
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Analysis K 

This analysis, using the protocols from Analysis B, where the ‘polacanthid’ taxa were constrained as 

members of Ankylosauridae (Analysis K), produced 2 MPTs with lengths of 118.63027 steps. This was 

a relative length increase of 2.60%. The strict consensus tree is shown in Figure 3.11. Scelidosaurus is 

found outside of Eurypoda, as are Minmi and Invictarx, and there is high resolution within Stegosauria, 

although Paranthodon is found as an ankylosaur. Ankylosauridae is well resolved, with the 

polacanthine taxa grouped as early-diverging members, with later-diverging clades of shamosaurine 

taxa and Asian and North American taxa (Ankylosaurinae), although Ankylosaurus and 

Minotaurasaurus are found at the base of Ankylosauria. The edmontonid and struthiosaurid groupings 

are found within Nodosauridae, although Struthiosaurus languedocensis and Hungarosaurus are found 

outside of Nodosauridae.  

 

 

Figure 3.11. Analysis K. Constrained analysis with polacanthid taxa as members of Ankylosauridae. Strict consensus tree of 2 

MPTs with lengths of 118.63027. 
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Analysis L 

This constraint analysis, using the analytical protocols from Analysis B, where Scelidosaurus was 

constrained as a member of Ankylosauria (Analysis L), produced 2 MPTs of length 119.13675. This was 

a relative length increase of 3.04%. The strict consensus tree is shown in Figure 3.12. The four groups 

of ankylosaur (ankylosaurids, edmontonids, polacanthids and struthiosaurids) were recovered, and 

Scelidosaurus is found to be the earliest-diverging member of Ankylosauria. 

 

 

Figure 3.12. Analysis L. Constrained analysis with Scelidosaurus a member of Ankylosauria. Strict consensus tree of 2 MPTs 

with lengths of 119.13675. 
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Tree Selection 

In some scenarios, such as understanding trait evolution, or when deducing the mode or tempo of 

macroevolution, a single phylogenetic tree must be used as the phylogenetic framework (Brusatte et al. 

2014). Comparing the number of trees produced by different optimality criteria is problematic; 

Bayesian inference produces far more trees than parsimony-based analyses would, but they are not 

inherently worse trees (Goloboff and Pol 2005). Additionally, comparing the tree lengths of trees 

produced by equal- and implied-weights parsimony is problematic given that, by necessity, implied-

weights parsimony produces shorter trees than equal-weights parsimony (Goloboff and Arias 2019). 

Furthermore, comparing trees produced by partitioned datasets to their original datasets is redundant 

given that taxon and character sampling dramatically affects the results of phylogenetic analyses 

(Spaulding et al. 2009).  

Under the assumptions that the branching order in phylogenetic relationships should be consistent 

with time, and that closely related species should usually be stratigraphically closer than distantly 

related species, stratigraphic congruence can used as an measure to assess the relative accuracy of 

alternative phylogenetic trees, providing an independent criterion to allow choices between equally 

optimal topologies (Bell and Lloyd 2015). Here, I used the R package strap (Bell and Lloyd 2015) to 

calculate the SCI, RCI, GER and MSM* metrics (Table 3.4) . These metrics identified Analysis B 

(extended implied weights parsimony, k = 3), as the most stratigraphically congruent topology, 

followed by Analysis D (extended implied weights parsimony, k = 12). Therefore, the topology 

produced from Analysis B is chosen as my ‘preferred tree’ and was used as the basis for the partitioned 

dataset and constraint analyses.  

 

 SCI RCI GER MSM* 

Analysis A 0.482 -211.796 0.687 0.053 

Analysis B 0.440 -132.499 0.771 0.072 

Analysis C 0.448 -154.832 0.747 0.066 

Analysis D 0.425 -155.603 0.746 0.065 

Analysis E 0.929 -427.083 0.458 0.032 

Table 3.4. Stratigraphic congruence metrics. The most stratigraphically congruent analysis, which is Analysis B in three of 

the four metrics, is highlighted in green.  
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3.6. Discussion  

Taxonomic Implications 

The iterative analyses presented here produced varying tree topologies but several general trends can 

be observed. The ‘traditionally’ dichotomous Thyreophora is usually recovered, with Ankylosauria and 

Stegosauria as sister-taxa and several paraphyletic, early-diverging taxa outside of this split. When 

originally named by Nopcsa (1915), Thyreophora consisted of Ankylosauria, Stegosauria and 

Ceratopsia, although this concept has not always received acceptance (Romer 1956; Maryanska and 

Osmolska 1985) or sometimes included Pachycephalosauria (Sereno 1984). Norman (1984) was the first 

to restrict Thyreophora to Ankylosauria and Stegosauria and this has become the accepted topology 

(e.g. Sereno, 1986, 1997; Weishampel, 2004; Butler et al., 2008; Boyd, 2015). The monophyly of 

Thyreophora, which is uncontroversial and has been demonstrated in numerous recent ornithischian 

phylogenies (Butler et al. 2008; Boyd 2015; Baron et al. 2017b), has, however, not been tested by this 

analysis, given that the outgroup taxon Lesothosaurus is possibly either the earliest-diverging 

thyreophoran or a non-genasaurian ornithischian dinosaur (Butler et al. 2008; Boyd 2015): 

consequently, it is not possible to diagnose Thyreophora using apomorphies derived from this analysis.  

Laquintasaura has been recovered as the sister-taxon of Scutellosaurus  (Baron et al. 2017b; Raven and 

Maidment 2017), but this relationship is not found here, with Laquintasaura being the earliest-

diverging in-group taxon in all analyses. The node excluding Lesothosaurus and Laquintasaura with 

respect to the rest of Thyreophora is well supported by nine synapomorphies on the ‘preferred tree’ of 

Analysis B (see Appendix A3.3), including the unambiguous synapomorphies of characters 124 [1] and 

309 [1] (the presence of a buccal emargination of the maxilla and the presence of postcranial 

osteoderms, respectively). By contrast, the sister-taxon relationship of Laquintasaura and 

Scutellosaurus in Raven and Maidment (2017) was only supported by one character, the triangular 

shape of the axial neural spine in lateral view. However, this character is shown to be widely distributed 

within Thyreophora herein, as well as in the outgroup taxon Lesothosaurus, and so it is likely that 

Laquintasaura and Scutellosaurus do not represent sister-taxa. However, the analyses here do not 

adequately test whether Laquintasaura is a thyreophoran; more sampling of early-diverging 

ornithischians is needed to do this. 

In all of the analyses presented here, Emausaurus, Scutellosaurus and Scelidosaurus are found as 

successive sister-taxa, outside of Eurypoda. This topology is consistent with most recent phylogenetic 

analyses of ornithischian interrelationships (Maidment et al. 2008; Butler et al. 2008; Thompson et al. 

2012; Boyd 2015; Arbour and Currie 2016; Raven and Maidment 2017), in that these taxa are found as 

paraphyletic, early-diverging members of Thyreophora. However, the results presented here contrast 

with previous analyses in that Emausaurus is recovered as an earlier-diverging member of Thyreophora 

than Scutellosaurus (for further discussion of the systematic position of Scelidosaurus, see below). 

Emausaurus is considerably less complete than Scutellosaurus (27.6% vs 52.1%; Table 3.5), meaning 

this result could be due to a lack of characters that might allow Emausaurus to move further up the 

tree. However, the clade inclusive of Scutellosaurus and Thyreophoroidea is supported by 12 

synapomorphies, including three unambiguous synapomorphies (characters and character states 10 [0], 
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19 [1] and 116 [1]: highest point of skull roof posterior to orbits, a dorsoventral height to anteroposterior 

length ratio of the subnarial portion of the premaxilla less than 0.40, and the presence of a central apical 

ridge on the maxillary/dentary teeth, respectively). Unfortunately, the holotype of Emausaurus is 

poorly preserved, and a cast of the specimen was used for character coding here. It is likely that in 

order to solve the phylogenetic position of Emausaurus, a redescription of the specimen within a 

phylogenetic framework will be required, possibly combined with CT-scanning in order to elucidate 

its three-dimensional structure. Similar work for Scutellosaurus is currently underway, based on 

Breeden (2016), Breeden and Rowe (2020), and new specimens of the taxon (Breeden, Raven et al., In 

Review).  

 

Taxa Characters missing (i.e. 

scored as ?) 

Characters present  Character completeness 

metric (%) 

Acantholipan 330 10 2.9 

Adratiklit 310 30 8.8 

Ahshislepelta 317 23 6.8 

Akainacephalus 110 230 67.6 

Alcovasaurus 304 36 10.6 

Aletopelta 301 39 11.5 

Animantarx 201 139 40.9 

Ankylosaurus 131 209 61.5 

Anodontosaurus 211 129 37.9 

Anoplosaurus 305 35 10.3 

Antarctopelta 303 37 10.9 

Argentinian ankylosaur 333 7 2.1 

Borealopelta 260 80 23.5 

Cedarpelta 229 111 32.6 

Chuanqilong 246 94 27.6 

Chungkingosaurus 251 89 26.2 

Crichtonpelta 262 78 22.9 

Dacentrurus 239 101 29.7 

Denversaurus  260 80 23.5 

Dongyangopelta 314 26 7.6 

Dracopelta 309 31 9.1 

Dyoplosaurus 254 86 25.3 

Edmontonia longiceps 128 212 62.4 

Edmontonia rugosidens 132 208 61.2 

Emausaurus 246 94 27.6 

Euoplocephalus 69 271 79.7 

Europelta 184 156 45.9 

Gargoyleosaurus 124 216 63.5 
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Gastonia burgei 104 236 69.4 

Gastonia 
lorriemcwhinnyae 

212 128 37.6 

Gigantspinosaurus 257 83 24.4 

Gobisaurus 232 108 31.8 

Hesperosaurus 122 218 64.1 

Hoplitosaurus 310 30 8.8 

Huayangosaurus 122 218 64.1 

Hungarosaurus 156 184 54.1 

Hylaeosaurus 304 36 10.6 

Invictarx 327 13 3.8 

Isaberrysaura 286 54 15.9 

Jiangjunosaurus 274 66 19.4 

Jinyunpelta 202 138 40.6 

Kentrosaurus 168 172 50.6 

Kunbarrasaurus 218 122 35.9 

Laquintasaura 288 52 15.3 

Lesothosaurus 85 255 75.0 

Liaoningosaurus 258 82 24.1 

Loricatosaurus 275 65 19.1 

Minmi 316 24 7.1 

Minotaurasaurus 214 126 37.1 

Miragaia 196 144 42.4 

Mongolostegus 329 11 3.2 

Mymoorapelta 271 69 20.3 

Niobrarasaurus 272 68 20.0 

Nodocephalosaurus 292 48 14.1 

Nodosaurus 285 55 16.2 

Panoplosaurus 148 192 56.5 

Paranthodon 311 29 8.5 

Paw Paw juvenile 268 72 21.2 

Pawpawsaurus 228 112 32.9 

Peloroplites 176 164 48.2 

Pinacosaurus grangeri 106 234 68.8 

Pinacosaurus 
mephistocephalus 

182 158 46.5 

Polacanthus 259 81 23.8 

Spearpoint ankylosaur 272 68 20.0 

Saichania 164 176 51.8 

Sarcolestes 310 30 8.8 

Sauropelta 142 198 58.2 

Scelidosaurus 85 255 75.0 
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Scolosaurus 214 126 37.1 

Scutellosaurus 163 177 52.1 

Shamosaurus 248 92 27.1 

Silvisaurus 204 136 40.0 

Stegopelta 312 28 8.2 

Stegosaurus stenops 58 282 82.9 

Struthiosaurus austriacus 244 96 28.2 

Struthiosaurus 
languedocensis 

293 47 13.8 

Struthiosaurus 
transylvanicus 

258 82 24.1 

Talarurus 171 169 49.7 

Taohelong 310 30 8.8 

Tarchia kielanae 298 42 12.4 

Tarchia teresae 208 132 38.8 

Tatankacephalus 267 73 21.5 

Texasetes 282 58 17.1 

Tianchisaurus 298 42 12.4 

Tsagantegia 231 109 32.1 

Tuojiangosaurus 230 110 32.4 

Wuerhosaurus homheni 286 54 15.9 

Zaraapelta 256 84 24.7 

Zhejiangosaurus 301 39 11.5 

Ziapelta 243 97 28.5 

Zuul 192 148 43.5 

Table 3.5. Character completeness scores for all taxa. 

As mentioned previously, Eurypoda (Ankylosauria + Stegosauria) is recovered in all of the analyses 

herein, except under equal-weights parsimony (Analysis A), where members of Stegosauria form a basal 

polytomy, with Ankylosauria a clade nested within it. The extended implied-weights parsimony and 

Bayesian analyses (Analyses B-E) all recover a dichotomous Eurypoda, suggesting that the lack of its 

recovery in Analysis A is due to high levels of homoplasy between ankylosaurs and stegosaurs, which 

is downweighted with extended implied-weights (Goloboff et al. 2008b). This is further suggested by 

the partitioned analysis of postcranial characters (Analysis G), where Stegosauria is not recovered as a 

monophyletic group. Using the topology of the ‘preferred tree’ (Analysis B), Eurypoda is supported by 

29 synapomorphies, including the unambiguous synapomorphy of character 220 [1] (anterior iliac 

process to acetabular length ratio of greater than 1.1), showing a strong likelihood it is indeed a 

monophyletic group.  

Stegosauria is well supported by both support measures and the number of synapomorphies (30). 

Unambiguous synapomorphies include characters 20 [1] (maxillary process projecting posterodorsally 

from the posterolateral corner of the premaxilla at a high angle to the horizontal), 114 [1] (rounded 

crown of maxillary/dentary teeth), 116 [1] (presence of central apical ridge of maxillary/dentary teeth), 
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207 [1] (presence of a triceps tubercle and descending ridge posterolateral to the deltopectoral crest of 

the humerus), 218 [0] (ratio of length of metacarpal V to metacarpal III less than 0.50), 221 [1] (anterior 

iliac process of ilium diverges from parasagittal plane by more than 15˚), 310 [1] (postcranial 

osteoderms are primarily present in two rows along the midline of the body) and 336 [1] (presence of 

tail spikes). Support for a monophyletic Stegosauria is unsurprising, but it is interesting to note that the 

majority of synapomorphies for the clade are postcranial. This is likely due to the incomplete nature of 

many stegosaurian specimens; the average completeness of stegosaurian taxa is 30.5%, and cranial 

material is rare, with only Hesperosaurus, Huayangosaurus and Stegosaurus stenops having complete 

skulls.  

Within Stegosauria there are slight differences in topology compared to previous analyses, meaning 

that interpretations should be considered carefully. Isaberrysaura, described as a neornithischian by 

Salgado et al. (2017), was consistently found as the sister-taxon to Huayangosaurus, a taxon found to be 

an early-diverging stegosaur in the clade Huayangosauridae (Huayangosaurus + Chungkingosaurus) in 

previous analyses (Maidment et al. 2008; Raven and Maidment 2017). This is in contrast to Maidment 

et al. (2020) where Isaberrysaura and Gigantspinosaurus were recovered as sister-taxa. The 

Isaberrysaura + Huayangosaurus clade is supported by 27 synapomorphies, including the unambiguous 

synapomorphies of characters 24 [1] (presence of an oval depression at the premaxilla-maxilla suture), 

113 [1] (an apicobasal swelling on the maxillary/dentary teeth that is not developed into a true 

cingulum), 114 [0] (a sub-triangular maxillary/dentary tooth crown) and 123 [0] (a maxillary/dentary 

tooth row that starts level with the premaxilla-maxilla or predentary-dentary suture). However, many 

of these synapomorphies are reversals to the plesiomorphic state, and it could be that these are not 

synapomorphic of the sister-taxa relationship but indicate instead that these taxa should be positioned 

in an earlier-diverging position within Stegosauria. In any case, it is clear that Isaberrysaura occupies 

an early-diverging position within Stegosauria, even if it is not the earliest-diverging, and this is 

congruent with it being the stratigraphically earliest stegosaur. Tuojiangosaurus and Paranthodon are 

also consistently recovered as sister-taxa, similar to the results from previous phylogenies (Maidment 

et al. 2008, 2020; Raven and Maidment 2017, 2018). This is probably due to a combination of missing 

data (Paranthodon is only 8.5% complete) and similarity in tooth morphology (Raven and Maidment 

2018). In the rest of Stegosauria, there is more variability. It appears there are close relationships 

between Hesperosaurus, Stegosaurus homheni and Stegosaurus stenops (the clade Stegosaurinae), and 

between Adratiklit, Dacentrurus, Jiangjunosaurus, Kentrosaurus and Miragaia (non-stegosaurine 

stegosaurids), and with Alcovasaurus and Loricatosaurus being recovered as closely related to either of 

these two groups (Fig. 3.13). Alcovasaurus has recently been found to be closely related to the European 

stegosaur Miragaia (Costa and Mateus 2019), and Loricatosaurus has recently been recovered closely 

related to Stegosaurus (Maidment et al. 2020). The results here support both these hypotheses, with 

Alcovasaurus and Loricatosaurus acting as ‘bridge taxa’ between the two aforementioned groups of 

stegosaur, within the clade Stegosauridae. This further supports the hypothesis of faunal exchange 

across the proto-North Atlantic during the Late Jurassic (Escaso et al. 2007), although quantitative 

biogeographical analyses are needed to confirm this. In the ‘preferred tree’, Stegosaurus is paraphyletic, 

with Hesperosaurus and Stegosaurus homheni recovered as sister-taxa. Hesperosaurus has previously 

been referred to as Stegosaurus mjosi (Maidment et al. 2008) but the separate genus was later reinstated 
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(Raven and Maidment 2017). It is clear there is a close relationship between Stegosaurus stenops, 

Stegosaurus homheni and Hesperosaurus mjosi, but it is not clear which two taxa are more closely 

related. There are two approaches to solving this: (1), synonymise all taxa as separate species of 

Stegosaurus (i.e. the approach of (Maidment et al., [2008]); (2), have separate genera for each species. 

Stegosaurus homheni was previously referred to as Wuerhosaurus homheni and, given the lability of 

the phylogenetic position of the three taxa, it is a more conservative approach to reinstate the genus 

Wuerhosaurus. Here, I take this approach, and recognise Hesperosaurus, Stegosaurus and 

Wuerhosaurus as distinct genera. 

As with Stegosauria, Ankylosauria is supported by a large number of synapomorphies (37), including 

the two unambiguous synapomorphies of characters 96 [1] (the posteromedial position of jaw 

articulation relative to adductor fossa) and 267 [1] (the presence of cortical remodelling in all skull roof 

bones). However, the topology of the ankylosaur part of the tree is perhaps the most striking result 

here, in that the traditional ankylosaur/ nodosaur dichotomy is not recovered, with Nodosauridae 

rendered a paraphyletic assemblage characterised by the plesiomorphic condition of ankylosaurs. 

Instead, four monophyletic lineages are identified within Ankylosauria; Ankylosauridae, 

Edmontonidae, Polacanthidae and Struthiosauridae. The taxonomic composition of each clade varies 

between each analysis, as do their relationships to each other and other ankylosaurs, but in the 

‘preferred tree’ Edmontonidae consists of Anoplosaurus, Denversaurus, Dracopelta, Edmontonia 

longiceps, Edmontonia rugosidens, Nodosaurus, Panoplosaurus and Tianchisaurus. Polacanthidae 

consists of the unnamed Argentinian ankylosaur, Gastonia burgei, Gastonia lorriemcwhinnyae, 

Hoplitosaurus, Hylaeosaurus, Niobrarasaurus, Peloroplites, Polacanthus and Texasetes. 

Struthiosauridae consists of Europelta, Hungarosaurus, Pawpawsaurus, Struthiosaurus austriacus, 

Struthiosaurus languedocensis and Struthiosaurus transylvanicus.  

 

Figure 3.13. Agreement subtree of the three implied weighing analyses (analyses B-D). 53 taxa were pruned, resulting in a 

tree of 36 taxa. Note Stegosaurus homheni = Wuerhosaurus homheni. 
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Figure 3.14. Signal tree. Only taxa that are >25% complete are included, so that in total 47 taxa were active in the analysis. 

The four ankylosaur clades are recovered, as is a paraphyletic assemblage of early-diverging ankylosaurs. Stegosauria and a 

paraphyletic assemblage of early-diverging, non-eurypodans are also recovered. Silhouettes represent, from top to bottom: 

Stegosaurus stenops, Europelta, Edmontonia rugosidens, Gastonia burgei and Euoplocephalus. Silhouettes are from are from 

phylopic.org and are copyright of Scott Hartman (first four) and Andrew Farke (Euoplocephalus).  

All previous numerical analyses found a dichotomous topology where Ankylosauridae and 

Nodosauridae are sister-taxa (although Kirkland (1998) and Parish (2005) found support for a 

polacanthine clade nested within Ankylosauridae or Nodosauridae, respectively) and this has been the 

accepted hypothesis of ankylosaur interrelationships since the seminal study of Coombs (1978).  

However, the results presented herein represent a new hypothesis for ankylosaurian relationships that 

has not been identified previously. The four ‘new’ clades are all supported by numerous 

synapomorphies. In the topology of the ‘preferred tree’, Ankylosauridae is supported by 12 

synapomorphies, including the unambiguous synapomorphies of characters 161 [1] (presence of three 

sacral vertebrae) and 332 [1] (triangular caudal osteoderms in dorsal view), and the node that is one 

place less inclusive than Ankylosauridae is supported by 27 synapomorphies, including seven 

unambiguous synapomorphies. Edmontonidae is supported by 20 synapomorphies, including the 

unambiguous synapomorphy of character 127 [1] (contact between atlas and axis fused). Polacanthidae 

is supported by 30 synapomorphies, including the unambiguous synapomorphies of characters 167 [1] 

(centra of anterior caudal vertebrae heart-shaped in anterior view), 192 [0] (ventral process at the 

posteroventral margin of the glenoid of the scapula absent), 193 [2] (acromial process of the scapula is 

shelf-like and extends laterally) and 324 [1] (splates present). Struthiosauridae is supported by 24 
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synapomorphies, including the unambiguous synapomorphies of characters 50 [1] (lacrimal incisure 

present), 114  [0] (maxillary/dentary tooth crowns sub-triangular), 118 [1] (striations on crowns of 

maxillary/dentary teeth do not extend to cingulum), 169 [1] (prezygapophyses of anterior caudal 

vertebrae extend anteriorly) and 290 [1] (presence of a single large medial polygon of ornamentation 

in the parietal region). Moreover, the four ankylosaur clades are recovered when only taxa >25% 

complete (according to the CCM; Table 3.5) are included in the phylogenetic analysis (Fig. 3.14; the 

signal tree). This suggests that when only well-known taxa are used in the phylogenetic analysis, a 

‘signal’ of thyreophoran interrelationships can be recovered, which is then obscured when taxon 

sampling of less complete taxa is higher.  

Although recovered only sporadically by numerical phylogenetic analyses, a large body of work has 

been produced on polacanthid (or polacanthine) ankylosaurs, based primarily on Early Cretaceous taxa 

such as Polacanthus and Gastonia (e.g. Kirkland, 1998; Carpenter, 2001b; Kilbourne et al., 2005; Yang 

et al., 2013; Burns and Currie, 2014; Blows, 2015; Kinneer et al., 2016). In this analysis, the clade also 

includes Hoplitosaurus, Niobrarasaurus, Texasetes, Peloroplites and the unnamed Argentinian 

ankylosaur. Most previous phylogenetic analyses have found the various polacanthid taxa to share close 

relationships with ankylosaurids (Lee 1996; Carpenter et al. 1998; Vickaryous et al. 2004; Ősi 2005; 

Parsons and Parsons 2009; Thompson et al. 2012; Arbour and Currie 2016; Arbour et al. 2016). It is, 

therefore, unsurprising that this clade has been recovered, and the recovery of the clade as the earliest-

diverging clade of ankylosaurs in the ‘preferred tree’ corresponds to earlier conceptions of these taxa as 

‘primitive’ members of the group (e.g. Coombs, 1978; Thompson et al., 2012).  

Struthiosauridae, as defined herein, includes the European Cretaceous ankylosaurs Struthiosaurus, 

Hungarosaurus and Europelta, as well as the Asian taxon Taohelong and the North American taxa 

Silvisaurus and Pawpawsaurus. A similar grouping (Struthiosaurinae) was proposed by Nopcsa (1923) 

and Kirkland et al. (2013), who included the European Cretaceous ankylosaurs Anoplosaurus, 

Hungarosaurus and all species of Struthiosaurus, and a clade composed of similar taxa was recovered 

by Arbour et al. (2016). However, the characters used by Kirkland et al. (2013) to define the clade were 

discussed by Ősi (2015) and deemed to be problematic. Nevertheless, the analyses here provide strong 

support for a struthiosaurid clade, although the taxonomic composition and the topological placement 

of the clade within Ankylosauria varies between analyses.   

A clade of generally Late Cretaceous North American taxa is also recovered here and named 

Edmontonidae. As well as Denversaurus, Edmontonia spp., Nodosaurus and Panoplosaurus, in the 

‘preferred tree’ this clade also includes the European taxa Anoplosaurus and Dracopelta, as well as the 

Asian taxon Tianchisaurus. A similar clade to the Edmontonidae recovered here was proposed by 

Bakker (1988), who suggested that Late Cretaceous nodosaurs (Edmontoniidae) differed from the Early 

Cretaceous nodosaurs and consisted of two clades that differed primarily on anterior skull length, 

Panoplosaurinae and Edmontoniinae. This further subdivision is not supported herein, and in fact in 

all analyses Edmontonia is paraphyletic, suggesting further taxonomic work on the edmontonids is 

needed.  
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It is possible that Nodosauridae is monophyletic and that it was not recovered here due to a lack of 

relevant characters that could unite the clade in the character list. For example, Nodosauridae could be 

supported by character 290 (the presence of a large medial polygon of ornamentation in the parietal 

region), which is an unambiguous synapomorphy of Struthiosauridae but is also present in many taxa 

within Edmontonidae (Denversaurus, Edmontonia longiceps, Panoplosaurus). However, a constraint 

tree that forced Nodosauridae to be monophyletic (Analysis J) produced 11 MPTs, and there was a 

relative length difference of +1.19% compared to the unconstrained analysis (the ‘preferred tree’ of 

Analysis B). The strict consensus tree, however, had reduced resolution at the base of Ankylosauria, 

with many of the taxa found within Polacanthidae in the unconstrained analysis falling out in a 

polytomy. Additionally, whilst the taxa comprising Struthiosauridae generally fall out in a similar 

position, Struthiosaurus languedocensis is recovered outside of this clade. Additionally, Analysis K, 

where the polacanthid taxa were constrained as members of Ankylosauridae, produced 2 MPTs with a 

relative length difference of +2.60% compared to the unconstrained analysis. This constraint analysis 

did not, however, support a monophyletic Nodosauridae; Struthiosauridae and Edmontonidae were 

recovered as separate clades, with Edmontonidae more closely related to Ankylosauridae. These results 

suggest that the traditional ankylosaurid/nodosaurid dichotomy is poorly supported by analyses that 

have high character and taxon sampling. Nodosauridae is rendered paraphyletic: its former monophyly 

appears to have been supported by features that are recognised as ankylosaur symplesiomorphies 

herein, whereas separate radiations of edmontonid, polacanthid and struthiosaurid taxa are favoured 

instead on the basis of distinct suites of synapomorphic characters.  

Ankylosauridae is well supported as a monophyletic group, with a similar taxonomic composition to 

that listed in Arbour and Currie (2016), and contains the monophyletic sub-groups Ankylosaurinae and 

Shamosaurinae. Ankylosaurinae is characterised by the possession of a tail club, and the earliest-

diverging member of this clade is found to be Jinyunpelta, in a similar result to that of Zheng et al. 

(2018). Shamosaurinae consists of Shamosaurus and Gobisaurus, as in Arbour and Currie (2016), but 

also the Asian taxa Chuanqilong and Liaoningosaurus and the Australian taxon Kunbarrasaurus, and 

the clade represents an early-diverging radiation of ankylosaurid taxa. Ankylosaurini is not recovered 

in this analysis, although a close relationship of the non-ankylosaurin ankylosaurines Minotaurasaurus, 

Saichania and Tarchia spp. is found in all analyses, but with varying topological relationships with the 

ankylosaurin ankylosaurines of Late Cretaceous North America (‘euoplocephalines’). This suggests that 

further work on ankylosaurine taxonomy is needed, especially with regards to Tarchia, which is 

recovered as paraphyletic in all analyses (although it is monophyletic in the agreement subtree). In a 

result similar to that of Arbour and Currie (2016), the analyses here do not recover a monophyletic 

Stegopeltinae, although Stegopelta is recovered as an early-diverging ankylosaurid in the ‘preferred 

tree’. 

Other interesting topological results within Ankylosauria include the recovery of a paraphyletic 

assemblage of early-diverging ankylosaurs that do not fit into any of the aforementioned clades. 

Although there are slight variations in which taxa fall in this region of the tree between analyses, in 

general Sarcolestes, the unnamed Paw Paw juvenile, Animantarx, Cedarpelta and Gargoyleosaurus sit 

outside of the four ankylosaur clades (Fig. 3.13). However, it is also possible that these taxa either fit 
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into one of the other four ankylosaur clades found here – due to incompleteness masking the possible 

presence of phylogenetically informative features leading to possible stem-ward slippage (Sansom and 

Wills 2013) – or that they belong to a hitherto unsuspected, early-diverging clade. It is possible the 

unnamed Paw Paw juvenile is in a misleading phylogenetic position due to its early ontogenetic age 

(Tsai and Fordyce 2014) and it is possible that it is a juvenile specimen of Pawpawsaurus, given the 

shared provenance of the two taxa. Sarcolestes is the stratigraphically earliest ankylosaur, from the 

Callovian Oxford Clay Formation, and so it is perhaps not surprising that it is recovered as the earliest-

diverging ankylosaur, although it is also possible a lack of strong phylogenetic signal is causing the 

taxon to be recovered in an early-diverging position (character completeness score = 8.8%). 

Gargoyleosaurus is a stratigraphically early ankylosaur, from the Upper Jurassic Morrison Formation, 

but it has been recovered as an early-diverging member of Nodosauridae by Thompson et al. (2012) 

and Arbour and Currie (2016), and has also been referred to as a polacanthid (Kilbourne and Carpenter 

2005). It is relatively complete (character completeness score = 63.5%), but its enigmatic anatomy – 

consisting of a mix of traditionally ankylosaurid and nodosaurid characters (e.g. the presence of two 

cervical half rings and a skull longer than it is wide, respectively) – suggests the analyses herein have 

recovered its true systematic position. It is also possible, however, that given its early stratigraphic 

position it is an early-diverging member of one of the four clades identified, although further work is 

needed to determine if this is the case. Cedarpelta has previously been recovered within 

Ankylosauridae (Thompson et al. 2012; Arbour and Currie 2016) or proposed as the earliest-diverging 

member of Nodosauridae (Vickaryous et al. 2004). It possesses many ankylosaur symplesiomorphies 

(e.g. the presence of premaxillary teeth) but, given that it exhibits synapomorphies of the clade one 

position less inclusive than Ankylosauridae (e.g. width of the posterior margin of the skull greater than 

across the orbits, and the absence of a distinct notch separating the humeral head and medial tubercle 

in anterior view), it is possible that it represents an early member of Ankylosauridae. Animantarx has 

not been included as an OTU in many previous phylogenetic analyses but it has been recovered as a 

member of Nodosauridae (Hill et al. 2003; Parish 2005; Thompson et al. 2012; Arbour and Currie 2016). 

In particular, it is often closely related to Edmontonia spp. and Panoplosaurus. Given that it contains 

several synapomorphies (under ACCTRAN) of the clade Edmontonidae herein (e.g. a transversely 

concave anterior surface of the quadrate), it is possible the taxon represents an early representative of 

the clade.  

Sauropelta and Tatankacephalus are recovered consistently as sister-taxa (Fig. 3.13) and do not fit into 

any of the other ankylosaur clades. Both Sauropelta and Tatankacephalus are from the Aptian–Albian 

Cloverly Formation of the U.S.A. (Ostrom 1970; Parsons and Parsons 2009). Sauropelta has consistently 

been recovered as a member of Nodosauridae, in an earlier-diverging position than the Late Cretaceous 

Edmontonia spp. and Panoplosaurus (Hill et al. 2003; Vickaryous et al. 2004; Thompson et al. 2012; 

Arbour et al. 2016) whereas Tatankacephalus was originally described as an ankylosaurid (Parsons and 

Parsons 2009) and only later recovered within Nodosauridae (Thompson et al. 2012; Arbour et al. 2016). 

It is clear the two taxa are closely related, and herein the sister-taxon relationship is supported by 21 

synapomorphies, including the unambiguous synapomorphies of characters 58 [2] (a concave dorsal 

surface of the parietal) and 67 [3] (quadrate inclined at an angle greater than 45° in lateral view). 

However, whether they represent the same taxon and their slight morphological differences (Parsons 
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and Parsons 2009) are due to individual variation warrants further investigation. Nevertheless, their 

systematic position within Ankylosauria is uncertain. Both unambiguous synapomorphies (characters 

58 and 67) are also found within members of the Ankylosauridae (e.g. Saichania and Pinacosaurus 

grangeri, respectively). Character 67 is also found in the Edmontonidae (e.g. Panoplosaurus). 

Additionally, the general skull anatomy of Tatankacephalus appears similar to Gastonia burgei, which 

is a member of Polacanthidae herein. It is therefore difficult to place these taxa into one of the 

ankylosaur clades recovered here, and it is likely that further material, in particular cranial material of 

Sauropelta and postcranial material of Tatankacephalus, is needed before it is known whether they 

represent members of one of the aforementioned ankylosaur clades or whether their true systematic 

position has been recovered here.   

Silvisaurus and Taohelong are often found as sister-taxa in the analyses presented herein, although they 

are not usually recovered in any of the four ankylosaur clades. Silvisaurus is from the Dakota Formation 

(Albian–Cenomanian) of the U.S.A. (Eaton 1960) and has generally been recovered within 

Nodosauridae (Parish 2005; Thompson et al. 2012; Arbour et al. 2016), whereas Taohelong is from the 

Hekou Group (Valanginian–Albian) of the People’s Republic of China and was originally described as 

a polacanthine nodosaurid (Yang et al. 2013) and latterly found as an early-diverging nodosaurid 

(Arbour et al. 2016). The sister-taxon relationship recovered here is supported by 12 synapomorphies, 

although only one is unambiguous (character 174 [1]: transverse processes of anterior caudal vertebrae 

project ventrally). It is unclear whether Silvisaurus should belong to one of the four clades, given that 

it is recovered close to both Edmontonidae and Struthiosauridae in the analyses. However, it is likely 

the sister-taxon relationship with Taohelong is due to missing data, as the character completeness score 

of Taohelong is 8.8%, meaning that the single unambiguous synapomorphy linking these two taxa is 

having an overwhelming effect on its topological placement. 

Zhejiangosaurus, from the Chaochuan Formation (Albian–Cenomanian) of Zhejiang Province, People’s 

Republic of China, was originally described as a nodosaurid (Lu et al. 2007b), although it was considered 

a nomen dubium by Arbour and Currie (2016) and recovered as an ankylosaurid. Here, it is found in a 

sister-taxon relationship with the Spearpoint ankylosaur, an unnamed taxon from the Early Cretaceous 

of the Isle of Wight. Additionally, in the ‘preferred tree’ of Analysis B, both are closely related to 

Dongyangopelta, which was described as a nodosaurid from the Chaochuan Formation, also from 

Zhejiang Province in the People’s Republic of China (Chen et al. 2013), but that was not considered to 

be the same taxon as Zhejiangosaurus by Arbour and Currie (2016). The clade containing 

Dongyangopelta, the Spearpoint ankylosaur and Zhejiangosaurus is supported by seven 

synapomorphies, including three unambiguous synapomorphies of characters 156 [5] (the possession 

of four or more sacral rod vertebrae), 179 [1] (the possession of a longitudinal ridge at mid-height of 

the centra of mid- and posterior caudal vertebrae) and 330 [1] (possession of coossified osteoderm 

rosettes on the pelvic osteoderms). In most analyses, these taxa are early-diverging members of 

Ankylosauridae, although in Analyses A and C they also fall closely to the Polacanthidae. When the 

polacanthid taxa were constrained as members of Ankylosauridae, this close relationship broke down; 

the Spearpoint ankylosaur was sister-taxon to Texasetes and near to Edmontonidae, Zhejiangosaurus 

was sister-taxon to Mymoorapelta within Ankylosauridae, and Dongyangopelta was sister-taxon to 
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Antarctopelta within Edmontonidae, although in a separate lineage to the Spearpoint ankylosaur. 

Given the large geographical differences between the taxa, it is possible that the Spearpoint ankylosaur 

and Zhejiangosaurus/Dongyangopelta are not closely related and should fall out into separate 

ankylosaur clades, and they have just been recovered close together due to the relatively few 

synapomorphies they share having an overwhelming effect on their topological placement. However, 

more work is clearly needed in understanding the anatomy and systematic position of both 

Dongyangopelta and Zhejiangosaurus, and the Spearpoint ankylosaur needs to be formally described 

(Pond, Raven et al., In Prep). 

It has been suggested that the Late Cretaceous ankylosaurs of South America (the unnamed Argentinian 

ankylosaur) and Antarctica (Antarctopelta) may be closely related to the Early Cretaceous ankylosaurs 

of Australia (Kunbarrasaurus and Minmi; Agnolín et al., 2010). It has also been suggested that they 

represent a migration of North American nodosaurids (Coria and Salgado 2001; Arbour and Currie 

2016) and that the Australian ankylosaurs represent either remnants of a Jurassic fauna or an endemic 

fauna (Rich et al., 2002; Molnar, 1996). Here, Kunbarrasaurus is usually recovered within 

Ankylosauridae and in the ‘preferred tree’ it is found within Shamosaurinae. Antarctopelta is recovered 

as either a polacanthid (Analysis A), an ankylosaurid (Analysis B) or outside of any clade (Analyses C 

and D). The Argentinian ankylosaur is found within Polacanthidae (Analyses A and B) or outside any 

clade (Analyses C and D). Minmi is recovered as either outside of Eurypoda (Analyses B and C), outside 

of any ankylosaur clade but within Ankylosauria (Analysis D), or closely related to Struthiosauridae 

(Analysis A). It is clear from the analyses here that Antarctopelta and the Argentinian ankylosaur are 

not closely related to Kunbarrasaurus and Minmi, although the labile nature of their systematic 

placement means it is not clear where they lie within Ankylosauria, except for Kunbarrasaurus. 

Kunbarrasaurus is the best known taxon of the four (despite its preservation being problematic for 

morphological character scoring, the character completeness score = 35.9%) and is consistently 

recovered as an early-diverging ankylosaurid, in a similar result to Arbour et al. (2016), suggesting its 

true systematic position is known. It is likely, however, that further material of the other taxa 

(character completeness score: Antarctopelta = 10.9%; Argentinian ankylosaur = 2.1%, Minmi = 7.1%) 

is needed before they can be placed securely in the ankylosaur tree. 

 

Definitions 

The results recovered here require new definitions for several clades within Thyreophora (Table 3.6), 

although many of the clades found correspond to those defined previously by Sereno (1998). The clades 

defined herein are based on the topology of the ‘preferred tree’ from Analysis B. The results here suggest 

that Nodosauridae, which was defined by Sereno (1998) as “all ankylosaurs closer to Panoplosaurus 

than to Ankylosaurus”, is paraphyletic and its use should be abandoned. Instead, Ankylosauria can be 

subdivided into four monophyletic groups. Ankylosauridae, of which Syrmosauridae (Maleev 1956) is 

synonymous (Arbour and Currie 2016), has been redefined to exclude taxa belonging to the clades 

Edmontonidae, Polacanthidae and Struthiosauridae. Within Ankylosauridae there are ankylosaurine 

and shamosaurine clades, but Ankylosaurini is not recovered here. Edmontonidae is here defined as all 

ankylosaurs more closely related to Edmontonia than to Ankylosaurus, Struthiosaurus or Gastonia. The 
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family Edmontoniidae was defined by Bakker (1988) for a clade of Late Cretaceous taxa from North 

America that included Edmontonia and Panoplosaurus, and the subfamily Edmontoniinae was defined 

by Russell (1940) for the non-panoplosaurine edmontonids of the Late Cretaceous from North America.  

Clade Definition Original Author Definition Used 

Thyreophora All genasaurians more closely related to 

Ankylosaurus than to Parasaurolophus, 
Triceratops or Pachycephalosaurus 

Nopcsa, 1915 Butler et al., 2008 

Thyreophoroidea Scelidosaurus, Ankylosaurus, their most recent 

common ancestor and all descendants 

Nopcsa, 1928 Sereno, 1986 

Eurypoda Stegosaurus, Ankylosaurus, their most recent 

common ancestor and all descendants 

Sereno, 1986 Sereno, 1998 

Stegosauria All eurypodans more closely related to 

Stegosaurus than to Ankylosaurus  
Marsh, 1877 Sereno, 1998 

Stegosauridae All stegosaurs more closely related to 

Stegosaurus than to Huayangosaurus 
Sereno, 1998 Sereno, 1998 

Stegosaurinae Stegosaurus, Hesperosaurus, their most recent 

common ancestor and all descendants  

Sereno, 1998 This study 

Ankylosauria All eurypodans more closely related to 

Ankylosaurus than to Stegosaurus 
Osborn, 1923 Sereno, 1998 

Ankylosauridae All ankylosaurs more closely related to 

Ankylosaurus than to Edmontonia, 

Struthiosaurus or Gastonia  

Brown, 1908 This study 

Ankylosaurinae All ankylosaurid ankylosaurs more closely 

related to Ankylosaurus than to Shamosaurus  
Brown, 1908 Vickaryous et al., 

2004 

Shamosaurinae All ankylosaurid ankylosaurs more closely 

related to Shamosaurus than to Ankylosaurus 
Tumanova, 1983 This study 

Edmontonidae All ankylosaurs more closely related to 

Edmontonia than to Ankylosaurus, 
Struthiosaurus or Gastonia  

Bakker, 1988 This study 

Polacanthidae All ankylosaurs more closely related to Gastonia 
than to Ankylosaurus, Edmontonia or 

Struthiosaurus 

Kirkland, 1998  This study 

Struthiosauridae All ankylosaurs more closely related to 

Struthiosaurus than to Ankylosaurus, 
Edmontonia or Gastonia 

Nopcsa, 1923 This study 

Table 3.6. Clade definitions, from either previous studies or this study. 

Here, this more-inclusive clade is renamed as Edmontonidae to ensure consistency with other family-

level names within Thyreophora and Russell (1940) is identified as the original author due to the 

Principle of Coordination (International Code of Zoological Nomenclature 2000, Article 36). Another 

name for this clade could be Nodosauridae, given that this was defined as all ankylosaurs closer to 

Panoplosaurus than to Ankylosaurus by Sereno (1998). However, given the variation in topological 

placement of the clade within Ankylosauria (i.e. in Analysis B, this definition would include 

Struthiosauridae, but in Analyses C and D it would be solely Edmontonidae), this nomenclature is 

potentially unstable. Moreover, Nodosaurus is recovered outside of Edmontonidae in Analyses A and 

C, further suggesting that application of the name Nodosauridae would add confusion. Polacanthidae 
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is here defined as all ankylosaurs more closely related to Gastonia than to Ankylosaurus, Edmontonia 

or Struthiosaurus. The name Polacanthidae was first used by Jaekel (1910) and then by Wieland 

(1911), although neither proposed a list of family members or provided a diagnosis for the clade and 

so cannot be authors of the name (International Code of Zoological Nomenclature  2000, Article 

1.3.5). Kirkland (1998) proposed Polacanthinae as a subfamily, and under the Principle of 

Coordination (International Code of Zoological Nomenclature 2000, Article 36), is also the author of 

Polacanthidae. Struthiosauridae is here defined as all ankylosaurs more closely related to 

Struthiosaurus than to Ankylosaurus, Edmontonia or Gastonia. A similar name, Struthiosaurinae, was 

proposed by Nopcsa (1923) and again by Kirkland et al., (2013), and under the Principle of 

Coordination (International Code of Zoological Nomenclature 2000, Article 36) Nopcsa (1923) is also 

the author of Struthiosauridae. Stegosaurinae, which was defined as all stegosaurs more closely 

related to Stegosaurus than to Dacentrurus by (Maidment et al. 2008), is redefined here as 

Stegosaurus, Hesperosaurus, their most recent common ancestor and all descendants. Dacentrurinae 

was defined by Mateus et al. (2009) as all stegosaurs more closely related to Dacentrurus than to 

Stegosaurus. However, due to the labile nature of non-stegosaurine stegosaurids here, a monophyletic 

group cannot be named, although these taxa show close relationships with Dacentrurus (see 

Taxonomic Implications, above). 

 

Scelidosaurus is a non-eurypodan 

Historically, Scelidosaurus was recognised as closely related to other armoured dinosaurs in the clade 

Stegosauria (Marsh 1877) along with Hylaeosaurus, Omosaurus (=Dacentrurus), Polacanthus, 

Stegosaurus and Struthiosaurus, as well as several taxa now recognised as nomina dubia (e.g. 

‘Acanthopholis’, ‘Palaeoscincus’, ‘Priconodon’). Scelidosaurus was placed in Acanthopholidae by 

Nopcsa (1902), along with ‘Acanthopholis’, Hylaeosaurus and Polacanthus, in the first recognition of 

ankylosaurs and stegosaurs as separate groups. Hennig (1915) recognised three clades within 

Stegosauria: Scelidosauridae, Stegosauridae and Nodosauridae, and Romer (1927) raised the rank of 

ankylosaurs to be equal to that of Stegosauria. Thyreophora was redefined by Norman (1984: based on 

the original conception of Nopcsa (1915), but excluding ceratopsians), with Scelidosaurus positioned 

closer to Ankylosauridae and Nodosauridae than to Stegosauridae, but Sereno (1986) recovered a 

topology of Thyreophora with (Scutellosaurus (Scelidosaurus (Ankylosauria + Stegosauria))). This 

modern view, that Scelidosaurus is the sister-taxon to Eurypoda, has been supported by numerous 

quantitative phylogenetic analyses (Xu et al. 2001; Hill et al. 2003; Norman et al. 2004; Galton and 

Upchurch 2004; Parish 2005; Maidment et al. 2020, 2008; Butler et al. 2008; Mateus et al. 2009; Ősi and 

Makádi 2009; Maidment 2010; Thompson et al. 2012; Yang et al. 2013; Han et al. 2014; Boyd 2015; 

Arbour and Currie 2016; Arbour et al. 2016; Arbour and Evans 2017; Raven and Maidment 2017, 2018; 

Zheng et al. 2018), although there has been some suggestions that Scelidosaurus is the earliest-diverging 

ankylosaur (Kirkland 1998; Carpenter 2001a; Parsons and Parsons 2009; Wiersma and Irmis 2018; 

Norman 2020a). If the latter were correct, it would imply an extensive ghost lineage of 12–29 Ma, 

ranging from the Sinemurian–Pliensbachian age of Scelidosaurus to those of both the currently earliest-
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known ankylosaur (Callovian, Sarcolestes; Galton, 1983) and stegosaur (Bajocian, Isaberrysaura, 

Salgado et al., 2017).  

Here, Scelidosaurus is recovered unequivocally as a non-eurypodan, and is found as the earliest-

diverging member of Thyreophoroidea, a clade defined as “Scelidosaurus, Ankylosaurus, their most 

recent common ancestor and all of its descendants” (Sereno 1998). In nearly all analyses this is the case, 

including the ‘preferred tree’ of Analysis B. In Analysis L, where Scelidosaurus was constrained to be a 

member of Ankylosauria, Scelidosaurus was recovered as the earliest-diverging member of 

Ankylosauria, although the relative length increase was 3.04%. In the strict consensus tree of Analysis 

H, there is no resolution, and it is likely that the topologies recovered by Analysis H are due to a lack 

of phylogenetic signal in osteoderm characters rather than due to any true relationships being 

recovered (see Phylogenetic Signal from Partitioned Datasets below).  

The recovery of Scelidosaurus as the sister-taxon to Eurypoda (i.e. the clade Thyreophoroidea) is 

supported by 27 synapomorphies, including the unambiguous synapomorphies of characters 23 (the 

loss of premaxillary foramina connected by an anteroventrally-orientated groove), 125 (sinuous 

maxillary/dentary tooth row in dorsal/ventral view), 130 (eight cervical vertebrae), 148 (16 or more 

dorsal vertebrae), 190 (ratio of coracoid glenoid length to scapula glenoid length between 0.5 and 1.0), 

192 (presence of a ventral process at the posteroventral margin of scapula glenoid), 219 (‘U’-shaped 

hoofed manual and pedal ungual phalanges in dorsal view), 257 (maximum distal width of tibia wider 

than maximum proximal width) and 261 (four pedal digits). The clade Eurypoda (i.e. excluding 

Scelidosaurus) is also supported by 29 synapomorphies, including the unambiguous synapomorphy of 

character 220 (anterior iliac process to acetabular length ratio of greater than 1.1), and Ankylosauria is 

supported by 37 synapomorphies, including the unambiguous synapomorphies of characters 96 (jaw 

articulation posteromedial to adductor fossa) and 267 (cortical remodelling present in all skull roof 

bones along with the fusion of dermal osteoderms).  

Under the assumption that Eurypoda is monophyletic (and regardless of whether Scelidosaurus sits 

inside or outside the clade), it is clear that stegosaurs reduce the covering of osteoderms across their 

dorsum. Scutellosaurus, which is definitively a non-eurypodan (although an unusual and unique 

topology was recovered by Norman (2020b), where it was placed as an early ankylosaur), has an 

arrangement of postcranial osteoderms distributed in multiple transverse rows (MNA V.175), whereas 

in most stegosaurs these are restricted to the parasagittal plane and the terminus of the tail. The early-

diverging stegosaur Huayangosaurus retains the plesiomorphic condition of widely-distributed 

osteoderms (IVPP V6728), but these are lost in more derived stegosaurs. Thus, the argument that the 

osteoderm coverage of Scelidosaurus unites it with ankylosaurs can be rejected. This is not the case if 

the topology of Norman (2020b) were to be accurate, although that would imply a complicated scenario 

of convergent evolution of postcranial osteoderm coverage in ankylosaurs and stegosaurs, before the 

subsequent loss of dorsum osteoderms in stegosaurs. Other morphologies that indicate that 

Scelidosaurus sits outside of Eurypoda include the forked posterior ramus of the jugal, a dorsal process 

of the quadratojugal that extends to the anterolateral surface of the quadrate, and a lateral ramus of the 

quadrate, all of which are lost in eurypodans but are present in Scelidosaurus. Additionally, many 
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aspects of the morphology of Scelidosaurus are symplesiomorphic for either Ankylosauria or 

Stegosauria, such as a transversely broad proximal head of the quadrate, which is lost in Stegosauria, 

and an anteriorly convex and posteriorly concave quadrate in lateral view, which is lost in 

Ankylosauria.  

The recently-published monographs of Scelidosaurus (Norman 2019a,b, 2020a,b) address the osteology 

and systematic position of Scelidosaurus. Some anatomical observations on the systematic position of 

the taxon are made, with the forelimb of Scelidosaurus being observed to be gracile in comparison to 

those of eurypodans, and the ilia of eurypodans being observed to be distinct from those of 

Scelidosaurus and other ornithischians. Additionally, the skull of Scelidosaurus is said to generally 

conform to that of a basal dinosaur and the acetabular and hind limb morphology of Scelidosaurus is 

said to be similar to that of ankylosaurs. However, the systematic position is primarily addressed via a 

quantitative analysis of early-diverging ornithischians, with several exemplifier taxa for Ankylosauria 

and Stegosauria, in a dataset of 15 taxa and 115 characters. This analysis recovered Scelidosaurus, as 

well as Emausaurus and Scutellosaurus, as early-diverging ankylosaurs (within the clade 

Ankylosauromorpha, and outside of Ankylosauria). Unfortunately, the majority of observations in 

these monographs are based upon exceptionally preserved, but privately-owned specimens (the ‘Sole 

specimens’; under the loan numbers BRSMG LEGL 0004 and BRSMG LEGL 0005). Access to study 

these specimens requires formal permission from the owner (Mr David Sole), and despite the assertion 

of Norman (2019a: 12) that “they have been on display and available for research at Bristol City 

Museum for nearly two decades”, I was denied access to study the specimens in 2018, and there is no 

formal arrangement for researchers to study the material. The observations in Norman (2019a,b, 

2020a,b) cannot, therefore, be independently verified.  

The results presented here provide conclusive evidence that Scelidosaurus represents the earliest-

branching member of Thyreophoroidea, is not a eurypodan or ankylosaur, and is the sister-taxon to 

Eurypoda. The extensive ghost lineage that would have been needed to link it with Middle Jurassic 

eurypodans is thus unnecessary, and the split between Ankylosauria and Stegosauria is likely to have 

occurred in the late Early or early Middle Jurassic.  

 

Unstable Taxa 

Although there is strong support for many of the results presented herein, there are several taxa that 

vary in their phylogenetic positions between analyses. Additionally, Acantholipan and Mongolostegus 

were removed from the analyses a priori as they are taxonomic equivalents of Euoplocephalus and 

Chungkingosaurus, respectively, meaning they were phylogenetically uninformative. It is unlikely that 

Acantholipan and Euoplocephalus, and Mongolostegus and Chungkingosaurus represent the same taxa, 

however. Acantholipan is from the Santonian of Mexico, is represented by an extremely fragmentary 

postcranium, and was originally described as a nodosaurid (Rivera-Sylva et al. 2011, 2018) whereas 

Euoplocephalus is a well-known ankylosaurid from the Campanian-Maastrichtian of North America 

(Arbour and Currie 2013a). Mongolostegus is the youngest stegosaur, from the Aptian–Albian of 
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Mongolia, and is highly fragmentary (Tumanova and Alifanov 2018), and Chungkingosaurus is from 

the Late Jurassic of the People’s Republic of China (Dong et al. 1983; Maidment and Wei 2006). The 

character completeness scores for Acantholipan and Mongolostegus are incredibly low (2.9% and 3.2%, 

respectively), compared to those of Euoplocephalus and Chungkingosaurus (79.7% and 26.2%, 

respectively), and it is likely the two former taxa were identified as taxonomic equivalents of the latter 

due to a lack of characters able to be scored, meaning there is a high chance that those characters that 

are scored have a similar distribution to other, better-known taxa.  

The maximum agreement subtree (Fig. 3.13) contains only 36 taxa, meaning 53 taxa were pruned. These 

include several stegosaurs as well as ankylosaurid, edmontonid and polacanthid ankylosaurs. It is likely 

there are several reasons why these taxa are unstable and have been pruned from the maximum 

agreement subtree. Many of the taxa pruned have a low character completeness score, such as Adratiklit 

(8.8%), Ahshislepelta (6.8%), Alcovasaurus (10.6%), the unnamed Argentinian ankylosaur (2.1%), 

Dongyangopelta (7.6%), Dracopelta (9.1%), Hoplitosaurus (8.8%), Invictarx (3.8%), Minmi (7.1%), 

Nodosaurus (16.2%), Stegopelta (8.2%) and Taohelong (8.8%). It is possible that taxa have high 

uncertainty in their topological placements as they might appear similar to other, better-known, taxa, 

due to a relatively small number of shared character scores, whereas the majority of their other 

character states, which might support alternative relationships, are unknown. Similarly, Minmi is 

recovered as either outside of Eurypoda (Analyses B and C), outside of any ankylosaur clade but within 

Ankylosauria (Analysis D), or closely related to Struthiosauridae (Analysis A) in the analyses here. This 

is a similar result to previous phylogenetic analyses, where it is recovered as either an early-diverging 

ankylosaur (Kirkland 1998; Carpenter 2001a; Arbour and Currie 2016) or an early-diverging 

ankylosaurid ankylosaur (Vickaryous et al. 2004; Thompson et al. 2012). It is likely this early-diverging 

placement, regardless of the clade within which it sits, is due to a lack of synapomorphic characters in 

the material, which might be related to its incompleteness. In particular, the recovery of Minmi outside 

of Eurypoda is likely due to a lack of synapomorphies of Ankylosauria, in a similar result to the recovery 

of Alcovasaurus outside of Eurypoda in the stegosaurian analysis of Raven and Maidment (2017). In 

order to elucidate the systematic placement of these taxa more complete specimens will be necessary.  

Other taxa that are unstable have relatively complete representation and higher character completeness 

scores, such as Ankylosaurus (61.5%), Edmontonia longiceps (62.4%), Edmontonia rugosidens (61.2%), 

Euoplocephalus (79.7%), Gastonia burgei (69.4%), Hesperosaurus (64.1%) and Pinacosaurus grangeri 

(68.8%). A combination of factors could be affecting the uncertainty around the topological placement 

of these taxa, as it is unlikely that these are unstable due to a lack of scorable material. Character conflict 

could be an issue with these taxa, and it is likely that further descriptive work is needed. In particular, 

the ankylosaurid ankylosaurs of Late Cretaceous North America clearly need further taxonomic work, 

given that there have been two recent taxonomic revisions of the group whose conclusions disagree 

substantially (Arbour and Currie 2013a, 2016; Penkalski 2018). Additionally, increased character and 

taxon sampling could help to determine the phylogenetic positions of these unstable taxa, provided 

that the quality of character constructions are high (Laing et al. 2017; Simões et al. 2017a,b).  
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Borealopelta, which is recovered as either an early-diverging struthiosaurid (Analysis A and D) or an 

early-diverging ankylosaurid (Analyses B and C) in the analyses herein, could be a victim of its own 

exceptional preservation. The near-mummified state of the specimen (Brown et al. 2017), whilst 

genuinely exceptional for a dinosaur, means that the anatomical information needed for scoring the 

specimen is difficult to obtain. In particular, the cranial and postcranial ornamentation obscure 

important anatomical features that are phylogenetically useful. Moreover, because it is the only 

ankylosaur known from such well-preserved material, comparisons with other specimens are difficult 

because they were affected by dramatically different taphonomic scenarios.  

 

Character Evolution 

The mapping of character states changes across a phylogenetic tree can shape our understanding of 

clade evolution; here, in Mesquite (Maddison and Maddison 2019), it is used to constrain the timing of 

major events in thyreophoran dinosaur evolution. Thyreophoroideans (Eurypoda + Scelidosaurus) have 

a modified cranium relative to early-diverging thyreophorans, with the loss of premaxillary foramina 

(score ‘0’ for character 23) and the presence of supraorbitals instead of a single palpebral (score ‘1’ for 

character 44). Eurypodans further modify the cranium relative to earlier-diverging thyreophorans, 

with an elongated vomer (score ‘1’ for character 91), and loss of the forked posterior ramus of the jugal 

(score ‘0’ for character 61), the dorsal process of the quadratojugal (score ‘1’ for character 63) and the 

lateral ramus of the quadrate (score ‘0’ for character 65). Stegosaurs also have altered cranial 

morphologies, with a maxillary process of the premaxilla (score ‘1’ for character 20), a flat dorsal surface 

of the parietal (score ‘1’ for character 58) and a transversely compressed quadrate head (score ‘1’ for 

character 73). Ankylosaurs, however, exhibit dramatic changes in skull morphology compared with 

other dinosaurs and indeed other thyreophorans, with a ventrally convex ventral margin of the 

premaxilla in lateral view (score ‘1’ for character 22), a maxillary secondary palate (score ‘1’ for 

character 27, although this is convergent in the stegosaur Paranthodon; Raven and Maidment, 2018), 

closures between the orbit and antorbital cavity (score ‘1’ for character 48) and between the orbit and 

postocular shelf (score ‘1’ for character 49). Furthermore, ankylosaurs have a strongly inclined quadrate 

(score ‘2’ and ‘3’ for character 67), a quadrate fused to the paroccipital processes (score ‘1’ for character 

71) and have laterally-projecting paroccipital processes (score ‘1’ for character 80). The skull of 

ankylosaurid ankylosaurs is drastically altered from the plesiomorphic state of ankylosaurs, even when 

the development of cranial osteoderms is not considered (see below for further details). The antorbital 

and supratemporal fenestrae close in all ankylosaurs (score ‘1’ for character 5) although in ankylosaurids 

there is additional closure of the lateral temporal fenestrae (score ‘1’ for character 2). The skulls of 

ankylosaurids also become wider than they are long (score ‘1’ for character 6; score ‘3’ for character 14; 

score ‘1’ for character 50) and are arched anteroposteriorly (score ‘1’ for character 9). Additionally, the 

nasal process of the premaxilla is not visible on the skull roof of ankylosaurids (score ‘1’ for character 

21). This dramatic change in skull morphology of ankylosaurid ankylosaurs compared to other 

thyreophorans supports their recovery as a monophyletic group. 
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It is clear that ankylosaurs also developed a complex system of sinuses. Most ankylosaurs, except the 

early-diverging ankylosaur Gargoyleosaurus, possessed anterior and posterior loops of their internal 

nasal passages (score ‘1’ for character 37) and had a vertical midline septum dividing the nasal cavity 

into two separate bony canals (score ‘1’ for character 39). Additionally, ankylosaurine ankylosaurids 

further developed the outermost rim of the narial opening, with several taxa such as Anodontosaurus 

and Zuul having an anteriorly facing external naris (score ‘2’ for character 33), whereas that of 

Ankylosaurus faces ventrolaterally (score ‘3’ for character 33). This modification of the nasal cavity and 

sinuses has been three-dimensionally modelled using CT data (Witmer and Ridgely 2008), and this has 

demonstrated that there is a reduction in vasculature in the palatal regions of ankylosaurs (Porter and 

Witmer 2020). Additionally, computational fluid dynamics have shown that the convoluted nasal 

sinuses might have supported extensive epithelia allowing heat exchange heat (Bourke et al. 2018). This 

modification of the nasal passages in ankylosaurs may be due to variety of reasons, including adaptation 

to an arid environment, where the increase in surface area of nasal passages allowed water conservation 

(Bourke et al. 2018), and this could possibly be linked to the development of a complex hyobranchial 

apparatus, which has been hypothesised, by comparison with extant taxa, as an adaptation to an 

insectivorous diet in a desert environment in the ankylosaur Pinacosaurus (Hill et al. 2015). Moreover, 

the ability of the looped nasal passages to function as efficient heat exchangers is possibly linked to the 

development of fused osteoderms over the skull roof bones (score ‘1’ for character 267), that would 

presumably have caused issues with thermoregulation of the skull causing ankylosaurs to have issues 

with losing heat through their heads, meaning they instead lost heat through heat exchange during 

respiration (Clarac et al. 2018). However, given the earliest ankylosaurs (Sarcolestes, Gargoyleosaurus, 

Mymoorapelta) did not live in desert environments (Oxford Clay Formation for the former and 

Morrison Formation for the latter two), this may not have had a strong selective pressure, and further 

investigation is needed. 

Feeding in thyreophorans has been relatively well-studied and they are usually interpreted as 

herbivores that fed on soft plants (Hill et al. 2015), given they were poorly adapted for processing high-

fibre plant material (Mallon and Anderson 2014), with relatively simple orthal jaw mechanisms (Barrett 

2001), and there are many characters identified here that are linked to feeding. All thyreophorans have 

a medially inset tooth row (score ‘1’ for character 124) and a sinuous tooth row in lateral view (score 

‘1’ for character 99), which allow for an increased area of musculature (Rybczynski and Vickaryous 

2001). Thyreophoroideans also have a sinuous tooth row in dorsal view (score ‘1’ for character 125) and 

eurypodans have prominent cingula (score ‘2’ for character 113), which reduce tensile strains caused 

by eating ‘soft-food’ (Anderson et al. 2011). Additionally, thyreophoroideans have rounded tooth 

crowns (score ‘1’ for character 114) and lose premaxillary teeth (score ‘6’ for character 122), which 

allowed the development of a rhamphotheca (Nabavizadeh and Weishampel 2016), although all of 

these appear to be homoplastic between ankylosaurs and stegosaurs as early-diverging members of both 

groups do not have these features (e.g. Huayangosaurus, Gargoyleosaurus, Sarcolestes). Stegosaurs also 

have a prominent predentary (score ‘1’ for character 108), which maintains a stable anterior region of 

the jaw (Nabavizadeh and Weishampel 2016), and ankylosaurs have tooth crown striations that are 

confluent with the marginal denticles (score ‘1’ for character 117) and a premaxillary tomium (score ‘1’ 

for character 17). Furthermore, non-ankylosaurid ankylosaurs have a prominent coronoid eminence 
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(score ‘1’ for character 105) and a jaw articulation that is posteromedial to the adductor fossa (score ‘1’ 

for character 96), which allow medial rotation of the dorsal rim of the lower jaws (Nabavizadeh and 

Weishampel 2016). These characters generally show a trend of more complex dentition and feeding 

mechanisms in more derived thyreophorans, especially so with eurypodans, which could suggest that 

an ability to process higher quality food contributed to eurypodan diversification from the Middle 

Jurassic onwards (Fig 3.15). Given that it is thought that ankylosaurs tended to have more complex jaw 

mechanisms and dental occlusion than stegosaurs (Ősi et al. 2014b), with many features enabling or 

requiring extreme rotation during the chewing cycle (Nabavizadeh and Weishampel 2016), it is 

possible that innovations in feeding mechanisms also contributed to the success of ankylosaurs relative 

to stegosaurs in the Early Cretaceous, such as by opening up new food sources. However, FEA models 

have shown that the skull of Stegosaurus allowed for both large muscle mass and efficient transfer of 

this muscle force into a large bite force (Lautenschlager et al. 2016), which suggest it would have been 

capable of foraging on a wide variety of food sources. Unfortunately, similar analysis has not been 

performed on other thyreophorans, and in particular this would provide useful insight into feeding of 

ankylosaurs. Nevertheless, it is clear that thyreophorans developed complex feeding through a variety 

of morphologies. This unique feeding mechanism of thyreophorans, which have relatively small teeth 

in comparison to their body size, can also be linked to the drastic lateral expansion of the ilia of 

eurypodans (score ‘1’ and ‘2’ for character 221 and ‘2’ for character 228), which would increase 

abdominal (and presumably gut) volume. 
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Figure 3.15. Time-calibrated phylogeny of the ‘preferred tree’. Text is in vector format and should be magnified. The tree was timescaled using the ‘DatePhylo’ function in 

the R package strap (Bell and Lloyd, 2015). In order to avoid zero-length branches, which would result from an ancestor and its immediate descendent having the same age 

(Ruta et al., 2006), the node ages of adjacent zero-length branches were distributed, with branch lengths being divided equally, using the argument method = “equal”, in a 

modified approach of Brusatte et al. (2008).
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Several character changes coincide with the evolution of quadrupedality in the group. This includes 

changes in the forelimb, such as an increase in size of the deltopectoral crest in thyreophoroidean 

taxa (characters 202, 203, 207 and 208) for the attachment of the mm. deltoideus clavicularis, 

deltoideus scapularis, pectoralis and supracoracoideus (Maidment and Barrett 2012), and the 

movement of the acromial process (character 193) either dorsally (in stegosaurs) or laterally (in 

ankylosaurs) for the origin of the m. deltoideus clavicularis (Maidment and Barrett 2012), both of 

which would have allowed greater humeral abduction (Maidment and Barrett 2011). The 

development of a hoof-shaped ungual phalanx of the manus, which is a robust osteological correlate 

for quadrupedality (Maidment and Barrett 2014), is also coincident with quadrupedality here (score 

‘2’ for character 219), although the number of manual digits is variable across Thyreophora 

(character 215), suggesting that the use of footprints in determining the presence of thyreophoran 

taxa is problematic (e.g. Milan and GIerlinski, 2004). There are also changes in the pelvic and hind 

limb morphologies of thyreophorans, which are also correlated with quadrupedality. These include 

the lateral expansion of the ilia (score ‘1’ and ‘2’ for character 221 and ‘2’ for character 228), for an 

enlarged area of origin for the m. puboischofemoralis internus (Maidment and Barrett 2012), which 

would have provided a larger moment arm for protraction of the femur (Maidment and Barrett 

2011), and a curved dorsal margin of the ilium (score ‘1’ for character 223), resulting in either a 

reduction or a loss of the muscle complex of the mm. iliofemoralis externus and iliotrochantericus 

caudalis (Maidment and Barrett 2012), which would have reduced the abduction of the femur 

(Maidment and Barrett 2011). Furthermore, stegosaurs independently develop a laterally-expanded 

supraacetabular flange (characters 229 and 230), and in ankylosaurs the acetabulum closes 

(character 233). In stegosaurs, the prepubis becomes transversely compressed (score ‘1’ for character 

240), and in ankylosaurs there is a reduction in the size of the prepubis (score ‘0’ for character 236). 

In some ankylosaur taxa the pubis fuses to the ilia/ischia (score ‘1’ for character 235), which greatly 

reduced the origin of the m. puboischofemoralis externus (Maidment and Barrett 2012), causing a 

reduction in hind limb protraction (Maidment and Barrett 2011). The loss of the fourth trochanter 

of the femora (character 251) is also correlated with quadrupedality, and this is not correlated with 

body size in ornithischians (Maidment and Barrett 2014), although this loss appears to be 

homoplastic in ankylosaurs and stegosaurs, with the intermediate step of a fourth trochanter 

present as a rugose ridge found in early-diverging members of both clades (e.g. Gigantspinosaurus, 

Gargoyleosaurus). All eurypodans have a straight femur in lateral view (score ‘1’ for character 253) 

as well as three pedal digits (score ‘2’ for character 262), although as these are not present in the 

quadrupedal Scelidosaurus it suggests they are not prerequisites for quadrupedal locomotion, and it 

is likely these are more strongly correlated with body size (Maidment and Barrett 2014). 

Interestingly, ankylosaurs appear to have a shorter femur to humerus length ratio than stegosaurs 

(score ‘0’ for character 254), and this could be because stegosaurs placed their manus ventral to the 

glenoid, causing a larger abductor moment at the shoulder and forming a ‘press-up’ position in the 

forelimb (Maidment and Barrett 2012). Conversely, ankylosaurs placed their manus craniolaterally, 

negating the need for a ‘press-up’ position (Maidment and Barrett 2012), and possibly explaining 

the increased relative length of the ankylosaur humeri.  

The development of extreme osteoderm coverage in thyreophorans is characteristic of the group. 

All thyreophorans have cortical remodelling of at least some skull bones (score ‘1’ for character 

266), but in ankylosaurs this develops to include all skull bones, along with the fusion of dermal 

osteoderms (score ‘1’ for character 267), as well as the development of squamosal and quadratojugal 
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horns (score ‘1’ for characters 293 and 299, respectively). This becomes extreme in ankylosaurid 

ankylosaurs, with the development of numerous and bulbous caputegulae (score ‘2’ for character 

270) as well an eyelid osteoderm in ‘euoplocephalines’ (score ‘1’ for character 285). 

Thyreophoroideans also develop osteoderms on the lower jaw (score ‘1’ for character 205), although 

this is lost in Stegosauria. All thyreophorans also possess postcranial osteoderms (score ‘1’ for 

character 309) and these were originally situated in transverse rows (score ‘0’ for character 310), as 

in Scutellosaurus, which were then restricted to the parasagittal plane in stegosaurs. Stegosaurs 

further specialised these parasagittal plates (characters 311 and 312). Within thyreophoroideans, 

osteoderms show an increase in size (score ‘1’ for character 314) as well as the development of gular 

osteoderms (score ‘1’ for character 316). Specialised postcranial osteoderms are also present in 

ankylosaurs, with cervical half rings present in many taxa (score ‘1’ or ‘2’ for character 217), the 

presence of ossicles in non-ankylosaurid ankylosaurs (score ‘1’ for character 325) and the presence 

of splates in polacanthids (score ‘1’ for character 324). Although ankylosaurs and stegosaurs both 

have pectoral osteoderms (character 326), they differ in morphology, with stegosaurs displaying 

comma-shaped parascapular spines and ankylosaurs having pectoral spikes. Neither Scutellosaurus 

nor Scelidosaurus possess pectoral osteoderms, and this convergence in acquiring pectoral 

osteoderms, but their differences in morphology, suggests an underlying genetic constraint on the 

development of postcranial osteoderms. Similarly, ankylosaurs develop caudal osteoderms (score ‘1’ 

for character 331), with ankylosaurids having the extreme condition of the possession of tail clubs 

(score ‘1’ for characters 333), whereas stegosaurs develop caudal spikes (score ‘1’ for character 336).  

There also appears to be a high degree of convergence in the character evolution of thyreophorans. 

The morphology of the dorsal vertebrae (e.g. characters 143, 145, 146, 147 and 155) show multiple 

gains and reversals throughout Thyreophora. Additionally, the number of sacral vertebrae 

(character 161) and caudosacral vertebrae (character 164) in Ankylosauria appears to differ 

throughout the group. These convergences both within and between the major thyreophoran 

clades suggests a tight genetic control on morphology, particularly on the vertebrae, as opposed to 

being caused by a homoplastic body size increase, given that similarities in the vertebrae in 

dinosaurs are not correlated with increases in body size (Muller et al. 2010). The genetic control 

over these phenetic similarities is likely to be deeply-rooted within Ornithodira, given the similar 

patterns of Hox gene expression within both dinosaurs and pterosaurs (Muller et al. 2010). Other, 

more divergent morphologies within the group are possibly due to stronger ecological pressures, 

such as the development of extreme osteoderm coverage in response to heightened predation 

pressure, although this hypothesis needs further testing.  

 

Phylogenetic Signal from Partitioned Datasets 

The phylogenetic signal obtained from different body regions has been debated (Mounce et al. 2016; 

Li et al. 2019) and thyreophorans are an ideal group for investigating this question, given that 

previous workers have argued for an increased use of either cranial (Vickaryous et al. 2001; Hill et 

al. 2003) or osteoderm (Blows 2015) characters and that the postcrania of thyreophorans are 

relatively conservative (Raven and Maidment 2017). The analyses here suggest that the 

phylogenetic signals from different body regions vary dramatically. The cranial-only dataset 

(Analysis F) produced variable congruence with the total-evidence dataset of Analysis B. Several 
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groups of taxa are recovered in a similar topology, including several non-eurypodans 

(Scutellosaurus and Scelidosaurus), stegosaurs (Isaberrysaura and Huayangosaurus, and 

Hesperosaurus, Miragaia, Stegosaurus stenops, Kentrosaurus and Chungkingosaurus) and many 

groups of ankylosaurs. However, the topology of these groups varied dramatically; Eurypoda is not 

recovered, nor is a monophyletic Stegosauria. However, given that several groups of taxa are 

congruent with those from the total-evidence analysis, it is clear that cranial characters contain 

phylogenetic signal.   

The postcranial-only dataset (Analysis G) produces slightly different results. There are few groups 

of taxa that are congruent with those found by the total-evidence analysis. For example, no clades 

containing more than four stegosaurian taxa are found and the four ankylosaurian clades are not 

recovered. It is likely this result is due to homoplasy in the postcrania of thyreophorans. Although 

ankylosaurs and stegosaurs achieved quadrupedality using different morphological strategies 

(Maidment and Barrett 2012), they are relatively conservative in their postcranial morphologies, 

and their morphologies are closer to each other than to any other ornithischian group. The results 

here suggest that there is a high degree of homoplasy in thyreophoran postcrania, which is probably 

due to similar underlying genetic and ecological constraints. This is further evidenced by the 

postcranial partition of the similarity matrix (Fig. 3.16), which shows a large divide between non-

eurypodans and eurypodans, and less difference between ankylosaurs and stegosaurs. Additionally, 

many postcranial characters are rediscretised continuous characters, and it is possible that they 

contain a higher quality phylogenetic signal but that the current character coding strategy is not 

utilising it.  

However, when cranial and postcranial characters were combined (Analysis I), a similar result to 

the total-evidence analysis is obtained, with a monophyletic Eurypoda, Stegosauria, and 

Ankylosauria, although there are several anomalous results (e.g. the recovery of Invictarx within 

Stegosauria). Additionally, the four clades of ankylosaurs are also recovered, although the 

taxonomic composition of these groups vary relative to the total-evidence analysis. This suggests 

that there is accuracy and congruence in the phylogenetic signals from the combined cranial and 

postcranial characters. 

The osteoderm-only dataset (Analysis H) produced little resolution in early-diverging 

thyreophorans and in stegosaurs, and the four ankylosaur clades are not recognised, although there 

is a clear split between ankylosaurs and stegosaurs in the osteoderm partition of the similarity 

matrix. This lack of phylogenetic signal from the osteoderm characters suggests that there is no 

need for further sampling of such characters. Indeed, it is possible that osteoderm characters are 

already oversampled. There is often little taxonomic and phylogenetic data that can be attributed 

to osteoderms due to the lack of positional homology between individual osteoderms from different 

specimens (see Chapter Two for further discussion), and it is unknown how thyreophoran 

osteoderm morphology varied sexually, ontogenetically or individually.  
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Figure 3.16. Similarity matrices. A: full dataset. B: cranial characters. C: postcranial characters. D osteoderm characters. 

TH = Thyreophora; ST = Stegosauria; PO = Polacanthidae; ED = Edmontonidae; SR = Struthiosauridae; AN = 

Ankylosauridae. 

3.7. Conclusions 

A novel hypothesis of thyreophoran dinosaur phylogeny is presented, based upon a comprehensive 

dataset of 340 characters and 91 taxa. The ‘preferred tree’, identified using stratigraphic congruence 

tests, was produced using implied-weights parsimony with a K-value of 3. The traditional 

ankylosaurian dichotomy is not supported: instead, four distinct ankylosaur clades are recovered, 

with Nodosauridae rendered paraphyletic. Ankylosauridae, Edmontonidae, Polacanthidae, and 

Struthiosauridae have distinct morphotypes. Scelidosaurus is unequivocally a non-eurypodan and 

Isaberrysaura is an early stegosaur. The appearances of many characters related to feeding and 

quadrupedality are coincident with eurypodan diversification and unstable taxa in the analyses 

generally exhibit high incompleteness. Partitioned datasets demonstrate a high degree of 

convergence in the postcranial skeletons of thyreophoran dinosaurs and that osteoderm characters 

do not contain a strong phylogenetic signal. This new phylogenetic hypothesis will be the 

framework for the biogeographic analyses of Chapter Four and the macroevolutionary analyses in 

Chapter Five.  
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4. The Biogeographic History of the Armoured Dinosaurs (Ornithischia: 

Thyreophora) 

 

4.1. Abstract 

The armoured dinosaurs (Thyreophora) were a geographically and temporally widespread clade of 

ornithischian dinosaurs, existing from the earliest Jurassic to the latest Cretaceous, with fossils of 

the group found on all continents, including Antarctica. However, the lack of a species-level, 

whole-group phylogeny, combined with a patchy fossil record, has meant the macroevolutionary 

dynamics of the group, including its biogeographic history, have been untested. Here, I address this 

deficit with a maximum likelihood approach in the R package BioGeoBEARS and using the novel 

hypothesis of thyreophoran interrelationships presented in Chapter Three. Using constraints based 

on Mesozoic palaeogeography, I have used two time-slicing methods, based upon palaeogeographic 

events and the dating of thyreophoran-bearing formations, respectively, and I have run six analyses 

with different harshness settings. These analyses provided congruent results: all identified the 

DEC+J model as the best supported by the data, although the DIVALIKE+J model was identified as 

the next best model. Thyreophoran biogeographic history is shown to be dominated by multiple 

dispersals, subset speciation and regional extinctions, with little evidence for vicariance, in contrast 

to the traditional view of dinosaurian biogeography. The estimated ancestral nodes for each major 

clade show that early thyreophorans were widespread and identify a broad Laurasian distribution 

for Ankylosauria. Stegosauria, however, is estimated to be ancestral to Asia and South America, two 

regions that were never adjacent in the Mesozoic, suggesting a lack of sampling of early stegosaurs 

from other continental areas. Dispersal patterns within the clade are broadly consistent with 

Mesozoic palaeogeography: Europe is shown to be an important dispersal pathway, and Gondwanan 

thyreophorans appear to be undersampled. Faunal similarities are observed between European and 

North American thyreophorans in the Late Jurassic and the Early Cretaceous, and these results are 

consistent across the different time-slicing methods and harshness settings used. Interestingly, the 

major clades within Thyreophora overlap spatially prior to the regional extinction of one of these 

clades. This offers a glimpse into potential ecological interactions, with the establishment of spatial 

overlap a necessary prerequisite for inferring competitive extinction scenarios, which can be 

investigated further with additional macroevolutionary analyses.  

 

4.2. Introduction 

Biogeography, the study of organismal geographic distribution through time, is vital for 

understanding Earth processes. For example, the seminal paper outlining the theory of continental 

drift, Die Entstehung der Kontinente (The Origin of the Continents) by Wegener (1912), was based, 

in part, upon the distribution of Cynognathus, Glossopteris, Lystrosaurus and Mesosaurus fossils on 

continents that are now separated by oceans (Hallam 1975). Biogeography also allows investigation 

into major questions of evolutionary biology. The geographic distribution of a taxonomic group, 

and the underlying factors and processes controlling it, are fundamental to understanding the origin 

and distribution of the world’s biodiversity, for both extant and extinct taxa.  
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Traditionally, there have been two approaches to biogeography (Morronne and Crisci 1995): 

ecological biogeography, which looks at environmental factors that affect the individual 

distribution of organisms on a local scale, and historical biogeography, which applies similar 

principles at a macroevolutionary scale through geologic time (Wiens and Donoghue 2004). Within 

historical biogeography, multiple methods have been applied (Matzke 2013), although there have 

generally been only two competing explanations for the processes that underlie the spatial 

distribution of organisms (Simpson 1980): vicariance – the geographical segregation of a population 

and their subsequent speciation (Wiley 1988); and dispersal – the movement of a population into a 

new area, expanding its range (Cowie and Holland 2006). Other fundamental biogeographic 

processes include regional extinction, when the range of a taxon shrinks, and sympatric speciation, 

where speciation takes place within the ancestral range of a taxon (Ding et al. 2020). Modern 

biogeographic analyses, which use phylogenetic hypotheses as their backbones and allow 

investigation of lineage-specific biogeographic processes in a probabilistic framework, can 

incorporate multiple forms of evidence such as palaeoclimate proxies as well as geography, meaning 

that multiple biogeographic processes can be examined to explain the biogeographic patterns seen 

among organisms (Sanmartin 2012).  

Dinosaurs are an important taxonomic group for studies of biogeography: they dominated terrestrial 

ecosystems for over 140 million years, were morphologically and ecologically diverse, and were 

geographically widespread (Figs. 4.1–4.5), with fossils found across all modern continents (Marsola 

et al. 2018). Additionally, they lived through the fragmentation of the supercontinent Pangaea, 

which caused the division of dinosaur faunas into isolated populations that lived on separate 

continents (Upchurch et al. 2002), although narrow land bridges also formed and disappeared 

throughout this time, allowing the possibility of intermittent connections between some 

continental areas (Ding et al. 2020). Different processes have been proposed as the dominant factor 

underlying dinosaur biogeographic patterns. Vicariance, driven by continental fragmentation, was 

originally proposed as the primary factor (Milner and Norman 1984; Russell 1993; Fastovsky and 

Weishampel 1996; Upchurch et al. 2002; Choiniere et al. 2012), although this was disputed by 

Sereno (1997, 1999), who proposed that vicariance was rare, and that localised extinction events 

created faunal differentiation instead. Other processes suggested include endemism driven by 

competitive exclusion by established populations (Longrich 2014), or a combination of 

biogeographic processes. Hadrosaur biogeography has been shown to be derived from a mix of 

dispersal, vicariance and sympatric speciation during the late Santonian to the late Maastrichtian 

(Prieto-Márquez 2010a). Sauropod biogeography has been analysed on multiple occasions (Poropat 

et al. 2016; Xu et al. 2018; Mannion et al. 2019), with trans-oceanic dispersal, founder-event 

speciation (which is when a small number of individuals from a large population splinters off and 

forms a new population; [Templeton 2008]), sympatric speciation, and regional extinction shown 

to be dominant over vicariance. For Mesozoic dinosaurs as a whole, it has been suggested that the 

dominant process changed through time (O’Donovan et al. 2018), with it originally being 

vicariance, before sympatric speciation became dominant when terrestrial space became a limiting 

factor. A similar pattern, derived from geographical network models, was shown with decreasing 

geographical connectedness throughout the Mesozoic (Dunhill et al. 2016), although 

spatiotemporal sampling biases were also shown to be an important factor when investigating 

dinosaur biogeography.  
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A new hypothesis of thyreophoran phylogeny was presented in Chapter Three, which is the first 

species-level dataset that has extensive taxon sampling of both ankylosaurs and stegosaurs, as well 

as early-diverging thyreophorans. This new phylogeny presented a novel hypothesis of 

thyreophoran interrelationships. A monophyletic Eurypoda was recovered as expected, although 

the relationships within Ankylosauria, one of the two sub-clades within Eurypoda along with 

Stegosauria, differed drastically from the traditional hypothesis. The hitherto accepted 

Ankylosauridae – Nodosauridae dichotomy within Ankylosauria was not recovered; instead, four 

independent radiations of ankylosaurs were strongly supported (Ankylosauridae, Edmontonidae, 

Polacanthidae and Struthiosauridae). Here, I analyse the biogeographic history of thyreophoran 

dinosaurs using the R package BioGeoBEARS (Matzke 2013) and this new phylogeny as a backbone, 

to estimate the ancestral area of the major clades at each node and to test the different modes of 

biogeographic evolution. This represents the first study with a primary focus on whole-group 

thyreophoran biogeography. I use two time-slicing methods, one based upon palaeogeographic 

events and the other upon the stratigraphic binning of thyreophoran-bearing formations, to create 

two sets of dispersal multiplier matrices that reflect Mesozoic palaeogeography. I then use three 

harshness settings for each set of matrices, for a total of six analyses. The results of these analyses 

are congruent and have important implications for understanding the macroevolutionary dynamics 

of thyreophoran dinosaurs, and also allow an examination of theories of Mesozoic palaeogeography. 

 

 

 

Figure 4.1. Palaeogeographic map of thyreophoran occurrences in the Early Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 
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Figure 4.2. Palaeogeographic map of thyreophoran occurrences in the Middle Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 

 

 

 

 

 

Figure 4.3. Palaeogeographic map of thyreophoran occurrences in the Late Jurassic from the Paleobiology Database. 

(www.paleobiodb.org) 
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Figure 4.4. Palaeogeographic map of thyreophoran occurrences in the Early Cretaceous from the Paleobiology Database. 

(www.paleobiodb.org) 

 

 

 

 

 

Figure 4.5. Palaeogeographic map of thyreophoran occurrences in the Late Cretaceous from the Paleobiology Database. 

(www.paleobiodb.org) 
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4.3. Previous Biogeographic Analyses 

Quantitative studies of historical biogeography, using a phylogenetic hypothesis as a framework, 

are relatively common within dinosaurs (e.g. Marsola et al. 2018; Lee et al. 2019). Most work has, 

however, been dedicated to sauropods (e.g. Gorscak and O’Connor 2016; Poropat et al. 2016; Sallam 

et al. 2018; Xu et al. 2018; Mannion et al. 2019), with few studies on theropods (e.g. Ding et al. 

2020). Ornithischians have been included in several studies (Sereno 1997, 1999; Upchurch et al. 

2002), but Boyd (2015) was the first to provide a quantitative analysis for the whole group (although 

several higher clades were represented only by exemplars). This work was done in Mesquite 

(Maddison and Maddison 2019), with three analyses being based on the creation of a geographic 

character that represented the geographic range of the terminal taxa. Ancestral state reconstruction, 

in both parsimony and likelihood frameworks, was then performed, in order to find the 

reconstructed ancestral state for the geographic character for each node in the tree. The results of 

these analyses found South America to be the ancestral area for Ornithischia, and Africa to be the 

ancestral area for Thyreophora, with the subsequent diversification of thyreophorans via either 

North America and thence into Europe, or into Europe followed by dispersals into North America. 

It was noted, however, that these results were strongly dependent on the result of the phylogenetic 

analysis, which had found Lesothosaurus to be the earliest-diverging member of Thyreophora. It is 

has been more common for clades within Ornithischia to be analysed separately, such as 

ceratopsians (Farke et al. 2014; Longrich 2016), hadrosaurs (Prieto-Márquez 2010a), iguanodontians 

(Poole 2015) and ornithopods (Hudson 2019). Thyreophorans, however, have had little attention: 

the only study to provide a quantitative analysis of thyreophoran biogeography is Arbour and 

Currie (2016), which was dedicated to ankylosaurid ankylosaurs. The latter study used S-DIVA 

(Statistical Dispersal-Vicariance Analysis in RASP [Reconstruct Ancestral State in Phylogenies]) 

software (Yu et al. 2010, 2012). Gondwanan continents were combined, and North America was 

divided into northern and southern North America, and the ancestral area for each node in the 

phylogeny was calculated. Ankylosauria was shown to have a Laurasian distribution during the 

Middle and Late Jurassic, although the taxon sampling of Jurassic thyreophorans was low. 

Ankylosauridae was shown to originate in North America, with a derived clade of North American 

ankylosaurid ankylosaurs shown to originate from a dispersal of Asian ankylosaurid ankylosaurs. 

There has been no other quantitative assessment of historical biogeography focused on 

thyreophoran dinosaurs.  

 

4.4. Methods 

Here, in order to assess the palaeobiogeographic history of thyreophoran dinosaurs, and to 

investigate the biogeographic locations of the ancestral nodes within Thyreophora as identified by 

my new phylogenetic hypothesis, I used a maximum likelihood approach implemented in the R 

package BioGeoBEARS (Matzke 2013). BioGeoBEARS is an ancestral state method of historical 

biogeography; these methods are becoming more popular than earlier methods, such as cladistic 

biogeography, panbiogeography and multistate character methods (Matzke 2013), and these 

ancestral state methods rely on models of geographic range evolution. However, these models 

involve a series of assumptions and, until the advent of BioGeoBEARS, there was no method to 

determine the most appropriate model for a particular clade, despite the acceptance that these 

assumptions have potentially dramatic impacts on the biogeographic scenarios recovered by these 

analyses (Matzke 2013). 



148 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Time-calibrated phylogeny of the ‘preferred tree’ from Chapter Three. Text is in vector format and should be magnified. 

Spearpoint ankylosaur 

Wuerhosaurus homheni 
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Phylogenetic Tree 

BioGeoBEARS, like many other phylogenetic biogeographic packages, requires a fully resolved 

phylogenetic tree, without polytomies. The analysis with the highest stratigraphic congruence in 

Chapter Three was Analysis B (see Tree Selection), and this was chosen as the ‘preferred tree’ for 

discussion and subsequent macroevolutionary analyses (Fig. 4.6). However, this is a strict consensus 

tree of three MPTs that includes several polytomies, and so I have used the function ‘multi2di’ in 

the R package ape (Paradis et al. 2004) to randomly transform all polytomies into a series of 

dichotomies. BioGeoBEARS also requires the phylogenetic tree to be time-scaled, and this was 

performed using the ‘DatePhylo’ function in the R package strap (Bell and Lloyd 2015). In order to 

avoid zero-length branches, which would result from an ancestor and its immediate descendent 

having the same age (Ruta et al. 2006), the node ages of adjacent zero-length branches were 

distributed, with branch lengths being divided equally, using the argument method = “equal”, in a 

modified version of the approach advocated by Brusatte et al. (2008). In the R package strap this 

method requires a root length to be defined for the lowest branch, or branches, of the tree to share 

time with (Lloyd et al. 2012). The argument rlen = 1 was used, as this is approximately equivalent 

to the difference between the oldest taxon in the tree (Laquintasaura) and the outgroup taxon 

(Lesothosaurus), which is the recommendation of Bell and Lloyd (2015). It should be noted, 

however, that the selection of this value can be arbitrary, although often it will only affect a small 

number of branches (Lloyd et al. 2012). The resulting phylogenetic tree contains 89 taxa, as 

Acantholipan and Mongolostegus were removed as OTUs prior to the phylogenetic analyses in 

Chapter Three, and this was followed here.  

 

Taxon Ages 

The 89 taxa were dated using information from the Paleobiology Database (https://paleobiodb.org/), 

with reference to more recent primary literature providing modifications where required. Given 

that several taxa are either singletons or represented by several specimens from a single unit, they 

do not have a true stratigraphic range, which is a common problem in studies of extinct vertebrates 

(Poropat et al. 2016). Methods to resolve this issue include assigning a taxon an occurrence at the 

mid-point of its possible age range (e.g. Mannion et al. 2019), or the cal3 method of Bapst (2013), 

which takes into consideration the rates of speciation, extinction and sampling. However, the use 

of mid-points could be problematic when only several taxa require them, as there will then be vast 

differences in the age ranges of the taxa, as would be the case with thyreophorans  where only a 

few taxa have a true stratigraphic range in the fossil record (e.g. Pinacosaurus grangeri). 

Additionally, the cal3 method is not appropriate for the clade given there are no well-supported 

estimates of the sampling rate for many vertebrate groups (Poropat et al. 2016). To account for these 

issues, I used the ages of the stratigraphic unit of the taxon as the equivalents of its First Appearance 

Datum (FAD) and Last Appearance Datum (LAD). All taxon ages were converted to absolute ages, 

rather than stage, unit or formation names, using the International Commission on Stratigraphy 

Chronostratigraphic Chart v2020/03 (Cohen et al. 2013). Several ages were further modified based 

upon finer resolution studies into regional stratigraphy. For example, the geochronology of several 

Late Cretaceous North American units, such as the Dinosaur Park, Horseshoe Canyon, Judith River, 

Kaiparowits, Fruitland and Kirtland formations, were revised by Fowler (2017), as was that of the 

https://paleobiodb.org/
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Cedar Mountain Formation by Joeckel et al. (2020) and Tucker et al. (2020). Moreover, the age of 

the Gault Clay Formation was revised by Kanungo et al. (2018), as were those of the Ciechocinek 

Formation (Barth et al. 2018), the Dakota Formation (Wang and Dilcher 2018), the Sunjiawan 

Formation (Jiang and Sha 2008) and the Yixian Formation (Chang et al. 2017). Furthermore, using 

dating of detrital zircons the lower Shaximiao Formation was determined to be Oxfordian in age 

(Wang et al. 2018), rather than the traditionally accepted Bathonian–Callovian age. However, 

radiometric dating has not been performed on the upper Shaximiao Formation, so I have considered 

it as Kimmeridgian–Tithonian in age, given that it is conformable with the lower Shaximiao 

Formation and must, therefore, be younger than Oxfordian. The upper Shaximiao Formation is 

considered to be Late Jurassic by Moore et al. (2020), and possibly as young as Tithonian, but there 

is no secure upper boundary as overlying formations, such as the Suining Formation, are as young 

as late Early Cretaceous, based on radiometric dating.  

 

Geographic Areas 

BioGeoBEARS requires a geographic range file, where each terminal taxon in the phylogenetic tree 

is assigned to one or more palaeocontinental areas. Here, I set the maximum range size = 7, meaning 

that the ancestral range estimation in BioGeoBEARS can include all seven specified areas, if 

required, for a given node (Poropat et al. 2016). I designated seven continental areas: A, Asia; E, 

Europe; F, Africa; N, North America; S, South America; T, Antarctica; U, Australia. Taxa found in 

these continents were assigned ‘1’, and assigned ‘0’ for continents in which they were not found. It 

is possible that taxa were present in areas assigned ‘0’ (pseudoabsence), and so instead they could 

have been assigned ‘?’, following the protocol developed by Mannion et al. (2019). However, this 

has not been followed here, as the well-documented spatiotemporal gaps in the thyreophoran fossil 

record would lead to a large proportion of taxa being assigned ‘?’ and it is likely that numerous rules, 

of differing stringency, could be applied with equal justification (Mannion et al. 2019).  

 

Dispersal Matrices  

The introduction of time-slicing to biogeographic analyses (Upchurch et al. 2002) allowed the 

ability to introduce constraints based upon palaeogeography, and this is particularly important 

when dealing with large-bodied terrestrial taxa that are unlikely to have been able to disperse across 

oceanic barriers (Poropat et al. 2016; Xu et al. 2018; Mannion et al. 2019). This concept is used in 

BioGeoBEARS, which allows stratified analyses with dispersal matrices that vary between time-

slices (Matzke 2013), allowing differing probabilities of dispersal from one area to another that 

corresponds to the varying palaeogeographic scenarios for each time-slice. This is particularly 

important for biogeographic analyses of Mesozoic dinosaurs, as palaeogeography is known to have 

changed dramatically throughout the history of the group (Xu et al. 2018).  

Here, I followed the approach of Poropat et al. (2016), Xu et al. (2018) and Mannion et al. (2019) in 

basing a set of dispersal matrices on palaeogeographic events, but with some substantial 

modifications with respect to these previous studies. These latter incorporated several assumptions, 

which I have followed here; they are explained in detail by Poropat et al. (2016), and are briefly 

summarised below: 
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1. Trans-oceanic dispersal is a low probability event for dinosaurs, and therefore when two 

continental areas are separated by an ocean, the probability of jump dispersal is set to 

0.000001 (although not 0 as it is still theoretically possible).  

2. Two continental areas are completely isolated from each other at the time of the onset of 

seafloor spreading, creating an oceanic barrier.  

3. No climatic constraints are implemented, despite the possibility that climatic zones could 

have hindered or promoted dispersal between areas, given the current lack of knowledge 

regarding latitudinal climatic zones and their effects on dinosaur distribution. 

4. Dispersal is only possible via adjacent continental areas, so if continent A is only in contact 

with continent C via continent B, the probability of direct dispersal from A to C is low. 

5. All dispersal probabilities are symmetrical; despite BioGeoBEARS allowing asymmetrical 

dispersal (e.g. prevailing wind currents allowing seed dispersal in one direction, or climate 

or vegetation-induced barriers), there is no strong evidence for proposing asymmetrical 

dispersal between continental areas for Mesozoic terrestrial taxa. The suggestion that taxa 

would disperse from a larger geographical area to a smaller area (e.g. Russell 1993) should 

be tested a posteriori rather than being an a priori assumption.  

6. Europe is treated as a single palaeogeographic area throughout the Mesozoic, despite it 

comprising a series of islands during much of the Jurassic and Cretaceous. This is because, 

at present, there is insufficient information regarding the timing of connections between 

the islands to determine an adequate model of palaeogeographic connectedness. 

Furthermore, a low sample size of European thyreophoran taxa throughout the late 

Mesozoic would mean that the majority of islands would have no occurrences of taxa. 

Moreover, the seaways between the islands were presumably epicontinental and not 

separated by oceans, and therefore the emergent land masses would have variable and 

relatively small distances between one another, causing a higher dispersal probability than 

if the islands were treated as separate.  

7. An intermediate value of 0.5 for the dispersal multiplier has been used to indicate 

uncertainty in either temporal or spatial constraint (for example when epicontinental seas 

are potentially shallow or ephemeral). If dispersal is unlikely between two areas (for 

example when an oceanic barrier is present), the dispersal multiplier is set to 0.000001, and 

if there is strong evidence for connectedness between two areas, meaning dispersal is likely, 

the dispersal multiplier is set to 1.0, which is the maximum probability allowed by the 

models in BioGeoBEARS.  

8. An ‘areas allowed’ matrix was not used to exclude one or more continental areas in the 

analyses, as all continental areas were present in all time-slices. 

9. No assumptions on the probability of dispersal events based on relative distances between 

areas have been included, except the ‘adjacent areas’ rule in assumption 4, although it is 

possible that the distance over an oceanic area between continental areas would have a 

drastic effect on a taxon’s ability to disperse. 

Given that Antarctopelta is from Antarctica and so can be included in the analysis here, the 

assumption of Poropat et al. (2016) that continental areas are adjacent when in contact with each 

other only via Antarctica is redundant, as there is no need to infer that Antarctica is a bridge 

between South America and Australia. The palaeogeographic event-based time-slices used here are 

similar to those of Poropat et al. (2016) for the Tithonian–Maastrichtian, and similar to those of Xu 
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et al. (2018) for the Callovian–Tithonian, given that Xu et al. (2018) went into great detail to 

understand the palaeogeographic history of Asia and Europe during the Jurassic. Furthermore, 

time-slices were added for the Norian–Callovian, as these time periods were not covered adequately 

by the previous studies (Poropat et al. (2016) started in the Bajocian, whereas Xu et al. (2018) only 

used one time-slice to cover the Norian–Callovian, a period of ~63 million years). Several time-slice 

boundaries were reduced by 0.0001 million years because BioGeoBEARS is unable to temporally 

partition the tree if a given node is at the same age as the boundary between two time-slices 

(Poropat et al. 2016). The original dispersal matrices were further modified by the removal of India 

and Madagascar as continental areas, given that no thyreophoran taxa have been found in these 

continents (except the possible stegosaur ‘Dravidosaurus’, which is more likely a plesiosaur; 

Chatterjee and Rudra, 1996; Maidment et al., 2008), and the addition of Antarctica as a continental 

area, due to the presence of a thyreophoran taxon (Antarctopelta). The dispersal multiplier values 

for the dispersal matrices were then filled in using the primary literature for palaeogeography, such 

as Torsvik and Cocks (2017). In total, there are 26 time-slices and subsequent dispersal matrices, 

covering the end of the Norian to the end of the Maastrichtian, and based upon palaeogeographic 

events (Appendices A4.1. and A4.2). All dates that define time-slices are in millions of years prior 

to 66.0, due to the end of the Cretaceous being treated as time 0.  

I have also produced a set of dispersal matrices based upon stratigraphic binning of thyreophoran-

bearing formations, in contrast to the dispersal matrices based upon palaeogeographic events 

discussed above and in Poropat et al. (2016) and subsequent studies. The dating of the 

palaeogeographic events used by Poropat et al. (2016) to define time-slices are subject to 

uncertainties, as are the dates of fossil occurrences. Several time-slices, particularly those of short 

duration (e.g. early Callovian, when the whole of the Callovian is only 2.6 Ma in length), could end 

up being shorter than the uncertainty derived from the dating of both the palaeogeographic events 

and the fossil occurrences, possibly inducing pseudo-precision. This is particularly the case when 

high biostratigraphic resolution, such as that derived from ammonite subzones, is lacking. 

Furthermore, the time-slicing method of Poropat et al. (2016) led to a large variance in the time-

slice length (e.g. Timeslice 2 = 25 Ma, Timeslice 5 = 2.6001 Ma). This would mean that each time-

slice has a varying amount of available evolutionary time, which could lead to a concatenation of 

competing biogeographic signals.  

A different approach, using thyreophoran-bearing formations, was therefore chosen. This allows 

the testing of time-slicing approaches and, moreover, offers further biogeographic analyses to test 

the biogeographic history of thyreophorans. A new method for time-slicing lithostratigraphical 

units, Formation Binner (Dean et al. 2020), was initially tested. This new method is based upon 

regional-level studies and incorporates the chronostratigraphic heterogeneity of formations to 

generate time-slices, and was proposed to provide higher temporal resolution when appropriate 

data are available (e.g. in the published example of the Late Cretaceous of North America). 

However, it was found that applying Formation Binner to thyreophoran-bearing formations 

produced time-slices of approximately equivalent length to the palaeogeographic-event based time-

slices. It is likely that there are too few available data for thyreophoran-bearing formations to be 

suitable for the Formation Binner method (Dean, C. pers. comms.). Consequently, I used an 

alternative qualitative approach where the time-slices approximate the boundaries of key 

thyreophoran-bearing formations (e.g. Morrison Formation, Wessex Formation) and are of 
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approximately equal length, but at a coarser temporal resolution (~10 Ma). These time-slices capture 

the same palaeogeographic events as the event-based time-slices, although as these time-slices are 

coarser in temporal resolution, fewer individual events are captured, and this is compensated for 

by applying higher uncertainty (represented by 0.5) in the starting matrices. In total, there are 11 

time-slices and subsequent dispersal matrices, covering the end of the Norian to the end of the 

Maastrichtian.  

For each set of dispersal matrices, I have used three harshness settings: ‘starting’, ‘relaxed’ and 

‘harsh’, as in Poropat et al. (2016). These are identical with respect to well-established 

palaeogeographic relationships (Mannion et al. 2019), but differ when there is uncertainty in the 

spatial or temporal extent of a palaeogeographic event (see assumption 7 above). When there is 

uncertainty, as shown by a value of 0.5 in the ‘starting’ settings, this value is transformed to 1.0 in 

the ‘relaxed’ settings and 0.000001 in the ‘harsh’ settings. This reflects that in the ‘relaxed’ settings, 

the areas are considered to be in contact, and in the ‘harsh’ setting the areas are considered to be 

separate, with dispersal of taxa very improbable (Poropat et al. 2016). This, therefore, allows 

assessment of the sensitivity of the biogeographic results to palaeogeographic uncertainty (Poropat 

et al. 2016; Xu et al. 2018; Mannion et al. 2019).  

In total, I ran six analyses, with two time-slicing methods and three harshness settings for the 

dispersal matrices, and these are summarised in Table 4.1. The time-slice constraints and dispersal 

matrices, and the justification for these constraints, are present in Appendices A4.1. and A4.2 – 

these show the ‘starting’ dispersal matrices, with the conversion to ‘relaxed’ and ‘harsh’ matrices 

explained above. As in Poropat et al. (2016), all constraints for a given time-slice are retained in 

subsequent time-slices unless explicitly stated otherwise.  

 

Analysis Time-slicing method Harshness setting 

Analysis A Palaeogeographic events Starting 

Analysis B Palaeogeographic events Relaxed 

Analysis C Palaeogeographic events Harsh 

Analysis D Thyreophoran-bearing formations Starting 

Analysis E Thyreophoran-bearing formations Relaxed  

Analysis F Thyreophoran-bearing formations Harsh 
Table 4.1. Summary of all analyses, with time-slicing method and harshness settings. 

 

Analytical Settings 

BioGeoBEARS uses maximum likelihood to implement six biogeographic models of range evolution 

to enable ancestral area reconstruction (Matzke 2013). The six models, DEC, DEC+J, DIVALIKE, 

DIVALIKE+J, BAYAREALIKE and BAYAREALIKE+J, act differently in how they deal with the 

inheritance of ancestral ranges at each node, and so show how the geographic ranges occupied by 

ancestors and lineages might evolve on a given phylogenetic tree (Poropat et al. 2016). All six 

models incorporate dispersal and extinction, using the free parameters ‘d’ and ‘e’, respectively, 

which indicate the rate of range expansion and contraction along a lineage. The +J model variants 

of each model incorporates a third free parameter ‘J’, which represents the rate of founder-event 
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speciation and so allows jump dispersals, where one daughter lineage is allowed to jump to a new 

range outside of the ancestral range, and these models were proposed as later additions by Matzke 

(2014). No biogeographic model has been shown to perform consistently better than others (Ding 

et al. 2020), and utilising multiple models is a sensible approach in order to infer as much about 

biogeographic history as possible.  

DEC (Dispersal, Extinction, Cladogenesis), developed by Ree (2005) and Ree and Smith (2008), 

allows vicariance and assumes that one of the two daughter lineages inherits one of the areas 

occupied by an ancestor at cladogenesis. If the ancestral range is a single area, then the daughter 

lineages will inherit this single ancestral area (A->AA), but if the ancestor is widespread, one 

daughter lineage will live in a subset of this area (A->A, ABCD), or one area will split off (ABCD-

>A,BCD) due to vicariance (Matzke 2013). DIVALIKE, which is a maximum likelihood variant of 

the parsimony-based DIVA (Dispersal-Vicariance Analysis; Ronquist 1997), allows vicariance of 

any type to occur at cladogenesis but does not allow subset speciation (ABC->A,ABC) to occur 

(Poropat et al. 2016). DIVALIKE differs from DEC as the latter assumes one daughter lineage will 

always have a range of one area, so that, for example (ABCD->AB,CD) cannot happen, whereas 

DIVALIKE does not make this assumption. BAYAREALIKE, is a maximum likelihood of a previous 

model, BAYAREA, which is a Bayesian approach to historical biogeography that allows the analysis 

of a large number of areas (Landis et al. 2013). BAYAREALIKE only allows range duplication to 

occur at cladogenesis (e.g., A->A,A; ABCD->ABCD,ABCD) so that the ancestral range is copied to 

both daughter lineages. DEC and DIVALIKE, therefore, allow different forms of vicariance to occur 

at nodes whereas BAYAREALIKE does not allow vicariance (Mannion et al. 2019). These models 

are not without criticism, and DEC+J has been criticised both conceptually, as a poor model of 

founder-event speciation, and statistically, as an invalid comparison with DEC (Ree and Sanmartin 

2018). However, all models are by necessity an approximation of biological processes, and it is likely 

that future research will incrementally improve these models. This acknowledgement should not, 

therefore, mean the analyses are not performed, but that their limitations are appreciated alongside 

the interpretation of any results. 

As all of the models implemented in BioGeoBEARS are likelihood-based, standard statistical 

techniques such as the Likelihood Ratio Test (LRT) and the Akaike Information Criterion (AIC) 

can be used to test the fit of each model to the data (Matzke 2013). These allow the tests of both 

nested models, with LRT being able to compare the DEC when it is nested within DEC+J, and AIC 

can compare both nested and non-nested models, such as DIVALIKE and BAYAREALIKE. The 

model with the lowest AIC value can therefore be selected as the best fit model for the data and so 

can be used for subsequent interpretation of biogeographic history. However, interpretations of the 

BioGeoBEARS output should be treated with caution (Poropat et al. 2016). The ancestral range 

estimates produced might only be slightly more probable than those shown in the plots, with 

secondary figures showing the distribution (in the form of pie charts) of the relative probabilities 

of various area combinations at each node and each corner (i.e. where a branch changes direction 

from vertical to horizontal).  
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4.5. Results 

In all six analyses, the DEC+J model was identified as the best fit model for the data, using both 

LRT and AIC, and the results of the favoured model can be seen in Figures 4.7-4.18. However, the 

difference in AIC values between the best supported model and the next best supported model 

(which is DIVALIKE+J for all analyses except the palaeogeographic event-based time-slices with 

harsh settings (Analysis C), for which both DEC and DIVALIKE are found as the next best 

supported models) is relatively low (8-20 AIC units). In comparison, the difference between the 

two best supported models in a recent study of sauropod biogeography was 85-131 AIC units 

(Mannion et al. 2019), and this suggests that the DEC+J model here, which does outperform all 

other models with statistical significance, does not strongly outperform the other models (Burnham 

and Anderson 2002), and so caution should be applied when interpreting these results. The results 

of the statistical tests for all analyses are in Table 4.2.  

The ancestral area estimations for the major clades within Thyreophora (but excluding 

Thyreophora itself, which cannot be tested by these analyses as there is no more inclusive outgroup 

present) are also congruent between the six analyses (Table 4.3). The ancestral area for 

Thyreophoroidea (Eurypoda + Scelidosaurus) is estimated to be Asia + Europe + North America + 

South America + Australia in all analyses except the thyreophoran bearing formations-based time-

slices with harsh settings (Analysis F), where Africa replaces South America in the combined area. 

In all analyses, the ancestral area for Eurypoda was estimated to be Asia + South America + either 

Europe (analyses D and F), Europe, South America and Australia (Analysis E) or North America 

(analyses A and B). In all analyses, the ancestral area of Stegosauria was estimated to be Asia + South 

America. Europe was estimated to be the ancestral area for Ankylosauria in all analyses, with this 

combined with North America and Asia in Analysis C, and except for Analysis E where North 

America was recovered as the ancestral node. In all analyses, the ancestral area for Ankylosauridae 

was estimated to be North America. The ancestral area of Edmontonidae was estimated to be Europe 

(analyses A and B) or Europe + North America. North America was estimated to be the ancestral 

area of Polacanthidae in all analyses. The ancestral area of Struthiosauridae was estimated to be 

Europe (analyses A, B, D and E), Europe + North America (Analysis C) or Asia + Europe + North 

America (Analysis F).  

The dominant biogeographic process at the origination for each major clade was also investigated 

using the distribution of the most probable geographic ranges at the nodes in the phylogeny, which 

indicate the area occupied by the lineage prior to cladogenesis, and the corners in the phylogeny, 

which indicate the area occupied by the lineage immediately after cladogenesis (Table 4.4). 

Thyreophoroidea had no change from a widespread ancestral stock of early thyreophorans. The 

origin of Eurypoda is dominated by range contraction. At the origin of Stegosauria, evolution is 

dominated by subset speciation, whereas at Ankylosauria it is a mix of dispersal and subset 

speciation depending on the analysis. The origin of Ankylosauridae is associated with dispersal, but 

the origin of Polacanthidae is dominated by subset speciation. For the origin of Edmontonidae, the 

analyses differ on either subset speciations, vicariance or dispersals, and for the origin of 

Struthiosauridae the mode differs between vicariance or dispersals.  
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Analysis Model LnL Ln Likelihood ratio 

test 

AIC analysis 

D statistic P value AIC AICwt Ratio 

A DEC -242.3 35.32 2.80E-09 

 

488.5 5.80E-08 1.72E+07 

 DEC+J -224.6 455.2 1 

DIVALIKE -242.3 22.6 2.00E-06 

 

488.5 3.40E-05 29767 

 DIVALIKE+J -231 467.9 1 

BAYAREALIKE -280.6 83.16 7.60E-20 

 

565.2 2.40E-18 4.19E+17 

 BAYAREALIKE+J -239 484 1 

B DEC -242 34.78 3.70E-09 

 

488.1 7.60E-08 1.31E+07 

 DEC+J -224.6 455.3 1 

DIVALIKE -242 21.53 3.50E-06 

 

488.1 5.80E-05 17385 

 DIVALIKE+J -231.3 468.5 1 

BAYAREALIKE -280.6 80.59 2.80E-19 

 

565.1 8.60E-18 1.16E+17 

 BAYAREALIKE+J -240.3 486.6 1 

C DEC -250.1 22.15 2.50E-06 

 

504.1 4.20E-05 23732 

 DEC+J -239 484 1 

DIVALIKE -250.1 -24.2 1 

 

504.1 1 2.00E-06 

 DIVALIKE+J -262.2 530.3 2.00E-06 

BAYAREALIKE -286.2 71.71 2.50E-17 

 

576.4 7.30E-16 1.37E+15 

 BAYAREALIKE+J -250.4 506.7 1 

D DEC -237.4 44.82 2.20E-11 

 

478.8 5.00E-10 1.99E+09 

 DEC+J -215 436 1 

DIVALIKE -244.6 51.75 6.30E-13 

 

493.3 1.60E-11 6.36E+10 

 DIVALIKE+J -218.8 443.5 1 

BAYAREALIKE -277.7 110.8 6.70E-26 

 

559.4 2.40E-24 4.13E+23 

 BAYAREALIKE+J -222.3 450.6 1 

E DEC -238.7 47.97 4.30E-12 

 

481.4 1.00E-10 9.59E+09 

 DEC+J -214.7 435.4 1 

DIVALIKE -246.8 55.34 1.00E-13 

 

497.5 2.60E-12 3.83E+11 

 DIVALIKE+J -219.1 444.2 1 

BAYAREALIKE -280.7 114.8 8.50E-27 

 

565.4 3.10E-25 3.19E+24 

 BAYAREALIKE+J -223.3 452.5 1 

F DEC -240.5 34.76 3.70E-09 

 

485 7.70E-08 1.30E+07 

 DEC+J -223.1 452.2 1 

DIVALIKE -251 45.81 1.30E-11 

 

505.9 3.10E-10 3.26E+09 

 DIVALIKE+J -228.1 462.1 1 

BAYAREALIKE -278.4 82.99 8.30E-20 

 

560.9 2.60E-18 3.85E+17 

 BAYAREALIKE+J -236.9 479.9 1 

Table 4.2. Results of statistical tests for all analyses. The ‘Ratio’ in the AIC analyses is the ratio of the AIC weight for the 

+J version of the model to the AIC weight for the non+J version of the same model (Poropat et al. 2016). Green 

indicates best fit model for each analysis. 
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Analysis Thyreophoroidea  Eurypoda Stegosauria  Ankylosauria Ankylosauridae  Edmontonidae Polacanthidae Struthiosauridae 

A AENSU ANS AS E N E N E 

B AENSU ANS AS E N E N E 

C AENSU AS AS AEN N EN N EN 

D AENSU AES AS E N EN N E 

E AENSU AESU AS N N EN N E 

F AEFNU AES AS E N EN N AEN 
Table 4.3. Ancestral area estimations for each major node within Thyreophora. A = Asia, E = Europe, F = Africa, N = North America, S = South America, T = Antarctica, U = Australia  

 

 

Analysis Thyreophoroidea Eurypoda Stegosauria Ankylosauria Ankylosauridae Edmontonidae Polacanthidae Struthiosauridae 

A No Change 

Range 

Contraction Subset Speciation 

Subset 

Speciation Dispersal Vicariance 

Subset 

Speciation Vicariance 

B No Change 

Range 

Contraction Subset Speciation Dispersal Dispersal Dispersal No Change Dispersal 

C No Change 

Range 

Contraction Subset Speciation 

Subset 

Speciation Dispersal Dispersal  

Subset 

Speciation Dispersal 

D No Change  

Range 

Contraction Subset Speciation Dispersal Dispersal 

Subset 

Speciation 

Subset 

Speciation Vicariance 

E No Change 

Range 

Contraction Subset Speciation Dispersal Dispersal 

Subset 

Speciation 

Subset 

Speciation Dispersal 

F No Change 

Range 

Contraction 

No Change From 

Eurypoda Dispersal Dispersal 

Subset 

Speciation 

Subset 

Speciation Dispersal 
Table 4.4. Dominant biogeographical process at each major node within Thyreophora. For Thyreophoroidea, “no change” indicates no change from widespread ancestral stock of 

thyreophorans. 
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Figure 4.7. Result of the best fit model (DEC+J) for Analysis A, with palaeogeographic event-based time-slices and the 

Starting harshness setting, showing highest-probability ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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Figure 4.8. Result of the best fit model (DEC+J) for Analysis A, with palaeogeographic event-based time-slices and the 

Starting harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be magnified. 

Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South America, Purple 

= Australia, Red = Antarctica. 
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Figure 4.9. Result of the best fit model (DEC+J) for Analysis B, with palaeogeographic event-based time-slices and the 

Relaxed harshness setting, showing highest-probability ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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Figure 4.10. Result of the best fit model (DEC+J) for Analysis B, with palaeogeographic event-based time-slices and the 

Relaxed harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be magnified. 

Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South America, Purple 

= Australia, Red = Antarctica. 
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Figure 4.11. Result of the best fit model (DEC+J) for Analysis C, with palaeogeographic event-based time-slices and the 

Strict harshness setting, showing highest-probability ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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Figure 4.12. Result of the best fit model (DEC+J) for Analysis C, with palaeogeographic event-based time-slices and the 

Strict harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be magnified. Key: 

Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South America, Purple = 

Australia, Red = Antarctica. 
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Figure 4.13. Result of the best fit model (DEC+J) for Analysis D, with thyreophoran-bearing formations-based time-

slices and the Starting harshness setting, showing highest-probability ancestral states. Figure is in vector format and 

should be magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = 

South America, Purple = Australia, Red = Antarctica. 
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Figure 4.14. Result of the best fit model (DEC+J) for Analysis D, with thyreophoran-bearing formations-based time-

slices and the Starting harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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Figure 4.15. Result of the best fit model (DEC+J) for Analysis E, with thyreophoran-bearing formations-based time-

slices and the Relaxed harshness setting, showing highest-probability ancestral states. Figure is in vector format and 

should be magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = 

South America, Purple = Australia, Red = Antarctica. 
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Figure 4.16. Result of the best fit model (DEC+J) for Analysis E, with thyreophoran-bearing formations-based time-

slices and the Relaxed harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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Figure 4.17. Result of the best fit model (DEC+J) for Analysis F, with thyreophoran-bearing formations-based time-

slices and the Strict harshness setting, showing highest-probability ancestral states. Figure is in vector format and 

should be magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = 

South America, Purple = Australia, Red = Antarctica. 
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Figure 4.18. Result of the best fit model (DEC+J) for Analysis F, with thyreophoran-bearing formations-based time-

slices and the Strict harshness setting, showing pie charts of ancestral states. Figure is in vector format and should be 

magnified. Key: Green = Africa, Light blue = Europe, Dark blue = Asia, Yellow = North America, Orange = South 

America, Purple = Australia, Red = Antarctica. 
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4.6. Discussion 

Biogeographic History of Thyreophora 

The biogeographic history of the armoured dinosaurs, as indicated by these results, is dominated by 

subset speciation and multiple dispersals, with only some evidence of vicariance. This is shown by 

the mode of biogeography at the origination for each major clade. The model that best supported 

the data (DEC+J in all six analyses) allows vicariance, whereas other models such as BAYAREALIKE 

do not. DIVALIKE also allows vicariance, and the +J variants of each model allow founder-event 

speciation to occur too. However, although these models allow vicariance this does not imply that 

vicariance is the dominant biogeographic process. Using the distribution of the most probable 

geographic ranges at each node in the phylogeny, which indicate the area occupied by the lineage 

prior to cladogenesis, and the corners in the phylogeny, which indicate the area occupied by the 

lineage immediately after cladogenesis, the results show that the most likely biogeographic mode 

at the origination of Stegosauria is subset speciation, whereas it is a mixture of dispersal and subset 

speciation for Ankylosauria. The finding that vicariance is not a major force driving thyreophoran 

biogeographic patterns is in contrast to the ‘traditional’ view of dinosaurian biogeography, where 

vicariance was usually thought to be dominant and caused by tectonic events and continental 

fragmentation (e.g. Upchurch et al. 2002; see also Ding et al. 2020). The biogeographic signal 

obtained here does, however, corroborate similar, more recent, analyses on sauropod and hadrosaur 

biogeography. Several iterations of a BioGeoBEARS analysis of sauropods (Poropat et al. 2016; Xu 

et al. 2018; Mannion et al. 2019) found a mixture of trans-oceanic dispersal, founder-event 

speciation (Templeton 2008), sympatric speciation, and regional extinction to be dominant over 

vicariance, and hadrosaur biogeography was shown to be a mix of dispersal, vicariance and 

sympatric speciation (Prieto-Márquez 2010a).  

These results also indicate that the early history of Thyreophora included a geographically 

widespread ‘ancestral stock’ during the Early Jurassic. The ancestral node for Thyreophoroidea was 

estimated to be Asia + Europe + North America + South America + Australia in five out of the six 

analyses and in all analyses, the ancestral area for Eurypoda was estimated to be Asia + South 

America + either Europe (analyses D and F), Europe, South America and Australia (Analysis E) or 

North America (analyses A and B). In all analyses, the ancestral area of Stegosauria was estimated 

to be Asia + South America, and Europe was estimated to be the ancestral area for Ankylosauria in 

all analyses, with this combined with North America in Analysis E or North America and Asia in 

Analysis C. This is similar to the result derived from the ankylosaurid ankylosaur biogeographic 

analysis of Arbour and Currie (2016), where Ankylosauria was shown to have a broad Laurasian 

distribution. Furthermore, this widespread ancestral stock of thyreophorans is a similar trend to 

other dinosaur groups such as spinosaurids, neovenatorids, tyrannosauroids and dromaeosaurids 

(Sereno 1997; Barrett et al. 2011; Benson et al. 2012; Carrano et al. 2012), where early global 

cosmopolitanism proceeds regional extinction events and subsequent geographically-restricted 

fauna (Ding et al. 2020). These ancestral area reconstructions and their feasibility given Mesozoic 

continental reconstructions are discussed in detail below (see Comparisons with Mesozoic 

Palaeogeography section).  

The recovery of Asia + South America as the estimated ancestral node for Stegosauria suggests there 

is a lack of sampling of thyreophoran taxa in the group’s early evolution, particularly in Gondwana. 

There is no palaeogeographic reconstruction of the Mesozoic that supports adjacency of Asia and 
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South America (Xu et al. 2018), meaning the recovery of the two as the ancestral areas is only a 

partial recovery of all the areas of the stegosaurian ancestors, with hitherto undiscovered taxa 

occupying those areas that linked Asia and South America, such as Africa and Europe (Poropat et 

al. 2016). This is a particularly tantalising prospect, given the recently described stegosaur Adratiklit 

(Maidment et al. 2020), from the Bathonian of Morocco, north Africa, is the second oldest stegosaur 

known (with Isaberrysaura from the Bajocian of Argentina being the oldest; Salgado et al. 2017). 

Moreover, Adratiklit was recovered as closely related to the European stegosaur Miragaia in the 

phylogenetic results of Chapter Three, and statistically significant correlations of eurypodan 

occurrences in Gondwana and both dinosaur-bearing formations and dinosaur-bearing collections 

by Maidment et al. (2020) indicate that the Gondwanan fossil record is biased by both 

anthropogenic and geologic factors. The results here, as well as the recent discoveries of Adratiklit 

from Morocco and Isaberrysaura from Argentina, suggest that there are good prospects for future 

discoveries of early thyreophoran taxa from Gondwana.  

 

Similarities of Faunas 

There has been much discussion of thyreophoran faunal similarity across continents. In the Late 

Jurassic of Europe and North America, many ankylosaur and stegosaur taxa have been found. These 

include the ankylosaurs Dracopelta from the Upper Jurassic Farta Pao Formation of Portugal 

(Galton 1980b), Gargoyleosaurus and Mymoorapelta from the Upper Jurassic Morrison Formation 

of North America (Kirkland and Carpenter 1994; Carpenter et al. 1998; Kilbourne and Carpenter 

2005), and the stegosaurs Alcovasaurus, Hesperosaurus and Stegosaurus from the Morrison 

Formation of North America (Maidment et al. 2015, 2018; Galton and Carpenter 2016) and 

Dacentrurus from the Upper Jurassic Kimmeridge Clay Formation of England (Maidment et al. 

2008) and Miragaia from the Upper Jurassic Lourinha Formation of Portugal (Mateus et al. 2009; 

Costa and Mateus 2019). This faunal similarity between Europe and North America is again seen in 

the Early Cretaceous, with polacanthids found on both continents, such as Hylaeosaurus and 

Polacanthus from the Wealden Supergroup of Europe (Chapter Two, Raven et al. 2020) and the 

North American taxa Gastonia burgei and Hoplitosaurus, among others, from several formations 

including the Cedar Mountain Formation (Carpenter et al. 2008; Kinneer et al. 2016). These faunal 

similarities between North America and Europe in the Late Jurassic and in the Early Cretaceous are 

also backed up by the palaeogeography. Both instances are corroborated with evidence of a 

potential episodic corridor between Newfoundland and Iberia in the Late Jurassic (Escaso et al. 

2007) and Early Cretaceous (Torsvik et al. 2002). The results here suggest that the similarities in 

polacanthid taxa in the Early Cretaceous are due to repeated dispersals in the Early Cretaceous, 

when there was an episodic landbridge across the Atlantic Ocean (Smith et al. 2004). This is also 

seen in the Late Jurassic ankylosaurs of North America, which follow dispersals from earlier 

European ankylosaurs across an episodic landbridge (Escaso et al. 2007). However, this is not seen 

in the faunal similarities of stegosaurs. There is no evidence of dispersals between North America 

and Europe in the Late Jurassic; both North American taxa (e.g. Stegosaurus) and European taxa 

(e.g. Miragaia) occur due to subset speciation from an earlier geographically widespread distribution 

of stegosaurs.  
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Spatial Overlap of Clades 

An interesting note about the biogeographic history of the thyreophoran dinosaurs is the spatial 

overlap of clades prior to regional extinctions. This is most evident with the overlap of ankylosaurs 

and stegosaurs prior to the assumed extinction of the latter in the Early Cretaceous. In the Late 

Jurassic of North America, there is extensive sympatry between stegosaurs and ankylosaurs, as the 

Morrison Formation includes the stegosaurian taxa Alcovasaurus, Hesperosaurus and Stegosaurus 

(Maidment et al. 2015, 2018; Galton and Carpenter 2016), as well as the ankylosaurs 

Gargoyleosaurus and Mymoorapelta (Kirkland and Carpenter 1994; Carpenter et al. 1998; 

Kilbourne and Carpenter 2005). Spatial overlap also occurs in the Early Cretaceous of Asia, but with 

fewer stegosaurs; only Wuerhosaurus (Maidment et al. 2008) is present, and the ankylosaurs 

Chuanqilong, Liaoningosaurus and Shamosaurus are present (Xu et al. 2001; Han et al. 2014; Arbour 

and Currie 2016). Mongolostegus, although not included as an OTU in the phylogeny of Chapter 

Three and so subsequently not used in the biogeographic analyses here, is from the Aptian-Albian 

Dzunbain Formation of Mongolia, and is the youngest stegosaur known (Tumanova and Alifanov 

2018). This is assumed to be close to the extinction of the stegosaurs, and is at a time and location 

where ankylosaurs are common. Also in the Early Cretaceous, struthiosaurids, such as Europelta 

(Kirkland et al. 2013), moved into Europe at the same time as polacanthids, such as Hylaeosaurus 

and Polacanthus (Chapter Two, Raven et al. 2020), became regionally extinct. Furthermore, in the 

Late Cretaceous, ankylosaurids, such as Akainacephalus and Euoplocephalus (Arbour and Currie 

2013a; Wiersma and Irmis 2018), and edmontonids, such as Panoplosaurus (Carpenter 1990), move 

into North America at the same time polacanthids, such as Niobrarasaurus (Carpenter et al. 1995), 

go regionally extinct. This repeated pattern of spatial overlaps between the major clades within 

Thyreophora prior to one of the overlapping clades becoming regionally extinct potentially offers 

new insights into ecological dynamics of these clades, as the spatial overlap of taxa is a prerequisite 

of competitive exclusion (Benton 1996). These results also reinforce those of Sereno (1997) and 

Ding et al. (2020), who postulated that regional extinction was an important factor in dinosaur 

evolution. The combination of frequent dispersal events is necessary to explain the distribution of 

many thyreophoran taxa in only a single continental area (Ding et al. 2020).  

 

Comparisons with Mesozoic Palaeogeography 

As previously mentioned, Mesozoic palaeogeography helps to explain the faunal similarities 

between North America and Europe in the Late Jurassic and Early Cretaceous. However, other 

patterns of thyreophoran biogeography also relate to the palaeogeographic scenarios of the 

Mesozoic. The widespread early distribution of thyreophoran taxa corresponds to the persistence 

of Pangaea, which started to break up with the opening of the North Atlantic in the Sinemurian 

(Torsvik and Cocks 2017). Moreover, Europe is consistently recovered as part of an important 

dispersal pathway of thyreophoran taxa. The ancestral node for Ankylosauria is recovered as Europe 

in five analyses, and there are repeated dispersals between Europe and North America throughout 

both ankylosaurian and stegosaurian evolutionary history. These dispersals between Europe and 

North America are, however, stratigraphically limited, with the youngest being in the Valanginian, 

and this coincides with the opening of the Atlantic Ocean, with the latest possible land connection 

also being in the Valanginian (Smith et al. 2004).  
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The presence of Europe as a strong component of dispersal pathways, for example with the Early 

Cretaceous stegosaur Wuerhosaurus and for the North American struthiosaurid ankylosaur 

Silvisaurus, being  recovered as dispersing through Europe, is similar to the results of both Dunhill 

et al. (2016) and Ding et al. (2020), despite the relative lack of taxa originating in Europe. It is 

therefore likely that the palaeogeography of Europe, which existed as a series of islands throughout 

much of the Jurassic and Cretaceous (Poropat et al. 2016), and the associated spatiotemporal biases 

in the fossil record is contributing to a lack of named thyreophoran taxa from the continent. 

Furthermore, the multiple dispersals of ankylosaurid ankylosaurs between North America and Asia, 

such as Crichtonpelta in the Cenomanian and Zaraapelta and Nodocephalosaurus in the 

Campanian, can also be linked to the presence of the Bering Strait land bridge, which formed 

between the Aptian and the Cenomanian and again between the Campanian and Maastrichtian 

(Poropat et al. 2016). Many ancestral nodes within Ankylosauridae can be found in either of these 

continents during these times. The land bridge across the Turgai Sea between Europe and Asia, 

which started in the early Berriasian (Xu et al. 2018), could also have contributed to the dispersal 

of ankylosaurid ankylosaurs from Europe to Asia as indicated by the ancestral nodes within 

Ankylosauridae, such as the reconstructed ancestors of Dongyangopelta and Zhejiangosaurus. 

However, the presence of ankylosaurs in Australia is still yet to be explained adequately. 

Kunbarrasaurus is recovered as a member of Ankylosauridae, whilst Minmi is unusually recovered 

outside of Eurypoda. Australia became independent from Africa, and thus was isolated as a 

continent, by the end of the Tithonian (Smith et al. 2004), whereas the results here suggest the 

ancestral node for Kunbarrasaurus dispersed from Asia to Australia during the Barremian. This 

suggests a lack of sampling of Australian ankylosaurs prior to the Barremian. It is possible 

ankylosaurs followed a similar dispersal pattern to sauropods, to Australia from South America via 

Antarctica (Poropat et al. 2016), and this signal has not been recovered due to the well-documented 

biases in the Gondwanan fossil record (e.g. Maidment et al. 2020). Furthermore, the presence of an 

unnamed polacanthid ankylosaur from Argentina (Coria and Salgado 2001; Arbour and Currie 

2016) could also be linked to the presence of a reestablished land bridge between North America 

and South American in the Campanian (Poropat et al. 2016). However, the dispersal pattern of 

polacanthids shows a route from North America to South America via Europe, which is unlikely 

given the separation of Europe and South America since the Early Jurassic (Torsvik and Cocks 

2017). It is more likely, therefore, that there is an undersampling of polacanthid taxa that, if 

corrected, would help to explain this dispersal pattern.  

 

Comparison of Time-slicing Methods 

The use of two time-slicing methods, based upon palaeogeographic events and thyreophoran-

bearing formations, respectively, allows comparison of these methods. The different approaches to 

time-slicing produced varying resolutions, culminating in 26 time-slices based upon 

palaeogeographic events, and 11 time-slices based upon thyreophoran-bearing formations. This 

produced a variable computational effort in BioGeoBEARS; the analyses based upon 

palaeogeographic events on average took 14 hours, whereas the analyses based upon the 

thyreophoran-bearing formations on average took 4 hours. Furthermore, there were slight 

differences when observing the modes of biogeography within the major clades (as opposed to at 
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the nodes of origination for the major clades). The thyreophoran-bearing formation-based time-

slices produced a biogeographic evolution that included more subset speciation than the 

palaeogeographic events-based time-slices. It is unclear as to why this has occurred, although given 

that diversity curves are highly susceptible to the time-slicing strategy used (Dean et al. 2020), it is 

perhaps not surprising that variation in results of biogeographic analyses can also be found using 

different time-slicing strategies. However, many more similarities between the two methods were 

also seen, and this congruence provides high confidence in the interpretation of the results here. 

These similarities include the best supported model (DEC+J) being found in all analyses, very 

similar results of ancestral areas for the major clades (Table 4.3) and similar modes of biogeography 

at the nodes of origination for each major clade (Table 4.4.).  

 

4.7. Conclusions 

The biogeographic history of the whole-group Thyreophora has been analysed quantitatively here 

for the first time. This has been performed using a maximum-likelihood approach, and constraining 

analyses based upon Mesozoic palaeogeography, and has used the novel phylogenetic hypothesis 

presented in Chapter Three as a backbone. Thyreophoran biogeographic history is shown to be 

dominated by multiple dispersals, subset speciation and regional extinction of taxa, with only a 

small role for vicariance. This is a similar to the patterns found in recent studies of sauropod and 

hadrosaur biogeography but contrasts to the traditional view of dinosaurian biogeography. These 

results also indicate a widespread ancestral stock of thyreophorans, and faunal similarities between 

European and North American thyreophorans on multiple occasions throughout the Mesozoic. 

These results are generally consistent with palaeogeographic scenarios, although they also 

demonstrate that a lack of sampling, in particular with regards to the Gondwanan fossil record, 

might be obscuring important signals, predominantly with respect to the early history of the clade. 

Significantly, the spatial overlap of major thyreophoran clades prior to regional extinctions offers 

possible insights into potential ecological interactions between these clades, which can be examined 

in more detail with the further macroevolutionary analyses in Chapter Five.  
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5. The Macroevolutionary History of the Armoured Dinosaurs (Ornithischia: 

Thyreophora) 

 

5.1. Abstract 

The armoured dinosaurs (Thyreophora) had an evolutionary history spanning nearly 135 million 

years, from the earliest Jurassic to the latest Cretaceous. However, the absence of a species-level, 

whole-group phylogeny, combined with a patchy fossil record, has prevented macroevolutionary 

analyses on the mode and tempo of thyreophoran evolution, as well as more focussed studies on 

either Ankylosauria or Stegosauria. Here, I use a multi-faceted approach, incorporating diversity, 

disparity and evolutionary rate analyses, to investigate thyreophoran macroevolution for the first 

time. These analyses are implemented in the R packages paleotree, Claddis and DispRity, using the 

novel hypothesis of thyreophoran interrelationships presented in Chapter Three as a backbone. 

Diversity analyses include a taxic diversity estimate and a phylogenetic diversity estimate, as well 

as testing potential correlations with the numbers of dinosaur-bearing collections and formations 

available through time, with these data drawn from the Paleobiology Database. Disparity analyses 

include bivariate plots, through-time analyses and per group analyses, as well as the use of 

partitioned datasets of cranial, postcranial and osteoderm characters. The possible effects of missing 

data on disparity analyses are also investigated using a reduced matrix containing only taxa with a 

character completeness score of >25%. Evolutionary rate analyses include through-time, per branch 

and per character partitions. The results of these varied analyses show that thyreophoran dinosaurs 

had a complex macroevolutionary history. Raw species richness shows high diversity in the Late 

Jurassic, Early Cretaceous and Late Cretaceous, but this is shown to be correlated with the numbers 

of both dinosaur-bearing formations and dinosaur-bearing collections. The phylogenetic diversity 

estimate shows similarly high diversity in the Late Jurassic and Early Cretaceous, but also a much 

higher diversity in the Early Jurassic and a reduction in species-richness prior to the K-Pg 

extinction. Disparity analyses indicate that the major thyreophoran groups occupy distinct regions 

of morphospace, and this is accentuated when taxa with substantial missing data are removed. 

Disparity is shown to peak in the Early Cretaceous, which is coincident with the diversification of 

the high-disparity group Ankylosauridae. Evolutionary rate analyses show an early-burst model of 

evolution, with highest rates in the Early Jurassic and in early-branching members of each 

thyreophoran clade, and also demonstrates a decoupling of disparity and evolutionary rates. These 

results indicate that the thyreophoran dinosaurs show evidence of potential ecological competition 

between the ankylosaurs and stegosaurs. A double-wedge of increasing ankylosaur diversity and 

decreasing stegosaur diversity occurs prior to the final extinction of stegosaurs in the Early 

Cretaceous, along with previous biogeographic results showing significant spatial overlap of these 

clades. However, disparity analyses suggest that these two groups might have been ecologically 

distinct. Further investigation of ecological niche partitioning, such as dental microwear analyses, 

could offer conclusive evidence of whether ankylosaurs competitively excluded stegosaurs during 

the Early Cretaceous. 
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5.2. Introduction 

Macroevolution is usually defined as evolution above the species level (Jablonski 2017), and can 

operate over large spatial and temporal scales, particularly when observed through the 

palaeontological record. Indeed, fossils can provide direct evidence of evolution that cannot be 

obtained when using only extant taxa (Sepkoski 2012). The integration of palaeontology into 

modern evolutionary studies was first achieved in the seminal study of Simpson (1944), Tempo and 

Mode in Evolution, where population genetics was shown to be inadequate for explaining 

macroevolutionary patterns (Huxley 1945). The tempo, or evolutionary rate, and mode, or the 

mechanism of evolution, are distinct but related descriptors that can be used to identify 

evolutionary signals and patterns. These can be used to study macroevolutionary processes, such as 

adaptive radiations (e.g. the Cambrian Explosion; Conway Morris 1989), biodiversity change 

through time (e.g. Benson et al. 2016), the distribution of biodiversity along latitudinal gradients 

(e.g. Mannion et al. 2014), mass extinctions (e.g. the end-Cretaceous extinction; Chiarenza et al. 

2020), body size evolution through time (e.g. Cope’s Rule; Benson et al. 2018), the Red Queen 

hypothesis (e.g. Benton 2009), and punctuated equilibrium vs gradualism (e.g. Eldredge and Gould 

1972), among many other topics. Consequently, the study of macroevolution is fundamental to 

understanding life on Earth and has dominated a large swathe of evolutionary research for the past 

century.  

There are many distinct approaches that can be used in macroevolutionary research, and it is 

possible to use phylogenetic character-taxon matrices with discrete data to understand the mode 

and tempo of morphological evolution (Lloyd 2016; Gerber 2019). This is of particular use to 

palaeontologists where, due to the lack of genetic data, discrete cladistic matrices are commonplace 

for analysing the phylogenetic relationships of taxa (e.g. Pisani et al., 2002; Butler et al., 2008; 

Maidment et al., 2008; Thompson et al., 2012; Mannion et al., 2013; Boyd, 2015; Tschopp et al., 

2015; Arbour and Currie, 2016; Brusatte and Carr, 2016; Baron et al., 2017a). These matrices have 

previously been co-opted for the analysis of disparity, often called morphological diversity or 

morphospace occupation (e.g. Foote 1997), and of evolutionary tempo (e.g. Ruta et al. 2006). There 

has been an advancement in the size and availability of phylogenetic matrices, and the 

improvement in the computational ability, in both speed and methodology, for analysing these in 

disparity and rate studies. This means that discrete character-taxon matrices are ideally suited for 

understanding the pattern and tempo of morphological evolution and they are being used 

increasingly for such research (Lloyd 2016).  

Dinosaurs, being the dominant terrestrial vertebrates for over 160 million years of the Mesozoic, 

had an outstanding range of ecological diversity and form. Despite previous concerns over whether 

the dinosaur fossil record was sufficiently sampled for quantitative macroevolutionary analyses 

(Farlow et al. 1995), understanding their macroevolutionary dynamics has become a rich research 

field that applies a variety of methodologies (e.g. Brusatte et al. 2008b; Sander et al. 2011; Benson 

2018; Benson et al. 2018; Nordén et al. 2018). This has led to a vast increase in our understanding 

of dinosaurian evolution, including evidence that dinosaurs increased in disparity across the 

Triassic/ Jurassic boundary, suggesting they outcompeted pseudosuchian archosaurs to extinction 

(Brusatte et al. 2008a), as well as deceleration in the rate of skull evolution across the dinosaur-bird 

transition (Felice et al. 2020). Other examples of dinosaur macroevolutionary research show a 

bimodal distribution in dinosaur body sizes (Benson et al. 2018), and a saturation of biomechanical 
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disparity in early herbivorous dinosaur evolution (MacLaren et al. 2017). However, some 

fundamental hypotheses regarding dinosaur macroevolution remain controversial, such as whether 

the speciation rates of non-avian dinosaurs were in terminal decline prior to their sudden extinction 

at the K-Pg mass extinction (Sakamoto et al. 2016; Chiarenza et al. 2019; Bonsor et al. 2020; Crouch 

2020). 

A new hypothesis of thyreophoran phylogeny was presented in Chapter Three, which is the first 

species-level dataset with an adequate taxon sampling of ankylosaurs, stegosaurs and early-

diverging thyreophorans to be useful as a basis for macroevolutionary analyses. This new phylogeny 

presents a novel hypothesis of thyreophoran interrelationships. A monophyletic Eurypoda was 

recovered, as expected, although the intrarelationships of Ankylosauria, one of the two sub-clades 

within Eurypoda (along with Stegosauria), are drastically different to those accepted previously. 

The ‘traditional hypothesis’ proposed an Ankylosauridae – Nodosauridae dichotomy within 

Ankylosauria, but this was not recovered in Chapter Three; instead, four independent radiations of 

ankylosaurs – Ankylosauridae, Edmontonidae, Polacanthidae and Struthiosauridae – were found 

instead. Using this new, strongly supported phylogeny as a backbone, I analyse the 

macroevolutionary history of the thyreophoran dinosaurs. I focus on diversity (species-richness), 

disparity and evolutionary rate analyses, using the R packages paleotree (Bapst 2012), Claddis (Lloyd 

2016) and dispRity (Guillerme 2018). The diversity analyses include estimates of taxic diversity and 

a phylogenetic diversity estimate; the disparity analyses include disparity through time, intra-clade 

plots and whole-group morphospace plots; and the evolutionary rate analyses include through-time 

plots and per branch and per character partitions. The results of these analyses highlight the 

interesting evolutionary dynamics of the whole-group Thyreophora, as well as the ecological 

interactions of the smaller clades Ankylosauria and Stegosauria, although they show that further 

work will be necessary to fully elucidate thyreophoran macroevolution.  

 

5.3. Previous Macroevolutionary Analyses 

Macroevolutionary analyses using a discrete cladistic matrix have become common in 

palaeontological research, including investigations of key periods of dinosaur evolution. These 

include the initial radiation of dinosaurs in the Late Triassic (Brusatte et al. 2008a), the dinosaur-

bird transition (Brusatte et al. 2014), and the end-Cretaceous mass extinction (Brusatte et al. 2012). 

More restrictive analyses of dinosaur sub-groups have also been performed, such as on hadrosaurs 

(Stubbs et al. 2019; Takasaki et al. 2020), theropods (Schaeffer et al. 2019) and ornithopods 

(Strickson et al. 2016). The use of discrete cladistic matrices as the input for macroevolutionary 

analyses is also common in studies of other extinct taxa, such as archosauromorphs across the 

Permo-Triassic mass extinction (Ezcurra and Butler 2018), archosaurs in the Triassic and Jurassic 

(Brusatte et al. 2010), ichthyosaurs (Moon and Stubbs 2020), ostracoderms (Ferron et al. 2020), 

mammals (Close et al. 2015; Halliday and Goswami 2016), therocephalians (Grunert et al. 2019), 

parareptiles (Cisneros and Ruta 2010; MacDougall et al. 2019), temnospondyls (Ruta 2009), 

pterosaurs (Prentice et al. 2011; Butler et al. 2012), lungfish (Lloyd et al. 2012), priapulid, 

archaeopriapulid and palaeoscolecid worms (Wills et al. 2012), therapsids (Ruta et al. 2013), and in 

the fish-tetrapod transition (Ruta and Wills 2016). 
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However, application of macroevolutionary analyses to thyreophoran dinosaurs is currently 

lacking, with few studies using a discrete cladistic matrix to understand thyreophoran 

macroevolutionary history. The only examples to focus on thyreophorans are Romano (2017), 

which analysed diversity and disparity signals for Stegosauria using the data matrix of Raven and 

Maidment (2017), and Romano (2021), which analysed diversity and disparity signals for 

Ankylosauridae, using the cladistic matrix of Arbour and Currie (2016). The first study found that 

stegosaurs had a ‘symmetric’ evolutionary history, with a peak halfway through the fossil record of 

the group (Romano 2017). Interestingly, it also found a decoupling of the mode and tempo of 

evolution of the cranium and postcranium in stegosaurs, with a maximum morphospace occupation 

in the cranium in the Oxfordian but a Kimmeridgian peak for the postcranium. However, this study 

used time-slices of highly variable duration, a factor that can cause irregular results (see Chapter 

Four for discussion), and the diversity estimate used therein was an uncorrected raw taxic count 

that did not account for the spatial and temporal biases that are known to influence estimates of 

thyreophoran species-richness (e.g. Maidment et al. 2020). The second study found a maximum 

morphospace occupation of ankylosaurs that was coupled with the maximum diversity (occurring 

in the Campanian), although an alternative disparity metric (sum of variances) was decoupled from 

diversity (Romano 2021). This is similar to the result found for stegosaurs (Romano 2017), although 

the studies contrast with ankylosaurs having two peaks in their disparity signal, whereas stegosaurs 

had a symmetrical signal with one peak approximately midway through their evolutionary history. 

Romano (2021) also had the same aforementioned issues regarding variable time-slices and use of 

raw taxic diversity estimates.  

Various studies have focused on, or at least included, thyreophoran dinosaurs in macroevolutionary 

analyses, although without using a cladistic matrix as an input. Using bone histology, Redelstorff et 

al. (2013) looked at growth rates across Thyreophora, with a focus on Stegosauria, and suggested 

slow grow rates were not plesiomorphic for thyreophorans. Ősi et al. (2017) investigated feeding 

adaptations across Ankylosauria and found that the simple orthal pulping of early ankylosaurs later 

became a more complex, precise tooth occlusion in Cretaceous ankylosaurs. Ankylosauria and 

Stegosauria were both included in the diversity and occurrence plots of Butler et al. (2009), 

although the focus of this study was to gain insight into possible dinosaur/ angiosperm co-evolution. 

Similarly, MacLaren et al. (2017) included thyreophorans in an analysis of jaw shape and function, 

but this was a broad-scale study of all herbivorous non-avian dinosaurs. This was also the case with 

Nordén et al. (2018), although no stegosaurs were included as the study focused on Cretaceous 

dinosaurs. Many macroevolutionary analyses of thyreophorans have focused on the bizarre 

ornamentation seen on the back and tails of both ankylosaurs and stegosaurs. These include Padian 

and Horner (2011), who investigated these structures along with other enigmatic features such as 

the ceratopsian frill and argued the structures were selected for species recognition, and Arbour 

and Zanno (2018), who analysed tail weaponry amongst amniotes and found convergences between 

ankylosaurs, stegosaurs, turtles and glyptodonts. The analyses presented here have not been 

attempted before and are, therefore, the first quantitative attempt to understand the 

macroevolutionary history of the whole-group Thyreophora and of the lineages Ankylosauria and 

Stegosauria.  
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5.4. Methods 

In order to assess the macroevolutionary history of the thyreophoran dinosaurs, I have used a multi-

faceted approach that applies three methodologies: diversity analyses in the R package paleotree 

(Bapst 2012); disparity analyses in the R packages Claddis (Lloyd 2016) and dispRity (Guillerme 

2018); and evolutionary rate analyses in the R package Claddis (Lloyd 2016). These analyses use the 

new phylogenetic hypothesis presented in Chapter Three as a backbone, and each analysis is 

discussed in detail below.  

 

Phylogenetic Tree 

Many macroevolutionary analyses require a phylogenetic tree as a framework and a fully resolved 

tree, without polytomies, is often required. This is a similar requirement to that for the 

biogeographic analyses in Chapter Four, and so the same settings are used here (Fig. 5.1). These are 

summarised below, but for full detail see the Phylogenetic Tree section in the Methods of Chapter 

Four. The analysis with the highest stratigraphic congruence in Chapter Three was Analysis B (see 

Tree Selection), and this was chosen as the ‘preferred tree’ for discussion and subsequent 

macroevolutionary analyses. All polytomies were subsequently transformed into a series of 

dichotomies using the function ‘multi2di’ in the R package ape (Paradis et al. 2004), and the 

resulting tree was time-scaled using the ‘DatePhylo’ function in the R package strap (Bell and Lloyd 

2015). The resultant phylogenetic tree contains 89 taxa, as Acantholipan and Mongolostegus were 

removed as OTUs prior to the phylogenetic analyses in Chapter Three, and this was followed here 

also. This means that for all analyses, except where specified later, the sample size is n=89. 

 

Taxon Ages 

The methodology for dating the taxa is the same as that applied in Chapter Four, and so is only 

summarised here. The 89 taxa were dated using the Paleobiology Database (https://paleobiodb.org/), 

with the primary literature providing modifications. I used the First Appearance Datum (FAD) and 

the Last Appearance Datum (LAD) as equivalent to the ages of the stratigraphic unit of the taxon. 

All taxon ages were converted to absolute ages, as opposed to stage, unit or formation names, using 

the International Commission on Stratigraphy Chronostratigraphic Chart v2020/03 (Cohen et al. 

2013). Several ages were then modified based upon finer resolution studies of regional stratigraphy. 

https://paleobiodb.org/
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Figure 5.1. Time-calibrated phylogeny of the ‘preferred tree’ from Chapter Three. Text is in vector format and should be magnified. 

Spearpoint ankylosaur 

Wuerhosaurus homheni 
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Diversity Analyses 

The fossil record is inherently biased in its sampling of taxa, with variation between clades, 

geological time, geographic regions and worker-effort (Close et al. 2018), meaning various methods 

have been developed to estimate taxonomic richness through deep time. The simplest approach is 

to interpret the fossil record literally, using raw counts of taxa (Sepkoski Jr et al. 1981; Raup and 

Sepkoski Jr 1982). This does not counter the effect of sampling heterogeneity, however, and the 

richness values obtained using these taxic approaches can be misleading (Alroy et al. 2001; Close et 

al. 2018). Many other methods have been proposed to quantify diversity and a comparison of all 

options would be impractical (Alroy 2020) – however, most of these attempt to compensate for the 

incompleteness of the fossil record. Methods that are popular in palaeontology include shareholder 

quorum subsampling (SQS), which is a sample standardisation approach that subsamples more 

intensively when the underlying richness of the subsampling inventory is higher (Alroy 2010). This 

approach is robust to the tendency shown by other subsampling approaches to flatten out diversity 

curves (Benson et al. 2016), although it requires a relatively high starting sample and can produce 

unclear results (Alroy 2020). SQS is a form of sample standardisation, meaning that it attempts to 

standardise diversity estimates by rarefying the data to either an equal sample size or an equal 

sample completeness (Close et al. 2018). Early sample standardisation techniques include classical 

rarefaction (Sanders 1968), which is now known to be flawed as it artificially compresses richness 

ratios (Alroy 2010; Close et al. 2018), and there have been several iterations developed since. 

Phylogenetic diversity estimates, which are the sum of all branch lengths in a phylogenetic tree 

(Chao et al. 2015), rather than just the known stratigraphic ranges of taxa, can also be used. 

Originally developed for biodiversity conservation (e.g. Price 2012), they are a simple approach that 

can produce better estimates of biodiversity over time without the need for large sample sizes or 

complex computational effort (Chao et al. 2014). These are, however, a function of sampling effort 

(Chao et al. 2015) and therefore the resultant diversity estimate increases with sampling 

completeness. Other methods include the recently developed TRiPS (True Richness estimation 

using Poisson Sampling), which attempts to estimate both the sampling bias and the true richness 

using the variation in the number of times a species is observed in the fossil record (Starrfelt and 

Liow 2016).  

Here, I first establish thyreophoran taxic diversity through time as a raw count of unique taxa in 

each time-slice (Fig. 5.2). I use time-slices ranging from 66.0 Ma to 206 Ma, to encompass the total 

temporal range of the OTUs in the phylogeny, in equal-length slices of 10 Myr, in order to reduce 

biases that can be introduced when using variable length time-slices (Guillerme and Cooper 2018). 

Taxic diversity was calculated using the function ‘taxicDivDisc’ in the R package paleotree (Bapst 

2012), with estimates for the whole-group Thyreophora as well as the sub-groups Ankylosauria and 

Stegosauria, and the results were plotted in Excel (Microsoft Corporation 2018).  

Due to the well-known anthropogenic biases on the fossil record (e.g. Maidment et al. 2020), I then 

calculated Spearman’s rank and Kendall’s Tau correlations in the R package VGAM (Yee 2020) 

between the numbers of both dinosaur-bearing formations (Figure 5.3) and dinosaur-bearing 

collections from the Palaeobiology Database (https://paleobiodb.org/) and thyreophoran taxic 

diversity (Figure 5.4).  

https://paleobiodb.org/
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Finally, I produced a phylogenetic diversity estimate (Fig. 5.5), incorporating the lineages in the 

new phylogenetic hypothesis presented in Chapter Three, using the function ‘PhyloDiv’ in the R 

package paleotree (Bapst 2012). Due to the small sample size of thyreophoran dinosaurs, SQS and 

other rarefaction techniques would not be viable; for example, there are too many taxa that are 

singletons in the dataset (Benson et al. 2016), and therefore these methodologies were not 

attempted here.  

 

Disparity Analyses  

Taxonomic richness is not the only measure of diversity; the phenotypic diversity, or disparity, can 

also be used to examine evolutionary trends within a group of organisms, and, unlike taxonomic 

diversity, it is relatively robust to the uneven sampling of the fossil record (Smith et al. 2014). This 

has become a rich research field in recent years, particularly within palaeontology, where discrete, 

continuous and morphometric data are used to estimate morphospace occupation and to understand 

the factors affecting morphological evolution (Guillerme et al. 2020a). Using continuous and 

morphometric data can be logistically difficult and time consuming, whereas co-opting discrete 

cladistic matrices for disparity analyses can provide a simple solution (Lloyd 2016). It is possible 

that using phylogenetic matrices will artificially increase disparity between groups (Guillerme et 

al. 2020a), as synapomorphies that are necessary for phylogenetic analysis will by definition lead to 

increases in disparity. Results, therefore, need to be treated with caution. The inclusion of 

autapomorphies in a dataset can, however, reduce the effects of this (Matzke and Irmis 2018), and 

there is no evidence to suggest that continuous or morphometric data are better suited to disparity 

studies (Guillerme et al. 2020a).  

Disparity analyses often require ordination. This is a form of dimensionality reduction that maps 

observed variables into a reduced dimension whilst maintaining the fundamental principle that 

similar data are closer together than dissimilar data (Guillerme et al. 2020a). This allows easier 

interpretation of data, in either two or three dimensions, and can allow a concentration of effort 

onto the axes that describe the majority of variation in the data (Guillerme et al. 2020a). Forms of 

ordination include Principal Component Analysis (PCA), often used for continuous data (e.g. 

Bardua et al. 2019), and Principal Coordinate Analysis (PCO), which can be used for discrete data 

(e.g. Moon and Stubbs 2020). PCA, when used with morphometric data, can conserve the 

mathematical properties of the data, allowing visual interpretation of the main component of 

morphological variation, such as bird beak elongation (Bright et al. 2016). However, it has been 

suggested that PCA can also lead to erroneous results when using phylogenetically structured data 

(Uyeda et al. 2015). PCO is implemented in the R package Claddis (Lloyd 2016), and can be strongly 

impacted by the choice of distance metric (Guillerme et al. 2020a). In Claddis (Lloyd 2016), the 

distance metric used is the Maximum Observable Rescaled Distance (MORD), which was shown 

by simulation analyses in Lloyd (2016) to outperform other distance metrics such as Raw Euclidean 

Distance (RED), Generalized Euclidean Distance (GED) and Gower’s Coefficient (GC). MORD has 

also been shown to be more robust to missing data than other distance metrics (Lehman et al. 2019), 

which is particularly important for palaeontological datasets where missing data are common 

(Smith et al. 2014).  
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The quantification of disparity signals can also use disparity metrics, in order to extract a meaningful 

summary of all disparity from the multidimensional datasets without using dimensionality 

reduction (Guillerme et al. 2020a). This can be done to visualise disparity of a group through time, 

or to assess relative disparity of sub-groups within an analysis (Guillerme 2018). The use of disparity 

metrics is particularly useful when using discrete data derived from cladistic datasets, as the 

percentage of variation is unlikely to be concentrated on the first few principal component axes in 

the same way as it is for morphometric data (Guillerme et al. 2020a). A variety of disparity metrics 

can be used (Guillerme et al. 2020a); the range, variance or quantiles compare the spread of 

distributions, and the mean, median or mode compare the differences in the central components of 

groups. The choice of disparity metric is relevant to the biological question to be answered; for 

example, the total variance can be an indication of taxon dispersal, and the sum of ranges can be an 

indication of the total amount of occupied morphospace (Prentice et al. 2011; Romano 2021). No 

disparity metric, however, describes the entirety of trait space variation, and some metrics capture 

certain components better than others (Guillerme et al. 2020b).  

Disparity analyses can include simple bivariate plots of morphospace, with principal component 

axes on the x- and y-axes of the graph. The first two principal component axes are often used, and 

these plots can highlight the relative amount of morphospace a group occupies (e.g. Moon and 

Stubbs 2020, fig. 2). Disparity through time analyses can also show, using a disparity metric, how 

the disparity of a group varies through the time-slices in question (e.g. Moon and Stubbs 2020, fig. 

1). Disparity metrics can also be used to summarise the relative disparity of sub-groups of a dataset, 

based on taxonomy, geographic or temporal distribution, or ecology (Guillerme et al. 2020a) 

Here, I have used the R packages Claddis (Lloyd 2016) and dispRity (Guillerme 2018) to estimate 

thyreophoran dinosaur disparity. For all analyses that require time-slicing, I used the 

thyreophoran-bearing formations time-slices that were discussed in Chapter Four, to allow for 

direct comparison with the biogeographic results. Firstly, I ran a simple bivariate morphospace 

analysis using the function ‘ordinate_pcoa_matrix’ in the R package Claddis (Lloyd 2016). This was 

then plotted with the first two principal component axes using the function ‘plot_morphospace’ 

(Fig. 5.6), and then a comparison of the first four principal component axes was plotted using the 

function ‘plot_multi_morphospace’ (Fig. 5.7). Due to missing data, and the subsequent inability to 

produce a number of pairwise comparisons between taxa (Smith et al. 2014), various taxa were 

pruned from the dataset during the principal coordinate analysis (PCO): Adratiklit, Anoplosaurus, 

the unnamed Argentinian ankylosaur, Borealopelta, Crichtonpelta, Denversaurus, Isaberrysaura, 

Loricatosaurus, Minotaurasaurus, Nodocephalosaurus, Paranthodon, Pawpawsaurus, Sarcolestes, 

Tarchia kielanae, Tarchia teresae, Tsagantegia and Zaraapelta. 

An analysis of disparity of each sub-group was then performed (Figs. 5.8, 5.9), using the function 

‘dispRity.per.group’ in the R package dispRity (Guillerme 2018). The groups were defined a priori, 

according to the new phylogenetic hypothesis of Chapter Three, with six in total: non-eurypodans, 

Stegosauria, Ankylosauridae, Polacanthidae, Edmontonidae and Struthiosauridae.  

A disparity through time analysis was also performed (Figs. 5.10, 5.11), using the function 

‘dispRity.through.time’ in the R package dispRity (Guillerme 2018). For both the disparity per 

group and disparity through time analyses, two disparity metrics were used; the sum of variances 

and the median Euclidean distance from the centroid. Using two disparity metrics allows a more 
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detailed assessment of disparity, given that different metrics capture different aspects of disparity 

(Guillerme et al. 2020b). 

The cladistic dataset was partitioned into cranial, postcranial and osteoderm character partitions. 

Simple bivariate plots were produced (Figs. 5.12 – 5.14) using the function ‘ordinate_pcoa_matrix’ 

in the R package Claddis (Lloyd 2016) and disparity through time plots were also produced (Figs. 

5.15 – 5.20) using the function ‘dispRity.through.time’ in the R package dispRity (Guillerme 2018).  

The character coding method used in Chapter Three, reductive coding, can often produce a large 

percentage of missing data in cladistic datasets (Brazeau 2011). Missing data can have a significant 

effect on disparity analyses (Lehman et al. 2019), as during the transformation from a morphological 

matrix into a distance matrix, a high percentage of missing data can mean certain pairs of taxa have 

an absence of overlapping information. This can cause the percentage of variation on the first 

principal component axis to be very low (Smith et al. 2014), and it can change the position of taxa 

in a morphospace. To investigate the effect of missing data on the analyses here, I produced a 

reduced matrix where only taxa that are >25% complete (according to the Character Completeness 

Score of Chapter Three) are included. This is therefore comparable to the ‘signal tree’, Fig 3.14, of 

Chapter Three. This reduced matrix contained 47 taxa: Akainacephalus, Animantarx, 

Ankylosaurus, Anodontosaurus, Cedarpelta, Chuanqilong, Chungkingosaurus, Dacentrurus, 

Dyoplosaurus, Edmontonia longiceps, Edmontonia rugosidens, Emausaurus, Euoplocephalus, 

Europelta, Gargoyleosaurus, Gastonia burgei, Gastonia lorriemcwhinnyae, Gobisaurus, 

Hesperosaurus, Huayangosaurus, Hungarosaurus, Jinyunpelta, Kentrosaurus, Kunbarrasaurus, 

Lesothosaurus, Minotaurasaurus, Miragaia, Panoplosaurus, Pawpawsaurus, Peloroplites, 

Pinacosaurus grangeri, Pinacosaurus mephistocephalus, Saichania, Sauropelta, Scelidosaurus, 

Scolosaurus, Scutellosaurus, Shamosaurus, Silvisaurus, Stegosaurus stenops, Struthiosaurus 

austriacus, Talarurus, Tarchia teresae, Tsagantegia, Tuojiangosaurus, Ziapelta and Zuul.  

This reduced dataset was then subjected to PCO using the function ‘ordinate_pcoa_matrix’ in the 

R package Claddis (Lloyd 2016), during which only Dacentrurus was removed from the reduced 

matrix. As for the full matrix, this was then plotted with the first two principal component axes 

using the function ‘plot_morphospace’ (Fig. 5.21), and then a comparison of the first four principal 

component axes was plotted using the function ‘plot_multi_morphospace’ (Fig. 5.22). A disparity 

through time analysis was also performed on the reduced matrix (Figs. 5.23, 5.24) using the function 

‘dispRity.through.time’ in the R package dispRity (Guillerme 2018). 

Tables with the resulting eigenvectors and eigenvalues for all disparity analyses can be found in the 

Appendices A5.1. and A5.2.   
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Evolutionary Rate Analyses  

The tempo of morphological evolution can be captured by discrete morphological characters within 

the framework of a phylogenetic tree (Lloyd 2016). This is becoming common in the 

palaeontological literature (e.g. Brusatte et al. 2014; Close et al. 2015; Ezcurra and Butler 2018; 

Moon and Stubbs 2020), although until the advent of Claddis (Lloyd 2016) the software 

implementation behind these analyses was complex, and often involved a large amount of manual 

effort (Brusatte 2011). Unlike continuous data, where models of evolution such as Brownian motion 

and Ornstein-Uhlenbeck are well established (Butler and King 2004), there are a lack of explicit 

models for rate analyses using discrete data. Lloyd et al. (2012) and Lloyd (2016), building upon 

work of Cloutier (1991), identified four types of rate analyses for discrete data, which are expressed 

as the mean number of changes per million years. These include a per-branch rate, a per-clade rate, 

a per-time period rate and a per-character rate, and allow an examination of where and when rate 

shifts occur, and which characters are responsible for these rate shifts (Lloyd 2016). These can then 

be modelled using either a one-rate or two-rate model and, when combined with an exploratory 

approach where the mean rate is used, all branches, characters and time-slices can be considered 

(e.g. Lloyd et al. 2012; Brusatte et al. 2014; Close et al. 2015; Lloyd 2016). In Claddis (Lloyd 2016), 

ancestral state estimation of the internal nodes is first performed using a likelihood approach, prior 

to the rate analyses, so that unevenness in the phylogenetic tree is reduced, although this can also 

produce a smoothing bias (Lloyd 2016). Like disparity analyses, evolutionary rate analyses are also 

affected by missing data (Lloyd 2016), as well as by unrepresentative distribution of taxa and 

characters (Close et al. 2015), although developments in method sophistication suggest that 

evolutionary rate analyses using discrete cladistic matrices are a useful tool for unlocking the rich 

potential of morphological datasets (Lloyd 2016). 

Here, I have used the R package Claddis (Lloyd 2016) to estimate the evolutionary rates of the 

armoured dinosaurs. As in the disparity analyses, I have used the thyreophoran-bearing formation 

time-slices that were discussed in Chapter Four for all evolutionary rate analyses that require time-

slicing. The function ‘test_rates’ was used to calculate the evolutionary rates using the cladistic 

dataset, with several partitions used. Firstly, a through-time partition was produced (Fig. 5.25), with 

each time-slice having its own estimate of evolutionary rate. A partition based on each branch of 

the phylogenetic tree was also produced (Fig. 5.26), which tests each edge of the tree against the 

mean rate for the rest of the tree (Lloyd 2016). Due to the large variation in rates between the 

branches, the data were log-transformed prior to plotting on the tree for visualisation. Finally, a 

character partition was also produced (Fig. 5.27), which allows an exploration of whether rates vary 

across the characters (Lloyd 2016). 

A summary of all analyses performed can be found in Table 5.1.  
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Type of Analysis Analysis Methodology Figure 

Diversity Taxic diversity estimate 5.2 

Diversity Correlation between taxic diversity and number of dinosaur-

bearing formations  

5.3 

Diversity Correlation between taxic diversity and number of dinosaur-

bearing collections 

5.4 

Diversity Phylogenetic diversity estimate 5.5 

Disparity Full matrix, simple bivariate morphospace plot 5.6 

Disparity Full matrix, multiple morphospace plot 5.7 

Disparity Full matrix, disparity per group using sum of variances metric 5.8 

Disparity Full matrix, disparity per group using median Euclidean distance 

from the centroid metric 

5.9 

Disparity Full matrix, disparity through time using sum of variances metric 5.10 

Disparity Full matrix, disparity through time using median Euclidean distance 

from the centroid metric 

5.11 

Disparity Cranial partition, bivariate morphospace 5.12 

Disparity Postcranial partition, bivariate morphospace 5.13 

Disparity Osteoderm partition, bivariate morphospace 5.14 

Disparity Cranial partition, disparity through time using sum of variances 

metric 

5.15 

Disparity Cranial partition, disparity through time using median Euclidean 

distance from the centroid metric 

5.16 

Disparity Postcranial partition, disparity through time using sum of variances 

metric 

5.17 

Disparity Postcranial partition, disparity through time using median 

Euclidean distance from the centroid metric 

5.18 

Disparity Osteoderm partition, disparity through time using sum of variances 

metric 

5.19 

Disparity Osteoderm partition, disparity through time using median 

Euclidean distance from the centroid metric 

5.20 

Disparity Reduced matrix, simple bivariate morphospace plot 5.21 

Disparity Reduced matrix, multiple morphospace plot 5.22 

Disparity Reduced matrix, disparity through time using sum of variances 

metric 

5.23 

Disparity Reduced matrix, disparity through time using median Euclidean 

distance from the centroid metric 

5.24 

Evolutionary rate Through time partition 5.25 

Evolutionary rate Per branch partition 5.26 

Evolutionary rate Per character partition 5.27 
Table 5.1. Details of the methodologies of all analyses and references to the resulting figures. 
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5.5. Results 

Diversity Analyses 

The taxic diversity estimate is shown in Figure 5.2. This shows a peak in diversity at 150 million 

years ago, in the Late Jurassic, that is largely driven by a diversification of stegosaurs. This is 

followed by a drop in diversity and subsequently a peak in diversity at 110 million years ago in the 

Albian that is largely driven by ankylosaurs. Another drop in diversity is then followed by a rise in 

diversity, to a final peak at end of the Cretaceous. This final rise in diversity in driven solely by 

ankylosaurs, with stegosaurs extinct after the Early Cretaceous.  

A plot of the numbers of dinosaur-bearing formations and dinosaur-bearing collections, from the 

Palaeobiology Database, is shown in Figure 5.3 and Figure 5.4, respectively, alongside thyreophoran 

taxic diversity. Qualitatively, there appear to be weak correlations between both the number of 

dinosaur-bearing formations and dinosaur-bearing collections and thyreophoran taxic diversity, 

with both trends following the aforementioned peaks in thyreophoran diversity in the Late Jurassic 

and Late Cretaceous, although there is discrepancy with the Early Cretaceous peak. Quantitatively, 

however, this correlation is less evident. The Kendall’s Tau correlation between numbers of 

dinosaur-bearing formations and thyreophoran taxic diversity was 0.39, p = 0.07. The Spearman’s 

rank correlation between dinosaur-bearing formations and thyreophoran taxic diversity was 0.53, 

p = 0.05. The Kendall’s Tau correlation between dinosaur-bearing collections and thyreophoran 

taxic diversity was 0.51, p = 0.01. The Spearman’s rank correlation between dinosaur-bearing 

collections and thyreophoran taxic diversity was 0.66, p = 0.01. These are, however, all statistically 

significant, with the exception of dinosaur-bearing formations and taxic diversity, which is 

marginally non-significant. 

The phylogenetic diversity estimate is shown in Figure 5.5. This shows an increase in diversity from 

180 million years ago to a peak at 150 million years ago in the Late Jurassic, which is driven by both 

ankylosaurs and stegosaurs. Thyreophoran diversity then stays high until another peak at 110 

million years ago in the Albian, and this diversity is predominantly driven by ankylosaurs with 

some stegosaur representation. Thyreophoran diversity then reduces until the end of the 

Cretaceous, and this signal is derived solely from ankylosaurs. This shows significant differences 

from the taxic diversity estimate, including a much higher early diversity in the Early Jurassic, a 

larger component of the Late Jurassic diversity peak being attributed to ankylosaurs, and a steadily 

decreasing diversity from the peak in the Early Cretaceous until the end of the Cretaceous.  
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Figure 5.2. Taxic diversity estimate for the clades Thyreophora, Ankylosauria and Stegosauria. Silhouettes from Scott 

Harman and represent (from left to right): Stegosaurus stenops, Gastonia burgei and Euoplocephalus tutus.  

 

 

Figure 5.3. Correlations between dinosaur-bearing formations from the Paleobiology Database and thyreophoran taxic 

diversity. Spearman’s rank (ρ) and Kendall’s Tau (τ) are shown in the insert box.  

 

ρ = 0.53, p = 0.05 

τ = 0.39, p = 0.07  
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Figure 5.4. Correlations between dinosaur-bearing collections from the Paleobiology Database and thyreophoran taxic 

diversity. Spearman’s rank (ρ) and Kendall’s Tau (τ) are shown in the insert box. 

 

 

Figure 5.5. Phylogenetic diversity estimate for the clades Thyreophora, Ankylosauria and Stegosauria. Shaded area 

highlights double-wedge of diversity where ankylosaurs are increasing in diversity and stegosaurs are decreasing in 

diversity. Silhouettes from Scott Harman and represent (from top to bottom): Euoplocephalus tutus, Gastonia burgei and 

Stegosaurus stenops. Reduction in thyreophoran diversity from 110 Ma possibly due to edge effect of methodology (see 

Discussion below).  

 

 

ρ = 0.66, p = 0.01 

τ = 0.51, p = 0.01 
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Disparity Analyses 

The bivariate analysis of the full dataset is presented in Figure 5.6. This shows non-overlapping 

morphospace for non-eurypodans, Stegosauria and Ankylosauria. Within the area occupied by 

ankylosaurs, there is overlap between the four major clades (Ankylosauridae, Edmontonidae, 

Polacanthidae and Struthiosauridae), although Ankylosauridae occupies a much larger area than 

the other clades. The percentage of variation on the first two principal components is, however, 

low: 3.37% on PC1 and 2.69% on PC2.  

A comparison of multiple morphospaces, using the first four principal component axes, is given in 

Figure 5.6. The non-overlap in morphospace that is present with PC1 vs PC2 becomes gradually 

diminished. In the PC2 vs PC3 plot, the three groups (non-eurypodans, Stegosauria and 

Ankylosauria) that were previously in distinct regions of morphospace exhibit overlap.  

The analysis of disparity of each sub-group, using the full dataset, and the disparity metric of sum 

of variances, is presented in Figures 5.8. Ankylosauridae has the highest disparity, followed by non-

eurypodans and Polacanthidae. Stegosauria, Edmontonidae and Struthiosauridae have relatively 

low and equal disparities.  

The disparity of each group using the disparity metric of the median Euclidean distance from the 

centroid is presented in Figure 5.9. This shows a similar trend as the sum of variances, with 

Ankylosauridae showing the highest disparity, although the disparities of the other groups appear 

similar.  

 

 

Figure 5.6. Bivariate morphospace of full dataset, with each group of thyreophoran highlighted. Silhouettes from Scott 

Harman and Andrew Farke and represent (clockwise from top): Edmontonia rugosidens, Europelta carbonensis, Gastonia 
burgei, Euoplocephalus tutus (Andrew Farke) and Stegosaurus stenops. 
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Figure 5.7. Multiple morphospaces of the full dataset representing different combinations of first four principal component axes. 
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Figure 5.8. Disparity of the six groups of thyreophorans, using the disparity metric sum of variances. Silhouettes from 

Scott Harman and Andrew Farke and represent (from left to right): Stegosaurus stenops, Euoplocephalus tutus (Andrew 

Farke), Gastonia burgei, Edmontonia rugosidens and Europelta carbonensis. Graph includes median, box indicating 25% 

and 75% quartiles, error bars showing 95% quartiles, and any outliers.  

 

 

Figure 5.9. Disparity of the six groups of thyreophorans, using the disparity metric median Euclidean distance from the 

centroid. Silhouettes from Scott Harman and Andrew Farke and represent (from left to right): Stegosaurus stenops, 
Euoplocephalus tutus (Andrew Farke), Gastonia burgei, Edmontonia rugosidens and Europelta carbonensis. Graph 

includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 

The disparity through time, using the full dataset and the sum of variances, is presented in Figure 

5.10. This shows initially low disparity in the Early Jurassic and a peak in the Early Cretaceous. 

Disparity in the Late Jurassic and following the Early Cretaceous is generally low and stable. A 
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similar pattern is observed when using the median Euclidean distance from the centroid metric 

(Figure 5.11), with a peak of disparity in the Early Cretaceous.  

 

Figure 5.10. Disparity through time using the disparity metric sum of variances. Graph includes median, box indicating 

25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 

 

Figure 5.11. Disparity through time using the disparity metric median Euclidean distance from the centroid. Graph 

includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 
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The bivariate morphospace of the cranial partition (Fig. 5.12) shows overlap between 

Edmontonidae and Struthiosauridae, between Polacanthidae and Stegosauria, and between non-

eurypodans and Ankylosauridae. The area occupied by Stegosauria and Ankylosauridae is 

significantly larger than that for the other groups. PC1 accounts for 4.12% of the total variance, and 

PC2 accounts for 3.62%. 

The bivariate morphospace of the postcranial partition (Fig. 5.13) shows overlap between the five 

clades of eurypodans (Ankylosauridae, Edmontonidae, Polacanthidae, Struthiosauridae and 

Stegosauria), with non-eurypodans occupying a distinct region of morphospace. Of the five 

eurypodan clades, each has outliers that spread their morphospace occupation away from the 

central overlap. Ankylosauridae occupies the largest region of morphospace. PC1 accounts for 

4.58% of the total variance, and PC2 accounts for 3.70%. 

The bivariate morphospace of the osteoderm partition (Fig. 5.14) shows a slight overlap between 

non-eurypodans and Stegosauria, and between Stegosauria and the four clades of ankylosaur. There 

are major overlaps of the four clades of ankylosaur, although Ankylosauridae occupies a larger 

region of morphospace and spreads beyond the region of overlap. PC1 accounts for 3.62% of the 

total variance, and PC2 accounts for 3.05%. 

 

Figure 5.12. Bivariate morphospace of cranial partition. 
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Figure 5.13. Bivariate morphospace of postcranial partition. 

 

Figure 5.14. Bivariate morphospace of osteoderm partition. 

 

The disparity through time of the cranial partitioned dataset, using the disparity metric of sum of 

variances, is shown in Figure 5.15. This shows a low relative disparity in the Early Jurassic, and a 

peak in the Early Cretaceous, as in the through-time analysis of the full dataset. 

The disparity through time of the cranial partitioned dataset, using the disparity metric of median 

Euclidean distance from the centroid, is shown in Figure 5.16. This shows a similar trend to the 

sum of variances, with a relative low disparity early in thyreophoran evolutionary history, followed 

by a peak in the Early Cretaceous. However, disparity throughout the Cretaceous stays relatively 

high.  
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The disparity through time of the postcranial partitioned dataset, using the disparity metric of sum 

of variances, is shown in Figure 5.17. This shows a low relative disparity in the Early Jurassic, and 

a peak in the Early Cretaceous, with relatively lower disparity in the rest of the Cretaceous. 

The disparity through time of the postcranial partitioned dataset, using the disparity metric of 

median Euclidean distance from the centroid, is shown in Figure 5.18. This shows a low disparity 

in the Early Jurassic, but contrasts to previous analyses shown in that the disparity increases 

gradually throughout thyreophoran evolutionary history, until a peak in the latest Cretaceous.  

The disparity through time of the osteoderm partitioned dataset, using the disparity metric of sum 

of variances, is shown in Figure 5.19. This shows a peak in disparity in the Early Jurassic, followed 

by relatively low and stable disparity in the subsequent time-slices. 

The disparity through time of the osteoderm partitioned dataset, using the disparity metric of 

median Euclidean distance from the centroid, is shown in Figure 5.20. As in the sum of variances 

of the osteoderm partition, this shows a peak in disparity in the Early Jurassic, followed by relatively 

low and stable disparity in the subsequent time-slices. 

 

 

 

Figure 5.15. Disparity through time of the cranial partition using the disparity metric sum of variances. Graph includes 

median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 
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Figure 5.16. Disparity through time of the cranial partition using the disparity metric median Euclidean distance from 

the centroid. Graph includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any 

outliers. 

 

 

Figure 5.17. Disparity through time of the postcranial partition using the disparity metric sum of variances. Graph 

includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 
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Figure 5.18. Disparity through time of the postcranial partition using the disparity metric median Euclidean distance from 

the centroid. Graph includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any 

outliers. 

 

 

Figure 5.19. Disparity through time of the osteoderm partition using the disparity metric sum of variances. Graph includes 

median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 
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Figure 5.20. Disparity through time of the osteoderm partition using the disparity metric median Euclidean distance from 

the centroid. Graph includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any 

outliers. 

 

The bivariate morphospace of the reduced matrix is presented in Figure 5.21. Each group of 

thyreophoran occupies a distinct region of morphospace, with a small amount of overlap between 

non-eurypodans and Stegosauria. Ankylosauridae occupies a larger region of morphospace than the 

other ankylosaur clades, but it is a distinct region. The variation attributed to PC1 is 11.39%, and 

the variation attributed to PC2 is 5.99%.  

The comparison of morphospaces using the first four principal component axes is presented in 

Figure 5.22. This shows generally distinct regions of morphospace for the six groups of 

thyreophorans, with some groups overlapping in some analyses. In PC1 vs PC3, Ankylosauridae 

and Polacanthidae exhibit morphospace overlap. In PC1 vs PC4, Ankylosauridae and 

Edmontonidae overlap. In PC2 vs PC3, Ankylosauridae and Stegosauria overlap, as do they both 

with non-eurypodans partially. In PC2 vs PC4, Ankylosauridae and Stegosauria overlap. In PC3 vs 

PC4, Ankylosauria overlaps with Polacanthidae and Struthiosauridae, and Stegosauria overlaps 

with Edmontonidae.  

The disparity through time of the reduced dataset, using the disparity metric sum of variances, is 

shown in Figure 5.23. There is relatively low disparity in the Early Jurassic, followed by a peak in 

disparity in the Late Jurassic. Disparity then decreases in the Early Cretaceous, before increasing 

throughout the rest of the Cretaceous.  
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The disparity through time of the reduced dataset, using the disparity metric median Euclidean 

distance from the centroid is shown in Figure 5.24. This shows a similar trend to the sum of 

variances, although the Early Cretaceous drop in disparity is more significant.  

 

Figure 5.21. Bivariate morphospace of the reduced matrix. Silhouettes from Scott Harman and Andrew Farke and 

represent (clockwise from top): Stegosaurus stenops, Gastonia burgei, Europelta carbonensis, Edmontonia rugosidens, and 

Euoplocephalus tutus (Andrew Farke). 

 

 

Figure 5.22. Multiple morphospaces of the reduced matrix using a combination of the first four principal component axes. 
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Figure 5.23. Disparity through time of the reduced matrix using the disparity metric sum of variances. Graph includes 

median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any outliers. 

 

 

Figure 5.24. Disparity through time of the reduced matrix using the disparity metric median Euclidean distance from the 

centroid. Graph includes median, box indicating 25% and 75% quartiles, error bars showing 95% quartiles, and any 

outliers. 
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Evolutionary Rate Analyses 

The evolutionary rate, or rate of character evolution, through time is presented in Figure 5.25. This 

shows a high rate in the Early Jurassic, before a gradual slowdown to a relatively low and stable 

rate throughout the rest of the Jurassic and Cretaceous.  

 

 

Figure 5.25. Evolutionary rate through time. 

 

The evolutionary rate on each branch of the phylogenetic tree is presented in Figure 5.26. There 

are generally low rates across most of the tree, although there are high rates in several early-

branching members of each clade. This includes non-eurypodans such as Emausaurus, early-

branching stegosaurs such as Gigantspinosaurus and early-branching ankylosaurs such as 

Animantarx. The majority of ankylosaurs have generally low rates, although several members of 

Ankylosauridae have relatively high rates, such as Ahshislepelta and Ziapelta.  
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Figure 5.26. Evolutionary rate on the new phylogenetic hypothesis of Chapter Three, presented per branch. Blue arrows 

point to (from bottom to top): Emausaurus, Gigantspinosaurus, Animantarx and Ziapelta.  

 

The evolutionary rate using a character partition is presented in Figure 5.27. This is partitioned into 

cranial and postcranial characters, and shows generally low rates in most characters. There are, 

however, several outliers that exhibit high rates, including the extreme outlier of character 214 

(Radius, ratio of transverse width at proximal end to width at midlength: less than or equal to 1.0 

[0], between 1.0–1.5 [1], greater than 1.5 [2]). Other outliers include characters 45 (Number of 

palpebrals/supraorbitals: one [0], two [1], three [2]), 85 (Pterygoids: separate posteromedially, 

forming an interpterygoid vacuity [0], joined medially forming a pterygoid shield [1]), 133 (Anterior 

cervical vertebrae, position of neural spines on centrum: posterior half [0], anterior half [1]), 202 

(Humerus, ratio of deltopectoral crest length to humeral length: less than or equal to 0.5 [0], greater 

than 0.5 [1]), 224 (Ilium, anterior iliac process: has a blunt rounded anterior end [0], tapers toward 

its anterior end [1]), 226 (Ilium, ratio of postacetabular length, relative to diameter of acetabulum: 

greater than 1.0 [0], equal to or less than 1.0 [1]), 274 (Skull roof, anterior portion, caputegulae: 

separated by distinct (3-10 mm wide) grooves [0], expanded to cover grooves, although they are 

still discernible [1], completely fused, not separated by grooves [2]), 313 (Parasagittal rows of dorsal 

plates: paired [0], alternating either side of the midline [1]), 318 (Cervical half rings, forms: 

composed of osteoderms that are either tightly adjacent to one another or coossified at the edges, 
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forming an arc over the cervical region [0], composed of osteoderms and underlying bony band 

segments, osteoderms not coossified to the band, forming arc over the cervical region [1], composed 

of osteoderms and underlying bony band segments, osteoderms coossified to the band, forming arc 

over the cervical region [2]) and 332 (Caudal osteoderms, morphology in dorsal view: triangular 

with round/ blunt apex [0], triangular with pointed apex [1]). 

 

 

Figure 5.27. Evolutionary rate per character. Outlier characters include (from left to right): 48, 85, 133, 202, 214, 202, 

224, 226, 274, 313, 318 and 332.  

 

5.6. Discussion 

Thyreophoran Macroevolutionary History 

The two estimates of thyreophoran species richness produced here, taxic diversity and phylogenetic 

diversity, differ in their interpretation of thyreophoran diversity through time. Given that 

thyreophoran taxic diversity appears to be correlated with the number of dinosaur-bearing 

collections (Fig. 5.4; Maidment et al. 2020), I consider the phylogenetic diversity estimate to better 

approximate true thyreophoran diversity. This shows an early-burst of diversification in the Early 

Jurassic, from 180 Ma until 150 Ma, that is driven by both the ankylosaurs and stegosaurs. 

Thyreophoran diversity then stays relatively high throughout the rest of the Mesozoic, before a 

gradual decline in the Late Cretaceous. Interestingly, there is a double-wedge of diversity (Sepkoski 

Jr 1996) between 170 Ma and 130 Ma: there is an increasing diversity of ankylosaurs that is 

coincident with a decreasing diversity of stegosaurs (Fig. 5.5). This backs up a previous result by 

Butler et al., (2009) who investigated relative diversities of herbivorous dinosaurs through time.  

There also appears to be a reduction in diversity after the Late Jurassic, and this could be related to 

the purported extinction event at the Jurassic–Cretaceous boundary (Sepkoski Jr et al. 1981; Raup 

and Sepkoski Jr 1982; Sepkoski Jr 1986; Tennant et al. 2016a,b). The Jurassic–Cretaceous boundary 

is recognised as an important transition for sauropods (McPhee et al. 2016) and ornithischians 

(Bakker 1998), and within thyreophorans it is the changeover from Jurassic faunas that contain a 

high diversity of stegosaurs (e.g. Chungkingosaurus, Dacentrurus, Stegosaurus) and a low diversity 

of ankylosaurs (e.g. Gargoyleosaurus and Mymoorapelta) to a Cretaceous fauna with a high diversity 
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of ankylosaurs (e.g. Cedarpelta, Hylaeosaurus and Shamosaurus) and a low diversity of stegosaurs 

(e.g. Paranthodon and Wuerhosaurus). The decline in diversity recovered here could be caused by 

variation in eustatic sea level (Tennant et al. 2016b), which could have reduced the rates of 

allopatric speciation on land.  

The decrease in diversity in the Late Cretaceous backs up the results of a modelling study by 

Sakamoto et al. (2016), although the vast majority of literature suggests that non-avian dinosaurs in 

general were not in decline prior to the K-Pg extinction (Wang and Dodson 2006; Upchurch et al. 

2011a; Brusatte et al. 2015; Chiarenza et al. 2019; Bonsor et al. 2020). Furthermore, ankylosaurs 

were not found to have a decline in speciation rates in the lead up to the K-Pg by Bonsor et al., 

(2020), although their results suggest the rates may asymptote. That thyreophoran diversity does 

not agree with these results suggests that either: (1) thyreophorans were, as a group, in decline 

despite the rest of non-avian dinosaurs not declining, or (2) that the methodology used is 

inappropriate for studying thyreophoran diversity. The latter point has been suggested in recent 

studies (Bonsor et al. 2020; Crouch 2020), with their conclusions being that phylogenetic methods 

are not appropriate for investigating diversity and extinction in the fossil record of dinosaurs. 

Moreover, phylogenetic diversity estimates can produce significant ‘edge effects’, whereby an 

asymmetrical correction is introduced due to the method being able to extend origination times 

backwards but not being able to extend extinction times forward (Foote 1996; Wagner 2000; 

Upchurch and Barrett 2005). This is likely the cause of this decline here, due to the hard barrier of 

the K-Pg extinction, with no ankylosaurs being found after this boundary. However, investigating 

this hypothesis further is beyond the scope of this project and, given the phylogenetic hypothesis 

presented in Chapter Three is the most comprehensive yet produced for the thyreophoran 

dinosaurs, it is likely the result achieved here is unlikely to be improved until further collection of 

dinosaur occurrence data has been performed (Bonsor et al. 2020).  

The disparity analyses provide a complex signal of thyreophoran phenotypic diversity. The 

bivariate plot of the full dataset shows non-eurypodans, stegosaurs and ankylosaurs occupying 

distinct regions of morphospace, although this distinction reduces when viewing lesser principal 

component axes. This distinction is more apparent when using the reduced matrix, with each of 

the six major groups of thyreophorans occupying distinct regions of morphospace (Fig. 5.21). This 

result should be treated with more confidence due to the higher percentage of variation on the first 

two principal component axes (see The Effect of Missing Data section below for further discussion). 

Moreover, this non-overlap of morphospace of the thyreophoran groups is seen throughout a higher 

number of principal component axes when using the reduced dataset.  

Disparity of the whole-group Thyreophora shows a peak in the Early Cretaceous, with relatively 

low disparity in the Early Jurassic. This signal is also captured with the cranial and postcranial 

datasets, although not the osteoderm partition (see A Comparison of Partitioned Datasets section 

below for further discussion). Disparity following the Early Cretaceous is either reduced relative to 

the Early Cretaceous peak, as shown by the full dataset, or relatively similar and stable, as shown 

by the reduced dataset. The higher disparity in the Early Cretaceous is possibly driven by the 

diversification of the ankylosaurid ankylosaurs, and to a lesser extent the polacanthid ankylosaurs, 

given the relatively high disparity of these groups, as well as the increased diversity of ankylosaurs 

in the phylogenetic diversity estimate. The relatively high disparity of ankylosaurid ankylosaurs 

compared to other thyreophoran groups can also be seen in the bivariate plots, where the 
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morphospace occupied by ankylosaurids generally has a greater area than the other groups. In a 

previous study of ankylosaurid disparity (Romano 2021), ankylosaurid disparity was considered to 

be coupled to raw taxic diversity, with greater disparity shown when a greater number of taxa were 

present. A similar pattern is observed here, although this perhaps does not explain the relatively 

larger disparity of ankylosaurids compared to other ankylosaur groups, given that all four groups 

exhibit diversification during the Early Cretaceous. The relatively larger sample size of 

Ankylosauridae compared to the other thyreophoran groups could explain why the clade exhibits 

a relatively higher disparity. In the phylogenetic hypothesis of Chapter Three, 29 taxa are recovered 

as ankylosaurids. This contrasts with the number of taxa in Stegosauria (16), Edmontonidae (seven), 

Polacanthidae (nine) and Struthiosauridae (six). Disparity metrics are all affected by sample size 

(Ciampaglio et al. 2001; Guillerme et al. 2020a), although to varying degrees. Whilst it is, therefore, 

likely that sample size is affecting the results here, that the two disparity metrics used both show a 

greater disparity in Ankylosauridae provides confidence that this is a true signal. Further 

investigation of the effect of sample size on disparity analyses should, however, be attempted. This 

could be achieved with the use of subsampling each clade, although it is out of the scope of the 

project here. 

The disparity through time analyses here also contrast with both the ankylosaurid analysis of 

Romano (2021) and the stegosaur analysis of Romano (2017). The former study found two peaks in 

disparity for ankylosaurids, in the Early and Late Cretaceous, and the latter study found a peak 

midway through stegosaurian history, in the Late Jurassic. Here, however, thyreophoran disparity 

is shown to be at a maximum in the Early Cretaceous, before either flattening out or reducing 

slightly throughout the rest of the Cretaceous. This Early Cretaceous diversification of ankylosaurs 

is also coincident with a change in ankylosaur feeding, with Ősi et al. (2017) showing a more 

complex and precise tooth occlusion in Cretaceous ankylosaurs compared to stratigraphically earlier 

ankylosaurs.  

The evolutionary rates of the thyreophoran dinosaurs show an early-burst model of evolution, with 

the highest rates in the Early Jurassic before a gradual slowdown in rates until the Cretaceous. This 

early-burst model is also seen with the per branch partition; early-diverging thyreophorans, 

stegosaurs and ankylosaurs also exhibit relatively higher rates than the rest of their respective 

clades. Evolutionary rates are thus decoupled from disparity, which shows the aforementioned peak 

in the Early Cretaceous. Early-burst models of evolution are expected when members of a clade can 

exploit ecological opportunity, such as in the aftermath of a mass extinction or during major 

ecological transitions. They appear to be common in the fossil record (Hughes et al. 2013; Hopkins 

and Smith 2015; Moon and Stubbs 2020), but are, however, less common in extant taxa (Harmon et 

al. 2010; Puttick 2018), although it is possible that this is due to the choice of methodology used 

(Puttick 2018). The early-burst seen in thyreophorans is likely due to the unexploited ecological 

niches that existed after the Triassic-Jurassic mass extinction (Benson et al., 2014, although see 

Brusatte et al., 2008a for an alternative view), and it is coincident with the diversification of taxa 

seen in the phylogenetic diversity estimate. Why this early-burst model is not seen in the disparity 

results here is unclear, however; although it is possible that a sampling bias could explain this (see 

Poor Sampling of the Thyreophoran Fossil Record section, below). It is also possible that constraints 

on the thyreophoran body plan, potentially caused by aspects of their biology such as their feeding, 

would limit their occupation of morphospace despite having relatively high evolutionary rates. 
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That thyreophorans show a relatively conservative morphology within their respective clades is 

possibly evidence of this, despite dinosaurs as a whole showing congruence in their disparities and 

rates (Brusatte et al. 2008a).  

The high rates in early-diverging ankylosaurs could also be explained by an extinction event at the 

Jurassic–Cretaceous boundary (see above for further discussion), with Early Cretaceous ankylosaurs 

exploiting the ecological opportunity. In addition to early-diverging taxa, the ankylosaurid 

ankylosaurs also show relatively high evolutionary rates, and this is possibly linked to their 

increased disparity relative to the other groups. This is also potentially shown by the number of 

characters that have high rates being ankylosaur characters. Of the 11 characters shown to be 

outliers, five (85, 224, 274, 318 and 332) are used to code ankylosaur variation.  

 

Competition in the Thyreophoran Fossil Record 

Competition is difficult to observe directly in the fossil record (Rayner and Masters 1995; Sepkoski 

Jr et al. 2000; Myers and Lieberman 2010; Sahney et al. 2010), although it is possible to test for 

competition using a variety of criteria and an examination of macroevolutionary patterns (Benton 

1987, 1996). This has been used to document several examples of clades that exhibit competitive 

effects, such as Ordovician brachiopods (Tyler and Leighton 2011), although other clades such as 

non-avian dinosaurs show little evidence for competitive replacement (Brusatte et al. 2008a). 

Evidence of competition in the fossil record requires that species would overlap in their 

spatiotemporal distributions and have similar ecologies (Benton 1996). The first point can be 

investigated using occurrence data from the fossil record, although the latter is harder to determine. 

However, disparity can be used as a proxy for ecology (Guillerme et al. 2020a), using the concept 

of ecological character displacement (Dayan and Simberloff 2005), and it assumes that high 

disparity groups are also functionally and ecologically diverse. The input of discrete cladistic data 

does not prohibit this, and indeed many phylogenetic characters also capture ecologically relevant 

morphologies (Moon and Stubbs 2020). This is true for thyreophorans, with phylogenetically 

relevant characters derived from studies on, for example, feeding (e.g. Barrett 2001; Ősi et al. 2014) 

and the transition to quadrupedality (e.g. Maidment and Barrett 2012, 2014; Barrett and Maidment 

2017). Overlapping morphospaces would be an expected signal of competition (Tyler and Leighton 

2011), although it should be noted that disparity is only a proxy, and not a direct observation, of 

ecology, and caution should be used in the interpretation of results.  

The thyreophoran dinosaurs are an interesting clade to use to investigate ecological competition in 

the fossil record, and this can provide key insights into the evolution of this enigmatic group. It is 

clear that ankylosaurs and stegosaurs had significant cohabitation throughout the Mesozoic 

(Maidment et al. 2020; In Prep), with faunal similarities in Africa, Asia, Europe, and North America 

(see Chapter Four for further discussion). This could suggest that competitively-driven extinction 

of the stegosaurs in the Early Cretaceous is unlikely, given that ankylosaurs would have had the 

chance to do so much earlier in their evolutionary history, and instead the two clades were niche 

partitioned. This hypothesis has, however, been untested, although the macroevolutionary analyses 

here can provide some insight.  
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The aforementioned double-wedge of diversity, combined with the presence of spatially-

overlapping clades seen in the biogeographic results of Chapter Four, indicates the possibility that 

ankylosaurs and stegosaurs were in ecological competition, based upon the criteria of Benton 

(1996). The phylogenetic diversity estimates show that from 170 Ma until 130 Ma, ankylosaurs were 

increasing in species richness whilst the stegosaurs were decreasing, until their extinction in the 

Early Cretaceous. The stratigraphically youngest stegosaur is Mongolostegus, which was not 

included as an OTU in the phylogenetic analyses (see Methods of Chapter Three for the detailed 

reasoning behind this). This taxon is from the Aptian-Albian Dzunbain Formation of Mongolia 

(Tumanova and Alifanov 2018), and even if included as an OTU in the phylogeny here, the double-

wedge of diversity would still be observed here, with ankylosaurs surviving until the K-Pg 

extinction. The biogeographic results of Chapter Four show repeated spatial overlaps of the major 

thyreophoran clades in the Upper Jurassic, the Early Cretaceous and the Late Cretaceous of North 

America, Asia and Europe, and new data suggest both ankylosaurs and stegosaurs were present in 

the Middle Jurassic of Africa (Maidment et al. 2020; In Prep). This combination of scenarios suggests 

that thyreophorans have the potential to be in ecological interaction, with the ankylosaurs possibly 

causing a competitively-driven extinction of the stegosaurs in the Early Cretaceous.  

Whether the disparity and evolutionary rate analyses suggest this is, however, uncertain. The 

evolutionary rate through time for the thyreophorans shows an early-burst model, with high rates 

in the Early Jurassic during the diversification of the clade, before a slowdown to relatively low and 

stable rates through the rest of the evolutionary history of the group. If there were to be significant 

levels of competitively-driven extinction, it might be expected that there would be a change in the 

evolutionary rate in the Early Cretaceous, at the time of this assumed extinction. Moreover, the 

bivariate morphospace of the full dataset suggests that ankylosaurs and stegosaurs were not 

morphologically overlapping. However, the low percentage of variation on the first two principal 

component axes, as well as the multiple morphospaces represented by the first four principal 

component axes, suggest that they are relatively close in morphospace. A similar pattern is observed 

with the reduced dataset, with the two clades appearing to be further apart in morphospace when 

taxa with high percentages of missing data are removed, although there is a small amount of overlap 

between ankylosaurs and stegosaurs in all of the partitioned datasets. These results are not 

definitive; they appear to suggest that ankylosaurs and stegosaurs were not significantly overlapping 

in morphospace, although caution should be applied in this interpretation, particularly due to the 

low percentage of variation on the first several principal component axes.  

The results here unfortunately do not provide a conclusive answer as to whether ankylosaurs caused 

the competitively-driven extinction of the stegosaurs. The evolutionary scenario of the 

thyreophorans suggest there is potential for competition between the major clades, although 

whether ankylosaurs and stegosaurs were in ecological interaction is still uncertain. This unclear 

signal of competition in the thyreophoran dinosaurs could be alleviated with investigation of 

ecological niche partitioning between the ankylosaurs and the stegosaurs. For example, dental 

microwear could be used to decipher whether the two groups had overlapping dietary diversity, 

such as in pterosaurs (Bestwick et al. 2020). Previous studies have suggested a potential link between 

the decline of the stegosaurs to a decline in cycads, which had reached a diversity peak in the 

Jurassic and then began to decline in species diversity in the middle-late Early Cretaceous (Butler 

et al. 2009b). This could be supported by the low percentage of cycads recovered in the fossilised 
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stomach contents in the Early Cretaceous ankylosaur Borealopelta (Brown et al. 2020), suggesting 

ankylosaurs and stegosaurs had different dietary specialisations. This hypothesis could also be 

investigated with the use of ecological niche partitioning.  

 

The Effect of Missing Data 

Missing data are common in palaeontological cladistic datasets, owing to the numerous biases of the 

fossil record. This has been comprehensively discussed in phylogenetic analyses (Wilkinson 1995a; 

Anderson 2001; Kearney 2002; Wiens 2003, 2006; Sereno 2007; Prevosti and Chemisquy 2010; 

Brazeau 2011; Simmons 2014), and this is also becoming true for downstream analyses that co-opt 

the cladistic dataset, such as disparity analyses (Ciampaglio et al. 2001; Smith et al. 2014; Gerber 

2019; Lehman et al. 2019). Missing data in a cladistic dataset is problematic when transforming this 

dataset to a distance matrix (Gerber 2019), as a high percentage of missing data can mean certain 

taxon pairs have a lack of overlapping information (Lehman et al. 2019). This can change the 

position of the taxa in the resultant morphospace (Smith et al. 2014), possibly leading to inaccurate 

conclusions on phenotypic diversity. The effect of missing data can be compensated in various ways, 

including removing taxa (e.g. Brusatte et al. 2008b), a phylogenetic correction such as ancestral 

state estimation (e.g. Brusatte et al. 2011), or simulating data (e.g. Smith et al. 2014).  

Here, initial analyses of the full dataset produced only a small amount of variation on the principal 

component axes (3.35% on PC1, 2.69% on PC2). This is to be expected when using cladistic data 

(Guillerme et al. 2020a), as the variation is unlikely to be concentrated on the first few principal 

component axes. However, the percentages recovered here on PC1 and PC2 are still relatively low 

compared to other analyses that used cladistic datasets. In the archosauromorph analysis of Ezcurra 

and Butler (2018), PC1 accounted for 10% and PC2 accounted for 7.5% of variation. In the 

hadrosaurine analysis of Takasaki et al. (2020), PC1 accounted for 29% and PC2 accounted for 22% 

of variation. In the analysis of ostracoderms by Ferron et al. (2020), PC1 accounted for 19.11% and 

PC2 accounted for 10% of variation, and in the ichthyosauriformes analysis of Moon and Stubbs 

(2020), PC1 accounted for 26% and PC2 accounted for 6.5% of the variation. In order to investigate 

whether missing data was responsible for causing the relatively low percentage of variation 

recovered on the initial principal component axes, a reduced dataset containing only taxa that are 

>25% complete was used. This percentage was chosen to enable comparisons to the ‘signal tree’ of 

Chapter Three, and Ciampaglio et al. (2001) found that removing 25-30% of characters had little 

effect on the resultant disparity metrics. The resultant PC1 accounted for 11.39% of the variation, 

whilst PC2 accounted for 5.99%. This is an improvement on the full dataset, and is similar to the 

previous published analyses, particularly Ezcurra and Butler (2018). Moreover, the morphospace 

separation seen is evident when using higher principal component axes (Fig. 5.22), which was not 

the case with the full dataset. This suggests that the results of the reduced dataset should be treated 

with more confidence than that of the full dataset, at least when using a subset of the results on the 

principal component axes (i.e. not when using a disparity metric, which considers all principal 

component axes; Guillerme et al. 2020a). These results indicate that missing data has a significant 

impact on the interpretation of thyreophoran disparity. The use of the distance metric Maximum 

Observed Rescaled Distance (MORD) is more robust to the impacts of missing data than other 

distance metrics such as Generalized Euclidean Distance (Lehman et al. 2019). Whilst this was 
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implemented here, other approaches can also help to reduce the effect of missing data, including 

the use of a linkage algorithm to correct for the missing data bias (Smith et al. 2014), or ancestral 

state estimation, as implemented in Claddis for the evolutionary rate analyses (Lloyd 2016). The 

production of a disparity matrix could also be attempted, in contrast to the co-opting of a cladistic 

matrix, although it is unclear how much the results would differ (Gerber 2019), and it is outside the 

scope of this project.   

 

A Comparison of Partitioned Datasets 

Despite partitioned datasets being used and discussed in the phylogenetic literature (Mounce et al. 

2016; Li et al. 2019; Chapter Three here), there have been few comparisons of different character 

partitions for disparity analyses. Prentice et al. (2011) investigated the difference between cranial, 

postcranial, forelimb and hind limb characters in an analysis of pterosaur disparity, Romano (2017) 

used cranial and postcranial partitions in an analysis of stegosaur disparity, and Romano (2021) 

again used cranial and postcranial partitions in an analysis of ankylosaurid ankylosaur disparity. No 

significant differences were found between the character partitions in Prentice et al. (2011), 

whereas Romano (2017) found that cranial characters had an earlier peak in disparity relative to 

postcranial characters. Similarly, Romano (2021) found differences in the cranial and postcranial 

partitions, with postcranial characters having a high early disparity whereas cranial characters 

having high disparity later. Within Thyreophora, the phylogenetic signal from partitioned datasets 

differs dramatically (see Phylogenetic Signal from Partitioned Datasets of Chapter Three), and it is 

perhaps not surprising that the disparity signal might differ too. 

Here, significant differences are found between the cranial, postcranial and osteoderm partitions 

used. The bivariate plot of the cranial partition shows Ankylosauridae and Stegosauria occupying 

large, divergent regions of morphospace, and overlap between Polacanthidae and Struthiosauridae. 

The postcranial partition shows overlap between the four clades of ankylosaur, and non-eurypodans 

occupying a distinct region of morphospace, and this is similar to the osteoderm partition, although 

there is some overlap between non-eurypodans and stegosaurs, and between stegosaurs and 

ankylosaurs. The cranial and postcranial partitions through time show a peak in the Early 

Cretaceous, before a slight reduction in disparity in the rest of the Cretaceous. This contrasts 

drastically with the osteoderm partition through time, which shows an early-burst model of a peak 

in the Early Jurassic and then relatively low and stable disparity through the rest of the Mesozoic. 

This differs from the findings of Prentice et al. (2011), Romano (2017) and Romano (2021). This is 

particularly surprising for Romano (2017) and Romano (2021), given that they were based upon 

phylogenetic datasets of Raven and Maidment (2017) and Arbour and Currie (2016), respectively, 

and these two studies also contributed to the character data here. The character and taxon sampling 

of this study is much higher than the previous studies, however, and so it is likely that this has 

caused the differences, although it is possible that the clade-wide approach taken here has 

amalgamated different disparity signals.  

An interesting result is the different signals between the cranial and postcranial partitions and the 

osteoderm partitions in the through time analyses. An early-burst model for the osteoderms is, 

perhaps, not surprising; thyreophorans are the only ornithischian group to have developed 

extensive body armour, and this first occurred in non-eurypodans in the Early Jurassic (e.g. 
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Emausaurus, Scutellosaurus). It is therefore possible that the development of osteoderms led to an 

apparent large disparity in Early Jurassic thyreophorans, with several taxa bearing osteoderms and 

several taxa not bearing osteoderms, and the relatively lower disparity of later, eurypodan 

thyreophorans being attributed to a relative lack of novel osteodermal bauplans, with all taxa 

bearing osteoderms.  

Comparisons with the phylogenetic analyses of partitioned datasets in Chapter Three are also 

interesting. The cranial partition provided broad congruence with the total phylogenetic dataset, 

whereas the postcranial partition found little congruence, owing to large amounts of homoplasy in 

the postcrania of thyreophorans. The osteoderm partition produced little resolution in the 

phylogeny, suggesting that osteoderm characters do not have a significant amount of phylogenetic 

signal. When the cranial and postcranial partitions were combined, this produced a similar result 

to the total-evidence analysis, and this is possibly linked to the congruent results of the disparity 

analyses, where cranial and postcranial partitions both have peaks in the Early Cretaceous.  

 

Poor Sampling of the Thyreophoran Fossil Record 

The results of these different analyses suggest there is poor sampling of the thyreophoran fossil 

record. There appears to be a weak correlation between the number of dinosaur-bearing collections 

from the Paleobiology Database and thyreophoran taxic diversity (Spearman’s rank and Kendall’s 

Tau correlations = 0.61 and 0.55, respectively). This suggests that there is a correlation between the 

places where dinosaurs have been found and the number of thyreophorans found, as dinosaur-

bearing collections is a proxy for the collector effort of palaeontologists. The Spearman’s rank and 

Kendall’s Tau correlations between the number of dinosaur-bearing formations from the 

Paleobiology Database and thyreophoran taxic diversity are, however, weaker (0.53 and 0.39, 

respectively), with the Kendall’s Tau correlation not statistically significant. This suggests that there 

is less evidence for a correlation between the number of thyreophorans found and the distribution 

of rocks worldwide where thyreophorans could be found, as dinosaur-bearing formations are a 

proxy for available rock outcrop area. A qualitative observation of the same data appears to show 

stronger correlations, at least with the trends. There are peaks in the Late Jurassic and Late 

Cretaceous, and troughs in between these peaks, in both the number of dinosaur-bearing 

formations and dinosaur-bearing collections, as well as thyreophoran taxic diversity. These 

correlations are similar to those of Maidment et al., (2020) who recovered correlations of between 

0.49-0.68 for dinosaur-bearing collections and dinosaur-bearing formations with the number of 

Gondwanan eurypodan occurrences. These, however, contrast with other studies of different 

dinosaur clades. Barrett et al., (2009) recovered stronger correlations of 0.75-0.91 for Ornithischia 

and 0.63-0.90 for Theropoda and weaker, negative correlations of -0.17-0.23 for Sauropodomorpha. 

Mannion et al., (2011) found a range of correlations between sauropodomorph diversity and 

dinosaur-bearing collections and dinosaur-bearing formations (-0.53-0.66) depending on whether 

taxic or phylogenetic diversity estimates were used. Upchurch et al., (2011) found strong positive 

correlations between dinosaur-bearing collections, dinosaur-bearing formations and the clades 

Dinosauria, Sauropodomorpha, Theropoda and Ornithischia. This contrast between the 

correlations found here and previous studies could be due to the recent collection effort for 

thyreophorans (and dinosaurs in general), with the number of dinosaur occurrences and taxa 
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rapidly increasing through time (Tennant et al. 2018). The correlations here suggest that 

thyreophoran taxic diversity is affected by a sampling bias, as has been suggested elsewhere 

(Maidment et al. 2020; In Prep), and this appears to be an anthropogenic sampling bias that is related 

to the sampling effort of palaeontologists, as opposed to a geological sampling bias caused by the 

availability of rock (although the anthropogenic bias will be partly controlled by the underlying 

geology).  

Moreover, the phylogenetic diversity estimate recovers a higher diversity in the Early Jurassic, and 

this appears to be driven by the extended ghost ranges of ankylosaurs, and suggests a lack of 

ankylosaurs in the taxic diversity estimate, with a diversity of early ankylosaurs that is essentially 

unsampled by this dataset. This lack of early ankylosaurs could also cause the lack of an early-burst 

model in the disparity data, given that the evolutionary rates suggest this model. The gradual 

reduction in ankylosaur diversity in the phylogenetic diversity estimate could also suggest the 

presence of a sampling bias. As previously mentioned, this reduction in diversity could be due to 

the methodology not being suitable at estimating diversity. This has been suggested in a previous 

study (Bonsor et al. 2020), which argued phylogenetic methods might not be appropriate for 

estimating diversity until this sampling bias has been reduced by further dinosaur occurrence data 

being recorded. The presence of a sampling bias is also suggested by the biogeographic results of 

Chapter Four: Europe was recovered as a strong component of dispersal pathways, despite the lack 

of taxa originating in the continent. Moreover, Asia + South America was recovered as the estimated 

ancestral node for Stegosauria, despite no palaeogeographic reconstruction of the Mesozoic that 

supports adjacency of these areas, suggesting there are hitherto undiscovered taxa occupying the 

areas linked Asia and South America. It therefore appears that there is a significant sampling bias 

affecting the thyreophoran fossil record, both stratigraphically in the Early and Middle Jurassic, 

and geographically in Gondwana.   

 

5.7. Conclusions 

The analyses presented here provide the first quantitative assessment of thyreophoran 

macroevolutionary history. This has been performed using diversity, disparity, and evolutionary 

rate analyses, and has used the novel phylogenetic hypothesis presented in Chapter Three as a 

backbone. Thyreophoran diversity increases in the Early Jurassic and is high in the Late Jurassic 

and Early Cretaceous, although a phylogenetic diversity estimate shows a reduction in species 

richness prior to the K-Pg mass extinction of non-avian dinosaurs. Disparity is highest in the Early 

Cretaceous, which is coincident with the diversification of the high-disparity group 

Ankylosauridae, and the major thyreophoran groups occupy distinct regions of morphospace. 

Evolutionary rate analyses show an early-burst model, with the highest rates in the Early Jurassic, 

and this indicates a decoupling of disparity and evolutionary rate. The results suggest that whilst 

there is possibly evidence of ecological competition between ankylosaurs and stegosaurs, further 

investigation of ecological niche partitioning is needed before a conclusive answer is reached.  
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6. Synthesis and Conclusions 
 

6.1. Key Findings 

A reassessment of British Wealden Supergroup ankylosaurs 

Chapter Two presented a morphological redescription of the British Wealden Supergroup 

ankylosaurs Hylaeosaurus and Polacanthus, as well as the taxonomic reassessment of all other 

British Wealden Supergroup ankylosaur specimens. This review concluded that Hylaeosaurus and 

Polacanthus are valid and distinct taxa, which can be separated stratigraphically. These taxa can be 

diagnosed with a combination of autapomorphies and a unique combination of characters, but they 

are restricted to the holotype specimens. ‘Horshamosaurus’ was shown to be a nomen dubium and 

all other ankylosaur specimens from the Wealden Supergroup were shown to be taxonomically 

indeterminate. This chapter has allowed for these taxa, which represent key thyreophoran taxa that 

occurred during a time of global diversification of ankylosaurs, to be accurately included in the 

phylogenetic, biogeographic and macroevolutionary analyses in the following chapters.  

 

A novel hypothesis of thyreophoran phylogeny 

Chapter Three was a comprehensive analysis of the phylogenetic relationships of the thyreophoran 

dinosaurs. This is the first species-level phylogeny for the group, and included 340 morphological 

characters and 91 taxa, of which 66% were observed first-hand. This was analysed using equal- and 

implied-weights parsimony and Bayesian inference. Exploration of the dataset included the use of 

constraint trees and partitioned datasets, and stratigraphic congruence was used to identify a 

‘preferred tree’. These analyses revealed a novel hypothesis of thyreophoran phylogenetic 

relationships that did not support the hitherto accepted ankylosaurian dichotomy. Instead, four 

distinct ankylosaur clades were identified (Ankylosauridae, Edmontonidae, Polacanthidae and 

Struthiosauridae) with the long-standing ‘traditional’ clade Nodosauridae rendered paraphyletic. 

This chapter represents a substantial step-change in our understanding of thyreophoran phylogeny, 

the results of which represent the framework for the biogeographic and macroevolutionary 

analyses in the following chapters.  

 

The first quantitative investigation of thyreophoran biogeographic evolution 

Chapter Four included the first quantitative assessment of the biogeographic evolution of the 

thyreophoran dinosaurs. Using a maximum likelihood approach in the R package BioGeoBEARS 

and the novel hypothesis of thyreophoran phylogeny presented in Chapter Three as a framework, 

the biogeographic analyses incorporated two time-slicing methods and three different harshness 

settings. The results of these analyses show that thyreophoran biogeographic history is dominated 

by multiple dispersals, subset speciation and regional extinctions, with little evidence for vicariance. 

Ancestral node estimations identified a widespread early thyreophoran stock, in particular a broad 

Laurasian distribution for Ankylosauria, and Europe was shown to be an important dispersal 

pathway. The results also identified spatial overlap of the major thyreophoran clades prior to 
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regional extinctions, which offers a glimpse into potential ecological interactions which can be 

further tested with the macroevolutionary analyses of the following chapter.  

 

A comprehensive examination of thyreophoran macroevolutionary history 

Chapter Five applied a multi-faceted approach of diversity, disparity and evolutionary rate analyses 

in order to investigate the mode and tempo of thyreophoran evolution. These are the first analyses 

of their type for Thyreophora as a whole, and they build upon the phylogenetic and biogeographic 

analyses of earlier chapters. The diversity analyses indicate high species richness in the Late Jurassic, 

Early Cretaceous and Late Cretaceous. Disparity analyses show that the major thyreophoran clades 

occupy distinct regions of morphospace, and disparity for Thyreophora as a whole is highest in the 

Early Cretaceous. Evolutionary rate analyses show an early-burst model of evolution, with highest 

rates in the Early Jurassic and in early-branching members of each thyreophoran clade. Together, 

these macroevolutionary analyses show contradictory evidence of potential ecological competition 

between ankylosaurs and stegosaurs, with a double-wedge of increasing ankylosaur diversity and 

decreasing stegosaur diversity occurring prior to the final extinction of stegosaurs in the Early 

Cretaceous contrasting with the disparity analyses showing that they were morphologically, and 

potentially ecologically, distinct. 

 

A synthesis of the taxonomic, phylogenetic, biogeographic and macroevolutionary evolution of the 

thyreophoran dinosaurs 

As a whole, this thesis presents an interconnected synthesis of thyreophoran evolution through a 

range of taxonomic, phylogenetic, biogeographic and macroevolutionary research. The 

redescription of the British Wealden Supergroup ankylosaurs in Chapter Two highlights two key 

thyreophoran taxa, Hylaeosaurus and Polacanthus, that are both historically important and also 

occur at significant positions in thyreophoran evolution. Their phylogenetic positions, within the 

Polacanthidae but not as sister-taxa, as seen in Chapter Three, reinforces the findings of Chapter 

Two that these are distinct taxa. The geographic position of these taxa is shown to be important in 

the biogeographic analyses of Chapter Four, which indicates Europe as an important dispersal 

pathway for thyreophorans. Moreover, their stratigraphic occurrence in the Early Cretaceous is 

coincident with the major diversification of the four clades of ankylosaur, as well as the assumed 

extinction of the stegosaurs, as seen in the macroevolutionary analyses of Chapter Five.  

The primary result of the phylogenetic analyses in Chapter Three, that there are four independent 

radiations of ankylosaurs (Ankylosauridae, Edmontonidae, Polacanthidae and Struthiosauridae), 

has major implications for the biogeographic and macroevolutionary analyses in Chapter Four and 

Chapter Five, respectively. The clades each occupy discrete geographic regions, with ankylosaurids 

predominantly in North America and Asia, edmontonids in North America, polacanthids in Europe 

and North America and the struthiosaurids in Europe. The clades also occupy distinct regions of 

morphospace in the disparity analyses of Chapter Five, a result which is amplified when taxa with 

substantial missing data are removed.  
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The evolutionary rate analyses of Chapter Five show an early-burst model, with the highest rates 

in the Early Jurassic and in early-branching members of each clade. Along with the broad 

distribution of taxa seen in the biogeographic results of Chapter Four, this suggests that 

thyreophorans radiated early in their evolution, exploiting ecological opportunity, but were then 

potentially constrained morphologically, causing a decoupling of their evolutionary rates and 

disparity signals. In the macroevolutionary analyses in Chapter Five, there is a peak of both species 

richness and disparity in the Early Cretaceous, and this is coincident with the diversification of 

ankylosaurids and, to a lesser extent, polacanthids, which are the two groups with the highest 

disparity.  

This thesis also presents evidence for competition between the major groups of thyreophorans, the 

ankylosaurs and the stegosaurs. The phylogenetic and biogeographic analyses of Chapter Three and 

Chapter Four, respectively, show significant co-occurrence of ankylosaurs and stegosaurs 

throughout the Mesozoic, suggesting the two groups were accustomed to sharing the same 

environments. The diversity analyses of Chapter Five, however, show a double-wedge of diversity, 

indicating that ankylosaurs and stegosaurs might have competed ecologically. This is further 

indicated by the biogeographic results of Chapter Four, with spatially-overlapping clades seen prior 

to regional extinctions. However, the results of this thesis unfortunately do not provide a conclusive 

answer as to whether ankylosaurs outcompeted stegosaurs to extinction in the Early Cretaceous, 

with the disparity results suggesting that ankylosaurs and stegosaurs were morphologically, and 

therefore potentially ecologically, distinct. Further analyses of ecological niche partitioning are 

recommended.  

Alongside these major results, some other key trends emerge from this thesis. There appears to be 

strong evidence that the thyreophoran fossil record is poor. This can be seen in the large number 

of taxa in the phylogenetic analyses of Chapter Three with a relatively high percentage of missing 

data. Furthermore, in the biogeographic analyses of Chapter Four, the recovery of Asia + South 

America as the estimated ancestral node for Stegosauria, despite there being no palaeographic 

reconstruction of the Mesozoic that supports the adjacency of these continents, suggests that there 

are hitherto undiscovered taxa occupying those areas that linked Asia and South America in the 

early history of Stegosauria. Moreover, the correlation between the number of dinosaur-bearing 

collections and thyreophoran taxic diversity in Chapter Five suggests that the thyreophoran fossil 

record is correlated with the collector effort of palaeontologists. This is also seen in the phylogenetic 

diversity estimate of Chapter Five, which recovers a higher diversity in the Early Jurassic than in 

the taxic diversity estimate, owing to an unsampled diversity of ankylosaurs in the dataset.  

Furthermore, there is evidence that osteoderms are not a vital tool for understanding thyreophoran 

evolution, despite their presence being an iconic feature of these famous dinosaurs. In the 

redescription of the ankylosaurian taxa Hylaeosaurus and Polacanthus in Chapter Two, osteoderms 

are found to be variable between the two taxa, but are not found to be taxonomically useful. In the 

phylogenetic analyses of Chapter Three, there is a lack of phylogenetic signal from the osteoderm-

only dataset. These results suggest that an emphasis on osteoderms in thyreophoran research is 

misplaced, and that until the degree of individual, ontogenetic and sexual variation of armour is 

known, more caution should be applied when using osteoderms to understand aspects of 

thyreophoran evolution.  
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6.2. Future Directions 

Morphological description of the Spearpoint ankylosaur 

The morphological description of the key ankylosaurian taxa Hylaeosaurus and Polacanthus in 

Chapter Two and the assessment of the validity of all Wealden ankylosaur specimens is the first 

modern assessment of the taxonomy of these taxa. This study concluded that the holotypes of these 

taxa are the only diagnosable taxa from the Wealden Supergroup of Britain, with ‘Horshamosaurus’ 

being a nomen dubium. However, it is likely that the undescribed Spearpoint ankylosaur, 

discovered in Chilton Chine in 1994 and partially stored at the Dinosaur Isle Museum, will 

represent another key specimen of ankylosaur from the Wealden Supergroup. It is likely a new 

taxon (Raven, T. pers. obs.), and in the phylogenetic analyses of Chapter Three it was consistently 

recovered in different positions to the other Isle of Wight ankylosaur, Polacanthus. This specimen 

is currently under study (Pond, Raven et al., In Prep.) and a full morphological description will 

likely build on the results of Chapter Two here and provide key insight into the diversity of the 

Wealden Supergroup ankylosaurian fauna.  

 

Further phylogenetic analyses 

The new hypothesis of thyreophoran phylogeny presented in Chapter Three represents a major 

increase in our understanding of thyreophoran dinosaur phylogeny. It is, however, not the final 

answer and there are many topics that should be explored further. Continuous data has previously 

been incorporated into thyreophoran phylogenetic studies (Raven and Maidment 2017) and have 

been shown to contain useful phylogenetic data that was congruent with that from discrete data. 

Application of these methods would be particularly useful for determining the phylogeny of this 

clade, which is marked by a relatively high level of morphological conservatism, especially in the 

postcranial skeleton. Unfortunately, the logistical issues of dealing with continuous data, in 

particular the lack of software that would allow data manipulation in a user-friendly manner, meant 

that continuous data could not be used in this study, and further studies should concentrate on 

incorporating it. Similarly, morphometric data can be useful in phylogenetic studies using 

morphological data (e.g. Jones and Butler, 2018) and this approach could be applied to the 

thyreophoran dinosaurs. 

Further analytical approaches could also be used to investigate thyreophoran phylogeny. This could 

include using maximum likelihood (Lewis 2001) as well as different analytical settings for Bayesian 

inference. In particular, the use of the software RevBayes (Höhna et al. 2017) could improve 

Bayesian inference analyses, given the programme’s ability to design, specify and implement 

complex models of evolution (Höhna et al. 2017). The fossilised birth-death model of phylogenetic 

inference, which incorporates stratigraphic data into the phylogenetic analysis (Heath et al. 2014), 

could also be used to investigate thyreophoran phylogeny, although it should be noted that 

stratigraphic congruence tests could not then be used to infer the accuracy among the resulting 

trees due to issues of circularity.  
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The ‘modified supermatrix’ approach  

The phylogenetic approach I used here in Chapter Three, the ‘modified supermatrix’ (e.g. Moon, 

2017), produced a novel hypothesis of thyreophoran phylogeny that had not been proposed by any 

previous phylogenetic study. It was based on first-hand observation of 60 taxa in 28 natural history 

institutions over nearly three years of study. Several logistical difficulties arose, however, including 

obtaining funding for collections visits and the time needed for data collection. Additionally, it 

might be expected that the increase in character and taxon sampling with respect to previous 

thyreophoran phylogenetic studies would provide results that had higher resolution and 

congruence. However, the analyses presented herein include a large amount of topological variation 

and obtaining a clear phylogenetic signal for some parts of the tree was often difficult. 

Consequently, several trade-offs were identified with respect to the ‘modified supermatrix’ 

approach: large amounts of data are available for analysis, but obtaining these data is time-

consuming and expensive and the results need careful interpretation. Building upon this approach 

and determining the most appropriate set of trade-offs is likely to be key in further examination of 

thyreophoran, and more widely ornithischian and dinosaurian, species-level phylogenies.  

 

Taxonomic reevaluations of thyreophoran taxa 

In the phylogenetic analyses of Chapter Three, there were a substantial number of taxa that 

appeared unstable in their phylogenetic position. It is, therefore, likely that an improvement in 

thyreophoran taxonomy will bring major benefits to our understanding of their phylogeny. The 

maximum agreement subtree presented here pruned numerous taxa that are relatively well-known, 

suggesting that taxonomic revisions are necessary. This is particularly the case for members of 

Ankylosauridae, such as the Asian taxa Tarchia and Saichania and the North American 

euoplocephalines, members of Edmontonidae, such as Dracopelta, Edmontonia and Panoplosaurus, 

and the Australian dinosaurs Kunbarrasaurus and Minmi. These taxonomic revisions could also be 

supplemented by specimen-level phylogenies (Tschopp et al. 2015; Tschopp and Upchurch 2018). 

Additionally, detailed morphological descriptions of key taxa, such as Emausaurus, Isaberrysaura, 

Laquintasaura, Mymoorapelta, Sauropelta, Tianchisaurus, and Edmontonia would help to elucidate 

their anatomy in a modern phylogenetic context, although it should be noted that further first-

hand observation of several of these taxa (e.g. Isaberrysaura, Laquintasaura, Tianchisaurus, 

Mymoorapelta) could also alleviate this. Moreover, a larger-scale ornithischian phylogeny would 

enable testing of whether Lesothosaurus and Laquintasaura are thyreophorans, although given the 

paucity of early-diverging ornithischians it is likely the true phylogenetic affinities of these taxa 

will be uncertain until there are further fossil discoveries, either of new taxa or better specimens of 

existing taxa. 

 

Further biogeographic and macroevolutionary analyses 

The biogeographic and macroevolutionary analyses presented here in Chapter Four and Chapter 

Five, respectively, are the first comprehensive, quantitative assessment of thyreophoran evolution 

using a species-level phylogeny as the framework. As such, they have provided key insight into the 
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mode and tempo of evolution of Thyreophora and the groups Ankylosauria and Stegosauria. 

However, as these are the first attempts at such analyses, there is more work that can be done to 

further elucidate the complicated evolutionary history of this group. For example, biogeographic 

analyses could incorporate detailed information on vegetation and climatic bands that would add 

further constraints on thyreophoran biogeographic evolution. Disparity analyses could involve the 

creation of a separate disparity dataset, rather than co-opting the cladistic dataset, which would 

enable comparisons to be made and would possibly alleviate the issue of missing data. Subsampling 

of the disparity dataset could also be performed, in order to test the effect of the unequal sample 

size of the major thyreophoran clades on the disparity signals. The use of morphometric data in 

disparity analyses would be an interesting study, although this would come with logistical 

difficulties in obtaining the data and in comparing between taxa which do not overlap in available 

osteology (i.e. if using cranial morphometrics, many thyreophoran taxa  such as Adratiklit would 

not be able to be included as they do not preserve a skull). Macroevolutionary analyses could 

incorporate ecological niche modelling (e.g. Chiarenza et al. 2019), shareholder quorum 

subsampling (SQS; e.g. Cleary et al. 2018) or the time-slicing method Formation Binner (e.g. Dean 

et al. 2020). However, all of the methodologies would require a large number of new thyreophoran 

discoveries to be made in order to increase the sample size sufficiently for analysis.  

 

6.3. Final Summary 

We are currently in a golden age of non-avian dinosaur research, with new discoveries and new 

methodologies offering us major insight into the group of animals that dominated our planet for 

nearly 170 million years. Despite this, the iconic thyreophoran dinosaurs have been relatively 

understudied. This thesis presents a major step-change in our understanding of the evolution of the 

thyreophoran dinosaurs, and it has answered some key questions and problems. The multi-faceted 

and interlinked approach used here has incorporated taxonomic, phylogenetic, biogeographic and 

macroevolutionary research, and it has been built upon comprehensive and novel analyses. The 

taxonomic reassessment in Chapter Two includes all known British Wealden Supergroup specimens 

of ankylosaurs. The phylogenetic analyses in Chapter Three are the first comprehensive, species-

level phylogeny of the thyreophoran dinosaurs, and presents a novel hypothesis of thyreophoran 

relationships. The biogeographic analyses of Chapter Four are the first of their kind for this group, 

and the macroevolutionary analyses of Chapter Five are the first to analyse the diversity, disparity 

and evolutionary rates of Thyreophora as a whole. Together, this thesis provides a synthesis of 

thyreophoran evolution using a modern approach that incorporates the major avenues of dinosaur 

research. This work is not, however, the final picture of thyreophoran evolution, and there are 

exciting possibilities for future research, and I hope that the work presented in this thesis can be 

built upon to further invigorate thyreophoran research.  
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8. Appendices 
 

A1.1. Appendix One: Currently valid thyreophoran taxa 

All thyreophoran taxa that are currently recognised as valid by Parish (2005), Maidment et al. 

(2008) or Arbour and Currie (2016). 

Taxonomy Synonyms Occurrence Age Group 

Acantholipan gonzalezi  Pen 

Formation, 

Mexico 

Santonian Ankylosauria 

Adratiklit boulahfa  El Mers II 

Formation, 

Morocco 

Bathonian Stegosauria 

Ahshislepelta minor 
 

 Kirtland 

Formation, 

New Mexico, 

USA 

upper 

Campanian 

Ankylosauria 

Alcovasaurus longispinus Stegosaurus 
longispinus 

Morrison 

Formation, 

USA 

Late Jurassic Stegosauria 

Aletopelta coombsi 
 

 Point Loma 

Formation, 

California, 

USA 

late Campanian Ankylosauria 

Akainacephalus johnsoni  Kaiparowits 

Formation, 

Utah, USA 

late Campanian Ankylosauria 

Animantarx ramaljonesi 
 

 Cedar 

Mountain 

Formation, 

Utah, USA 

?Cenomanian Ankylosauria 

Ankylosaurus magniventris 
 

 Hell Creek 

Formation, 

Canada and 

USA 

late 

Maastrichtian 

Ankylosauria 

Anodontosaurus lambei 
 

 Horseshoe 

Canyon 

Formation 

and upper 

Dinosaur Park 

Formation, 

Canada 

Campanian to 

early 

Maastrichtian 

Ankylosauria 

Anoplosaurus curtonotus 
 

 Cambridge 

Greensand, 

UK 

Upper Albian Ankylosauria 

Antarctopelta oliveroi  Snow Hill 

Island 

Formation, 

Antarctica 

Upper 

Campanian – 

lower 

Maastrichtian 

Ankylosauria 
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Argentinian ankylosaur 

 
 Allen 

Formation, 

Argentina 

Campanian - 

Maastrichtian 

Ankylosauria 

Bissektipelta archibaldi Amtosaurus 
archibaldi 

Bissekty 

Formation, 

Mongolia 

Cenomanian-

Turonian 

Ankylosauria 

Borealopelta markmitchelli  
 

 Clearwater 

Formation, 

Canada 

Aptian Ankylosauria 

Cedarpelta bilbeyhallorum 
 

 Cedar 

Mountain 

Formation, 

Utah, USA 

?Cenomanian Ankylosauria 

Chuanqilong chaoyangensis 
 

 Jiufotang 

Formation, 

People’s 

Republic of 

China 

Aptian Ankylosauria 

Chungkingosaurus jiangbeiensis 

 
 Upper 

Shaximiao 

Formation, 

People’s 

Republic of 

China 

Lower Upper 

Jurassic 

(?Oxfordian) 

Stegosauria 

Crichtonpelta benxiensis 
 

 Sunjiawan 

Formation, 

People’s 

Republic of 

China 

late Albian and 

Cenomanian-

Turonian 

Ankylosauria 

Dacentrurus armatus Omosaurus 
armatus 

Wiltshire, UK Kimmeridgian Stegosauria 

Denversaurus schlessmani Edmontonia sp. 

according to 

Parish, (2005) but 

Burns, (2015) 

considered it a 

valid taxon 

Lower Hell 

Creek 

Formation, 

South Dakota, 

USA 

upper 

Maastrichtian 

Ankylosauria 

Dongyangopelta yangyanensis 
 

 Chaochuan 

Formation, 

People’s 

Republic of 

China 

Albian - 

Cenomanian 

Ankylosauria 

Dracopelta zbyszewskii  Farta Pao 

Formation, 

Portugal 

Kimmeridgian Ankylosauria 

Dyoplosaurus acutosquameus 
 

 Dinosaur Park 

Formation, 

Canada 

middle to upper 

Campanian 

Ankylosauria 

Edmontonia longiceps Panoplosaurus 
longiceps 

Horseshoe 

Canyon 

Formation, 

Canada 

late 

Campanian-

early/mid 

Maastrichtian 

Ankylosauria 
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Edmontonia rugosidens Palaeoscincus 
rugosidens, 
Chassternbergia 
schlessmani, 
Panoplosaurus 
rugosidens 

Two 

Medicine 

Formation 

and Judith 

River 

Formation, 

Canada 

Campanian  Ankylosauria 

Emausaurus ernsti  Ciechocinek 

Formation, 

Germany 

Toarcian Non-

eurypodan 

Euoplocephalus tutus Stereocephalus 
tutus 

Dinosaur Park 

Formation, 

Canada 

middle to upper 

Campanian 

Ankylosauria 

Europelta carbonensis  Escucha 

Formation, 

Spain 

Lower Albian Ankylosauria 

Gargoyleosaurus parkpinorum  Morrison 

Formation, 

Wyoming, 

USA 

Late Jurassic  Ankylosauria 

Gastonia burgei  Cedar 

Mountain 

Formation, 

Utah, USA 

?Cenomanian Ankylosauria 

Gastonia lorriemcwhinneyae  Cedar 

Mountain 

Formation, 

Utah, USA 

?Cenomanian Ankylosauria 

Gigantspinosaurus sichuanensis 

 
 Upper 

Shaximiao 

Formation, 

People’s 

Republic of 

China 

Lower Upper 

Jurassic 

(?Oxfordian) 

Stegosauria 

Gobisaurus domoculus Zhongyuansaurus 
luoyangensis 

Ulanhushao 

(Suhongtu) 

Formation, 

People’s 

Republic of 

China  

Aptian - 

?Albian 

Ankylosauria 

Glyptodontopelta mimus  Ojo Alamo 

Formation, 

New Mexico, 

USA 

Campanian – 

Maastrichtian 

Ankylosauria 

Hesperosaurus mjosi Stegosaurus mjosi Morrison 

Formation, 

USA 

Late Jurassic Stegosauria 

Hoplitosaurus marshi Stegosaurus 
marshi, 
Polacanthus 
marshi 

Lakota 

Formation, 

South Dakota, 

USA 

?Barremian Ankylosauria 
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Horshamosaurus rudgwickensis Polacanthus 
rudgwickensis 

Upper 

Wealden, UK 

Barremian Ankylosauria 

Huayangosaurus taibaii 
 

 Lower 

Shaximiao 

Formation 

Bathonian-

Callovian, or 

Oxfordian 

(Wang et al. 
2018) 

Stegosauria 

Hungarosaurus tormai 
 

 Csehbánya 

Formation, 

Hungary 

Santonian Ankylosauria 

Hylaeosaurus armatus Hylaeosaurus 
owenii 

Lower 

Wealden, UK 

Upper 

Valanginian 

Ankylosauria 

Invictarx zephyri  Menefee 

Formation, 

New Mexico, 

USA 

Lower 

Campanian 

Ankylosauria 

Jiangjunosaurus junggarensis 
 

 Upper section 

of the 

Shishugou 

Formation, 

People’s 

Republic of 

China 

Oxfordian Stegosauria 

Jinyunpelta sinensis  
 

 Liangtoutang 

Formation, 

People’s 

Republic of 

China 

Albian - 

Cenomanian 

Ankylosauria 

Kentrosaurus aethiopicus Kentrurosaurus 
aethiopicus, 
Doryphorosaurus 
aethiopicus 

Tendaguru 

Beds, 

Tanzania 

Upper 

Kimmeridgian-

Tithonian 

Stegosauria 

Kunbarrasaurus ieversi 
 

 Allaru 

Mudstone, 

Australia 

Upper Albian - 

?lower 

Cenomanian 

Ankylosauria 

Liaoningosaurus paradoxus 
 

 Yixian 

Formation, 

People’s 

Republic of 

China 

Lower 

Cretaceous 

Ankylosauria 

Loricatosaurus priscus Stegosaurus priscus Oxford Clay, 

UK 

Callovian Stegosauria 

Minmi paravertebra  Bungil 

Formation, 

Queensland, 

Australia 

Valanginian – 

Aptian 

Ankylosauria 

Miragaia longicollum 

 
 Lourinhã 

Formation, 

Portugal 

Tithonian Stegosauria 

Mongolostegus exspectabilis  Dzunbain 

Formation, 

Mongolia 

Aptian – Albian Stegosauria 
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Mymoorapelta maysi 
 

 Morrison 

Formation, 

Colorado, 

USA 

Late Jurassic Ankylosauria 

Niobrarasaurus coleii  Niobrara 

Chalk 

Formation, 

Kansas, USA 

middle 

Santonian – 

early 

Campanian 

Ankylosauria 

Nodocephalosaurus kirtlandensis 
 

 Kirtland 

Formation, 

New Mexico, 

USA 

upper 

Campanian 

Ankylosauria 

Nodosaurus textilis  Frontier 

Formation, 

Wyoming, 

USA 

Middle 

Cenomanian 

Ankylosauria 

Panoplosaurus mirus  Dinosaur Park 

Formation, 

Canada 

middle to upper 

Campanian 

Ankylosauria 

Paranthodon africanus Palaeoscincus 
africanus, 
Paranthodon 
owenii 

Kirkwood 

Formation, 

South Africa 

?Berriasian-

Valanginian 

Stegosauria 

Pawpawsaurus campbelli  Paw Paw 

Formation, 

Texas, USA 

late Albian Ankylosauria 

Paw Paw juvenile  Paw Paw 

Formation, 

Texas, USA 

late Albian Ankylosauria 

Peloroplites cedrimontanus  Cedar 

Mountain 

Formation, 

Utah, USA 

?Cenomanian Ankylosauria 

Pinacosaurus grangeri Pinacosaurus 
ninghsiensis, 
Syrmosaurus 
viminocaudus, 
Syrmosaurus 
viminicaudus 

Djadokhta 

Formation, 

Mongolia  

?Late Santonian 

– Late 

Campanian 

Ankylosauria 

Pinacosaurus mephistocephalus 
 

 Bayan 

Mandahu 

Formation, 

People’s 

Republic of 

China 

?Late Santonian 

– Late 

Campanian 

Ankylosauria 

Polacanthus foxii Eucanthus foxii, 
Vectensia foxii 

Upper 

Wealden, UK 

Upper 

Barremian 

Ankylosauria 

Saichania chulsanensis Shanxia 
tianzhenensis, 
Tianzhenosaurus 
youngi 

Baruungoyot 

Formation, 

Mongolia 

middle to upper 

Campanian 

Ankylosauria 
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Sarcolestes leedsi  Oxford Clay, 

UK 

Callovian Ankylosauria 

Sauropelta edwardsorum  Cloverly 

Formation, 

Montana, 

USA 

Aptian - Albian Ankylosauria 

Sauroplites scutiger  Zhidan 

Group, 

People’s 

Republic of 

China 

Barremian – 

Aptian 

 

Ankylosauria 

Scelidosaurus harrisonii  Charmouth 

Mudstone 

Formation, 

Dorset, 

England 

Sinemurian – 

Pliensbachian 

Non-

eurypodan 

Scolosaurus cutleri Oohkotokia 
horneri 

Dinosaur Park 

Formation, 

Canada 

middle to upper 

Campanian 

Ankylosauria 

Scutellosaurus lawleri  Kayenta 

Formation, 

Arizona, USA 

Sinemurian – 

Toarcian  

 

Non-

eurypodan 

Shamosaurus scutatus 
 

 Dzunbain 

Formation, 

Mongolia 

Aptian to 

Albian 

Ankylosauria 

Silvisaurus condrayi  Dakota 

Formation, 

Kansas, USA 

Albian Ankylosauria 

Stegopelta landerensis  Frontier 

Formation, 

Wyoming, 

USA 

latest Albian or 

earliest 

Cenomanian 

Ankylosauria 

Stegosaurus homheni Wuerhosaurus 
homheni 

Lianmuging 

Formation 

Valanginian-

Albian 

Stegosauria 

Stegosaurus stenops Stegosaurus 
armatus, 
Stegosaurus 
ungulates, 
Stegosaurus 
duplex, Diracodon 
laticeps, 
Hypsirhophus 
discursus 

Morrison 

Formation, 

USA 

Late Jurassic Stegosauria 

Struthiosaurus austriacus Struthiosaurus 
transylvanicus, 
Crataeomus 
pawlowitschii, C. 
lepidophorus, 
Danubiosaurus 
anceps, 
Hoplosaurus 
ischyrus, 

Grünbach 

Formation, 

Austria 

Campanian Ankylosauria 
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Leipsanosaurus 
noricus, 
Pleuropeltis 
suessii, 
Rhadinosaurus 
alcimus, 
Rhodanosaurus 
ludguensis 

Struthiosaurus languedocensis  Villeveyrac-

Mèze Basin, 

France 

lower 

Campanian 

Ankylosauria 

Struthiosaurus transylvanicus  Hateg Basin, 

Romania 

Maastrichtian Ankylosauria 

Talarurus plicatospineus 
 

 Bayanshiree 

Formation, 

Mongolia 

late 

Cenomanian – 

Coniacian to 

?early 

Santonian 

Ankylosauria 

Taohelong jinchengensis  Hekou Group, 

People’s 

Republic of 

China 

Lower 

Cretaceous 

Ankylosauria 

Tarchia kielanae Minotaurasaurus 
ramachandrani 
according to 

Arbour and Currie 

(2016) but 

Penkalski and 

Tumanova (2017) 

and Burns (2015) 

considered this 

genus distinct 

Baruungoyot 

Formation, 

Mongolia 

middle to upper 

Campanian 

Ankylosauria 

Tarchia teresae  
 

 Nemegt 

Formation, 

Mongolia 

upper 

Campanian – 

lower 

Maastrichtian 

Ankylosauria 

Tatankacephalus cooneyorum  Cloverly 

Formation, 

Montana, 

USA 

Aptian - Albian Ankylosauria 

Texasetes pleurohalio  Paw Paw 

Formation, 

Texas, USA 

late Albian Ankylosauria 

Tianchisaurus nedogoapeferima  Toutunhe 

Formation, 

People’s 

Republic of 

China 

Bathonian – 

Callovian  

Ankylosauria 

Tsagantegia longicranialis 
 

 Bayanshiree 

Formation, 

Mongolia 

late 

Cenomanian – 

Coniacian to 

Ankylosauria 
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?early 

Santonian 

Tuojiangosaurus multispinus  
 

 Upper 

Shaximiao 

Formation, 

China 

Lower Upper 

Jurassic 

(?Oxfordian) 

Stegosauria 

Zaraapelta nomadis 
 

 Baruungoyot 

Formation, 

Mongolia 

middle to upper 

Campanian 

Ankylosauria 

Zhejiangosaurus  Chaochuan 

Formation, 

People’s 

Republic of 

China 

Cenomanian  Ankylosauria 

Ziapelta sanjuanensis 
 

 Kirtland 

Formation, 

New Mexico, 

USA 

upper 

Campanian 

Ankylosauria 

Zuul crurivastator  
 

 Judith River 

Formation, 

Montana, 

USA 

Campanian Ankylosauria 
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A1.2. Appendix Two: Previously valid thyreophoran taxa 

All thyreophoran taxa that have been previously referred to either Ankylosauria or Stegosauria 

but are not currently recognised as valid (Parish 2005; Maidment et al. 2008; Arbour and Currie 

2016). 

Taxonomy Current classification 

‘Acanthopolis eucercus’ Ankylosauria indet. 

‘Acanthopolis horridus’ Nodosauridae indet. 

‘Acanthopolis macrocercus’ Ankylosauria indet. partim, Ornithopoda indet. partim 

‘Acanthopolis platypus’ Ankylosauria indet. partim, Sauropoda indet. partim, Dinosauria indet. 

partim 

‘Acanthopolis stereocercus’ Ankylosauria indet. partim, Ornithopoda indet. partim 

‘Amtosaurus magnus’ nomen dubium, Ornithischia indet. 

‘Anoplosaurus major’ Ankylosauria indet. partim, Ornithopoda indet. partim 

‘Astrodon pusillus’ nomen dubium, Dinosauria indet.  

‘Brachypodosaurus gravis’ Dinosauria indet. 

‘Chialingosaurus kuani’ nomen dubium, Stegosauria indet. 

‘Craterosaurus pottonensis’ nomen dubium, Stegosauria indet. 

‘Crichtonsaurus bohlini’ Ankylosauria indet. 

‘Cryptosaurus eumerus’ Ankylosauria indet. 

‘Dravidosaurus blanfordi’ nomen dubium, Plesiosauria indet. 

‘Dyoplosaurus giganteus’ Ankylosauridae indet. 

‘Heishansaurus pachycephalus’ Ankylosauria indet. 

‘Hierosaurus sternbergii’ Nodosauridae indet. 

‘Hypsirhophus seeleyanus’ nomen nudum 

Japanese ankylosaur Nodosauridae indet. according to Hawakaya et al. (2005) 

‘Maleevus disparoserratus’ =Syrmosaurus disparaserratus, but Ankylosauria indet. 

‘Lexovisaurus durobrivensis’ nomen dubium, Stegosauria indet. 

‘Monkonosaurus lawulacus’ nomen dubium, Stegosauria indet. 

‘Omosaurus hastiger’ nomen dubium, Thyreophora indet. 

‘Omosaurus phillipsi’ nomen dubium, Dinosauria indet. 

‘Omosaurus leedsi’ nomen dubium, Stegosauria indet. 

‘Omosaurus vetustus’ nomen dubium, Dinosauria indet. 

‘Palaeoscincus costatus’ Nodosauridae indet. 

‘Palaeoscincus latus’ Nodosauridae indet. 

‘Peishansaurus philemys’ Thyreophora indet. 

‘Prioconodon crassus’ Nodosauridae indet. 

‘Priodontognathus phillipsii’ Ankylosauria indet. 

‘Regnosaurus northamptoni’ nomen dubium, Thyreophora indet. 

‘Stegosaurides excavates’  Thyreophora indet. 

‘Stegosaurus affinis’ nomen nudum 

‘Stegosaurus madagascariensis’ nomen dubium, Ankylosauria indet.  

‘Stegosaurus sulcatus’ nomen dubium, Stegosauria indet. 

‘Tarchia gigantea’ redundant combination according to Arbour et al. (2014a), PIN 

3142/250 referred to Saichania chulsanensis 

‘Wuerhosaurus ordosensis’ nomen dubium, Stegosauria indet. 
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A2.1. Appendix Three: X-ray micro-computed Tomography methodology 

The skull block of Hylaeosaurus was imaged with X-ray micro-Computed Tomography, using 

with a Nikon HMX ST 225 (Nikon Metrology, Leuven, Belgium) at the Natural History Museum, 

London UK. Aligning the longest dimension of the specimen with the vertical axis of the setup 

allowed to maximise the magnification on the horizontal plane. The specimen had therefore to be 

imaged in three parts, as it was extending the vertical field of view in such a configuration. 

Parameters of the system were: An UltraFocus reflective tungsten target; voltage of 210 kV and 

current of 357 µA (limiting the power to 75 W to avoid geometric blurring); incoming X-ray 

beam filtered with 1.125 mm of silver; a recorded isotropic pixel size of 111.52 µm resulting from 

a 1.79x magnification based on the source-sample-detector positions. Each acquisition consisted of 

3142 projections of 1.415 s each, a frame averaging of 4 and detector gain set at 18 dB. The 

tomographic reconstruction was performed using the filtered back projection algorithm of the 

CT-agent software (Nikon Metrology GmbH, Alzenau,Germany). Additional processing 

performed during the reconstruction included: a beam-hardening correction, calculated by CT-

agent based on a manual thresholding defining the material and background in a reconstructed 

test slice; median filter with a 3x3 window applied on projections to remove small saturated ring 

artefacts. Finally, based on a manual bounding of the 32-bit histogram, the reconstructed dataset 

was saved as 16-bit tiff stack. 

Although the raw CT data was not segmented to create a 3D model, preliminary visualisation was 

performed in Avizo to enable observation of cranial material. 
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A2.2. Appendix Four: Indeterminate Wealden ankylosaur specimens 

Indeterminate ankylosaur specimens that have previously been referred to either Hylaeosaurus or 

Polacanthus but are herein referred to a higher clade based on the possession of autapomorphies 

of the clade, or a more inclusive subclade, as listed by Thompson et al. (2012), but lack generically 

or specifically diagnostic characters. 

Taxonomy Specimen number Material Locality 

Nodosauridae 

incertae sedis  

BEXHM 1999.34.1-

2011.23.1 

Partial skeleton of 'Bexhill 

Polacanthus' (Blows and 

Honeysett 2014) 

Wadhurst Clay Formation 

(Valanginian) of Bexhill, West 

Sussex 
 

HORSM 1988.1546 Partial skeleton of 

'Horshamosaurus 

rudgwickensis' (Blows 

2015) 

Weald Clay Group (Hauterivian 

- Barremian) of Horsham, West 

Sussex 

 
NHMUK PV R3789 Caudal vertebrae of 

'Hylaeosaurus oweni' 

Tilgate Forest, West Sussex 

 
NHMUK PV R9293 Partial skeleton referred to 

Polacanthus foxii (Blows 

1987) 

Wessex Formation, Compton 

Bay, Isle of Wight 

 
IWCMS 1996.153  Partial skeleton. This is 

part of specimen which is 

partly privately-owned. 

The publicly accessible 

material does not possess 

any autapomorphies of 

Polacanthus although the 

privately-owned material 

likely represents a new 

taxon (Raven, T. pers. 

obvs.). 

Wessex Formation, Chilton 

Chine, Brighstone, Isle of 

Wight 

Ankylosauria 

incertae sedis  

CAMSMX 26242 Sectioned braincase, 

described by Norman and 

Faiers (1996) 

Chilton Chine, Isle of Wight 

 
DLM 537 Pectoral spine Lower Cretaceous Bückeberg 

Formation (early Valanginian) 

of Gronau, Westfalen, 

northwestern Germany (Sachs 

and Hornung 2013) 
 

GM 1981.45 Dermal spine of 'Vectensia' 

(Delair 1982) 

Wessex Formation, Barnes 

High, Isle of Wight 
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Taxonomy Specimen number Material Locality 
 

GPMM A3D.3 Distal end of a humerus Lower Cretaceous Bückeberg 

Formation (early Valanginian) 

of Gronau, Westfalen, 

northwestern Germany (Sachs 

and Hornung 2013) 
 

HMCMS 

DJK1981.48  

Dermal plate Wessex Formation between 

Barnes High and Cowlease 

Chine, Isle of Wight 

 
IWCMS 2000.408 Scute Chilton Chine, Isle of Wight 

 
IWCMS 2003.57  Osteoderm Wessex Formation, Yaverland 

foreshore, Isle of Wight 
 

IWCMS 2009.505  Scute Wessex Formation, Yaverland 

foreshore, Isle of Wight 
 

IWCMS 2010.35  Dorsal vertebra Wessex Formation, Chilton, Isle 

of Wight 
 

IWCMS 2010.36  Dorsal vertebra Locality unknown 
 

IWCMS 2010.37  Dorsal vertebra Locality unknown 
 

IWCMS 2012.1134.a  Scutes Wessex Formation, Compton, 

Isle of Wight. Just east of 

Compton farm landslip, 300m 

NW of Hanover Point carpark, 

collected by Nick Chase 
 

IWCMS 

2012.1134.182  

Scute Wessex Formation, Compton, 

Isle of Wight. Just east of 

Compton farm landslip, 300m 

NW of Hanover Point carpark, 

collected by Nick Chase 
 

IWCMS 2012.1134.3  Scute and phalange Wessex Formation, Compton, 

Isle of Wight. Just east of 

Compton farm landslip, 300m 

NW of Hanover Point carpark, 

collected by Nick Chase 
 

IWCMS 2014.89  Spine Brook, Isle of Wight. About 1/4 

of the way between Churchill 

Chine and Hanover Point 
 

IWCMS 2016.274  Sacral shield Locality unknown.  

 
IWCMW 2016.311  Cervical half ring Yaverland, Isle of Wight 
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Taxonomy Specimen number Material Locality 
 

MIWG 37  Scutes Wessex Formation, Brook 

Chine, Isle of Wight 
 

MIWG 1191a   Spine Locality unknown. 
 

MIWG 1983  Scute Sandown Bay, Isle of Wight 

 
MIWG 4222   Scute Wealden, Yaverland, Isle of 

Wight 
 

MIWG 5145   Caudal plate Wessex Formation, Between 

Chilton and Grange Chine, Isle 

of Wight 
 

MIWG 5178  ?scute Sudmoor Point, Isle of Wight 

 
MIWG 5186  Scutes Wessex Formation, Brook, Isle 

of Wight 
 

MIWG 5187  Scutes Wessex Formation, Brook, Isle 

of Wight 
 

MIWG 5188  Dorsal vertebra Locality unknown 
 

MIWG 5307 Spine Wessex Formation, Grange 

Chine, Isle of Wight 
 

MIWG 5390  Tooth Wessex Formation, Sudmoor 

Point, Isle of Wight 

 
MIWG 6355  Sacral shield Wessex Formation, Brook, Isle 

of Wight 
 

MIWG 6457   Ulna Hanover Point, Isle of Wight 

 
MIWG 6481  Dorsal vertebrae Locality unknown 

 
MIWG 6617   Dorsal vertebra Wessex Formation, Chilton 

Chine, Isle of Wight 

 
MIWG 6623  Scute Locality unknown. Donated by 

R. Reed 
 

MIWG 6659  Fragments including 

?osteoderm 

Yaverland, Isle of Wight 

 
NHMUK PV R133 Dermal spines Wealden, Isle of Wight. Fox 

Collection. 

 
NHMUK PV R202  Dermal spine Wealden, Isle of Wight. Fox 

Collection. 
 

NHMUK PV R202a Dermal spine Wealden, Isle of Wight. Fox 

Collection. 
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Taxonomy Specimen number Material Locality 
 

NHMUK PV R202b   Dermal spine Wealden, Isle of Wight. Fox 

Collection. 
 

NHMUK PV R203  Dermal spines Wealden, Isle of Wight. Fox 

Collection. 
 

NHMUK PV R643  Isolated scute; surviving 

Lee (1843) specimen 

Wessex Formation, Brook, Isle 

of Wight.  
 

NHMUK PV R695  Spine Wealden of Sussex. Dawson 

Collection.  
 

NHMUK PV R1106  Humerus Brixton, Isle of Wight. Mantell 

Collection 
 

NHMUK PV R1107 Tibia Brixton, Isle of Wight. Mantell 

Collection 

 
NHMUK PV R1845  Spine Wealden of Hastings, Sussex. 

Beckles Collection. 
 

NHMUK PV R1875    Osteoderm Wealden of Hastings, Sussex. 

Beckles Collection. 
 

NHMUK PV R1876  Scute Wealden of Hastings, Sussex. 

Beckles Collection. 

 
NHMUK PV R1926  Holotype of ‘Polacanthus 

becklesi’; a partial ilio-

sacral block 

Wealden, Isle of Wight. Fox 

Collection. 

 
NHMUK PV R2047  Spine Tilgate Forest, West Sussex. 

Mantell Collection.  
 

NHMUK PV R2123  Dorsal vertebra Cuckfield, West Sussex. Mantell 

Collection 
 

NHMUK PV R2125  Dorsal vertebra Locality unknown. Mantell 

Collection. 
 

NHMUK PV R2188   Tibia/humerus Cuckfield, West Sussex. Mantell 

Collection 

 
NHMUK PV R2190   Dermal spine Tilgate Forest, West Sussex. 

Mantell Collection.  
 

NHMUK PV R2417  Spine Cuckfield, West Sussex. Mantell 

Collection 
 

NHMUK PV R2484   Sacrum Cuckfield, West Sussex. Mantell 

Collection 
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Taxonomy Specimen number Material Locality 
 

NHMUK PV R2511  Caudal vertebrae Cuckfield, West Sussex. Mantell 

Collection 
 

NHMUK PV R2527  Dorsal vertebra Cowleaze Chine, Isle of Wight 
 

NHMUK PV R2576  Fibula Locality unknown 

 
NHMUK PV R2584  Scapula Wealden of Bolney, West 

Sussex. Mantell Collection. 

Named as part of a chimera of 

'Polacanthoides ponderosus'. 
 

NHMUK PV R2585  Dorsal vertebra Tilgate Forest, West Sussex. 

Mantell Collection.  
 

NHMUK PV R2587  ?scapula, or osteoderm Cuckfield, West Sussex. Mantell 

Collection 

 
NHMUK PV R2602a  Scapula Tilgate Forest, West Sussex. 

Mantell Collection.  
 

NHMUK PV R4952   Caudal vertebra Grange Chine, Isle of Wight 

 
NHMUK PV R9950   Partial sacrum. 'Whale 

Chine synsacrum' of  Blows 

(2015) 

Between Whale Chine and St. 

Catherine's Point, Isle of Wight. 

?Lower Greensand, according to 

Blows (2015) 
 

NHMUK PV R13017 Osteoderm Locality Unknown 
 

NHMUK PV R16484  Dermal spine Wessex Formation, Chilton 

Chine, Isle of Wight 
 

NHMUK PV R28681  Spine Cuckfield, West Sussex. Mantell 

Collection 

 
NHMUK PV R28963   Partial sacrum Locality unknown 

 
NHMUK PV R34553  Dermal ossicle Locality unknown 

 
NHMUK PV R36476  Sacral vertebrae Locality unknown 

 
NHMUK PV R36487 Sacral vertebrae Tilgate Forest, West Sussex. 

Mantell Collection.  
 

NHMUK PV 

R364390,91,92,93  

Scutes Cuckfield, West Sussex. Mantell 

Collection 
 

NHMUK PV 

R36515-17  

Dermal spines Sandown, Isle of Wight 

 
NHMUK PV 

R37713-14  

Dermal scutes Locality unknown 
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Taxonomy Specimen number Material Locality 
 

NHMUK PV R40458  Dermal ossicle Potten, Bedfordshire  

 
SMC B53588-94  Scutes Wessex Formation, Brook, Isle 

of Wight 
 

SMC B53598  Scapula Wessex Formation, Brook, Isle 

of Wight 
 

SMC B53587 Dorsal vertebra Atherfield, Isle of Wight 
 

SMC 53353-58,72,95 Scutes Wessex Formation, Brook, Isle 

of Wight 
 

MNS 2002/95.109, 

456, 614 

Dorsal vertebrae (All MNS 

specimens from Pereda-

Suberbiola et al. 2007). 

uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

MNS 2001/122.785, 

2002/95.45, 61, 62, 

65, 85, 139, 149, 176, 

222, 270, 305, 385, 

396, 635, 663, 713, 

733-734, 735, 805, 

895 

Dorsal ribs uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 

 
MNS 2002/95.608 Fragment of sacrum and 

ilium 

uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

MNS 2002/95.110, 

115, 2003/69.479 

Presacral spines uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

MNS 2002/95.132 Presacral keeled scute uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

MNS 2002/95.261, 

291 

Fragmentary presacral 

spines 

uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

MNS 2002/95.117bis, 

118, 119, 120, 121, 

122, 309, 609, 719, 

734 

Sacral shield uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 

 
MNS 2002/95.10 Plated spine uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
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Taxonomy Specimen number Material Locality 
 

MNS 2002/95.49, 

111, 112, 113, 116, 

117, 245, 389, 744, 

772, 870 

Caudal plates uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 

 
MNS 2002/95.19, 

124, 125, 228, 322, 

481 

Flat ossicles uppermost Valanginian - 

lowermost Barremian Golmayo 

Formation, Soria, Spain 
 

NMW 94.32G.2 Several vertebrae in block According to Blows (1987): 

"from the Greensands overyling 

the Lias at Charmouth, Dorset".  
 

No specimen 

number 

Osteoderm from Sanz 

(1983) 

Barremian - Albian Salas de los 

Infantes Formation, Burgos, 

Spain 

Thyreophora 

incertae sedis 

IWCMS 2012.1131  Ungual phalanx Wessex Formation, Brook 

Chine, Isle of Wight 
 

HMCMS G2004.50.2  Caudal vertebra Wessex Formation, Sudmoor 

Point, Isle of Wight 

 
HMCMS G2004.50.3 Caudal vertebra Wessex Formation, Sudmoor 

Point, Isle of Wight 
 

MIWG 5144  Caudal vertebra Wessex Formation, Brook Bay, 

Isle of Wight 
 

MIWG 5183   Phalange 300m east of Chilton Chine, Isle 

of Wight 
 

MIWG 6611  Caudal vertebra Locality unknown.  
 

NHMUK PV R2583  Ribs Cuckfield, West Sussex. Mantell 

Collection 

 
NHMUK PV R3782  Spine Cuckfield, West Sussex. Mantell 

Collection 
 

NHMUK PV R12555   Femur Wealden near Hastings, East 

Sussex. Dawson Collection. 
 

NHMUK PV R28949   Vertebra Wealden of ?Sussex. Purchased 

from Lady Hastings 
 

NHMUK PV R36489  Rib Tilgate Forest, West Sussex. 

Mantell Collection.  

Ornithischia 

incertae sedis 

NHMUK PV R12556  Distal end of limb bone Wealden, Isle of Wight  
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Taxonomy Specimen number Material Locality 
 

NHMUK PV R4951  Braincase Wessex Formation, Grange 

Chine, Isle of Wight 
 

NHMUK PV R604  Dorsal vertebrae Wadhurst Clay, Hastings, East 

Sussex. Dawson Collection. 

Dinosauria 

incertae sedis 

NHMUK PV R12571  Scute of ?titanosauriform Wealden of Hastings, East 

Sussex. Beckles Collection. 
 

NHMUK PV R16485 Fragments Chilton Chine, Isle of Wight 

 
NHMUK PV R2596  ?rib Locality unknown. Mantell 

Collection. 
 

NHMUK PV R39556 Fragment of limb bone Atherfield, Isle of Wight 

 
NHMUK PV R4134  Fragments Wealden. Mantell Collection 

 
SMC B53599  Centrum of a vertebra Atherfield, Isle of Wight 

 
SMC B53601,602,603  Sacral vertebrae Wessex Formation, Brook, Isle 

of Wight 
 

SMC B53666-670, 

600, 642,637, 604, 

605 

Caudal vertebrae Hollington, Hastings, Sussex 
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A3.1. Appendix Five: Rejected osteological characters 

 

Most morphological characters used were found in previous analyses, and this is noted in the 

character list. The following characters were not included in the character list, for various 

reasons, but predominantly the characters were too vague to be scored accurately or the 

morphological features described were covered by other characters. 

 
Morphological character rejected  Justification for rejection 

Arbour and Currie 2016 [9]. 

Premaxillary sinus: absent (0), present (1).  

This feature is covered by either the naris or the 

paranasal apertures. According to Witmer and 

Ridgely 2008, the premaxillary sinus on 

Euoplocephalus opens into the airway and is just 

part of the nasal opening. The premaxillary sinuses 

identified in Saichania and Pinacosaurus by Arbour 

and Currie 2016 are paranasal apertures. 

Arbour and Currie 2016 [73]. See also: Lee 1996 

[9], Kirkland 1998 [17], Sereno 1999 [82], 

Vickaryous et al. 2001 [34], Hill et al. 2003 [30], 

Vickaryous et al. 2004 [34], Parish 2005 [50], 

Thompson et al. 2012 [54], Arbour et al. 2014a 

[44], Arbour et al. 2014b [43] 

Occipital condyle, consists of: basioccipital and 

exoccipital (0), basioccipital only (1). 

This character is difficult to operationalize in any 

but juvenile taxa, because usually the basioccipital 

and exoccipitals fuse indistinguishably in adults 

Arbour and Currie 2016 [74]. See also: Sereno 

1999 [12], Carpenter 2001 [70], Norman et al. 

2004 [2], Vickaryous et al. 2004 [31], Parish 2005 

[52], Butler et al. 2008 [80], Thompson et al. 2012 

[56], Arbour et al. 2014a [45], Arbour et al. 2014b 

[44] 

Basisphenoid, length relative to the basioccipital: 

longer (0), shorter or equal (1). 

This character is difficult to operationalise because 

the sutures of the basisphenoid and other braincase 

elements are indistinguishably fused. 

Arbour and Currie 2016 [83]. After Carpenter et 

al 1999. See also Parish 2005 [70], Thompson et al 

2012 [74], Arbour et al 2014a [60], Arbour et al 

2014b [59] 

Position of glenoid for quadrate relative to 

mandibular axis: medially offset (0), in line (1) 

Variation described by other lower jaw characters. 

Arbour and Currie 2016 [92]. See also Sereno 

1999 [19], Parish 2005 [84], Butler et al 2008 

[132], Thompson et al 2012 [92], Arbour et al 

2014a [76], Arbour et al 2014b [71]. 

Type of articulation between the atlantal neural 

arch and intercentrum: open (0), fused in adult 

(1).  

Neural arch fusion varies intraspecifically and 

interspecifically (Raven and Maidment 2017) 
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Arbour and Currie 2016 [117]. See also Parish 

2005 [110], Thompson et al 2012 [120], Arbour et 

al 2014a [102], Arbour et al 2014b [95] 

Contact between scapula and coracoid: 

articulated (0), fused (1) 

Fusion between scapula and coracoid is ontogenetic 

in many thyreophorans (Raven and Maidment 

2017). 

Arbour and Currie 2016 [121]. See also Kirkland 

1998 [32], Parish 2005 [115], Thompson et al 

2012 [124], Arbour et al 2014a [106], Arbour et al 

2014b [101] 

Orientation of the acromion process of scapula: 

directed away from the glenoid (0), directed 

towards scapula glenoid (1) 

Variation described by other shoulder girdle 

characters. 

Arbour and Currie 2016 [131]. See also Sereno 

1999 [74], Carpenter 2001 [30], Vickaryous et al 

2004 [56], Parish 2005 [130], Thompson et al 

2012 [141], Arbour et al 2014a [123], Arbour et al 

2014b [118] 

Perforation of the acetabulum: present, open 

acetabulum (0), absent, closed acetabulum (1) 

Variation described by other pelvic girdle 

characters. 

Arbour and Currie 2016 [140]. See also: Parish 

2005 [122], Thompson et al 2012 [132], Arbour et 

al 2014a [114], Arbour et al 2014b [109]. 

Radius, shape of the radial condyle of humerus 

round / proximal end of radius in end-on view: 

non-circular (0), circular (1) 

This is too vague to be scored, and the two taxa to be 

scored (1) by Arbour and Currie 2016 (Sauropelta 

and Stegopelta) do not have the character state 1. 

Arbour and Currie 2016 [144]. See also: Parish 

2005 [138], Thompson et al 2012 [149], Arbour et 

al 2014a [127], Arbour et al 2014b [122]. 

Femur, angle between long axis of femoral head 

and long axis of shaft: <90º (0), 90º to 120º (1), 

>120º (2). 

The offset of the femoral head is related to an 

upright gait (Maidment and Barrett 2012) and 

additionally this character would be affected 

dramatically by taphonomic preservation. 

Arbour and Currie 2016 [157] 

See also Burns and Currie 2014 [17] 

External cortical histology of skeletally mature 

osteoderms: no osteoderms (0) lamellar bone (1), 

ISFB (2) 

Difficult to code as little comparative histology 

available. 

Arbour and Currie 2016 [158]. See also Burns and 

Currie 2014 [18] 

Haversian bone in osteoderms: no osteoderms (0) 

absent in core of skeletally mature osteoderms 

Difficult to code as little comparative histology 

available. 
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(1), may be present in in core of skeletally mature 

osteoderms (2).  

Arbour and Currie 2016 [159]. See also Burns and 

Currie 2014 [19] 

Basal cortex of skeletally mature osteoderms: no 

osteoderms (0) present (1), absent or poorly 

developed (2) 

Difficult to code as little comparative histology 

available. 

Arbour and Currie 2016 [160]. See also Burns and 

Currie 2014 [28]. 

Structural fibre arrangement in osteoderms: no 

osteoderms (0) structural fibres absent (1), 

reaches orthoganal arrangement near osteoderm 

surfaces (2), diffuse throughout (3), highly 

ordered sets of orthogonally arranged fibres in 

the superficial cortex (4).  

Difficult to code as little comparative histology 

available. 

Arbour and Currie 2016 [167]. 

Millimetre-sized ossicles abundant in spaces 

between osteoderms in thoracic or caudal regions 

(excluding pelvic region), absent (0), present (1). 

This is highly likely to be affected by taphonomy; 

millimetre-sized osteoderms are unlikely to survive 

fossilisation except in exceptional circumstances. 

This is shown by the presence of ossicles in 

Scolosaurus NHMUK PV R5161, a specimen with 

such exceptional preservation that skin is retained. 

Arbour and Currie 2016 [169]. 

Deeply excavated , dorsoventrally flattened 

triangular osteoderms: furrows perpendicular to 

basal edge absent (0), furrows present (1). 

Difficult to code as the homology of “deeply 

excavated, dorsoventrally flattened triangular 

osteoderms” is unclear. These could be spines in the 

pectoral, cervical, thoracic or caudal regions but it is 

not clear which this character refers to. 

Arbour and Currie 2016 [170]. See also: 

Carpenter 2001 [36], Hill 2005 [336], Burns and 

Currie 2014 [10] 

Lateralmost osteoderms in thoracic region: ovoid 

or sub-ovoid with a longitudinal keel (0), 

triangular, dorsoventrally flattened elements (1), 

solid, conical spikes (2). 

 

Difficult to code as few specimens are found with in 

situ osteoderms, without which it is impossible to 

state which are the lateral-most osteoderms. 

Arbour and Currie 2016 [171]. 

Thoracic osteoderms coossified to dorsal ribs: no 

osteoderms coossified to ribs (0), at least some 

osteoderms coossified to ribs (1). 

Unsure how this character state would occur with 

regards to positioning relative to intercostal muscles. 

Arbour and Currie 2016 scored this present for only 

Antarctopelta and Stegopelta; taxa where the 

material is poorly preserved and difficult to assess. 

Additionally, personal observation of the holotype 

of Stegopelta (FMNH UR88) found no evidence for 

osteoderms being coossified to dorsal ribs. 
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Arbour and Currie 2016 [173]. See also: Hill 2005 

[307], Burns and Currie 2014 [4], 

Caudal osteoderms: on dorsal or dorsolateral 

surfaces of tail only (0), completely surrounding 

tail (1). 

Unsure of the condition of character state (1). 

According to Arbour and Currie 2016, only 

Kunbarrasaurus and Scelidosaurus score (1), and 

neither of these taxa have tails that differ greatly 

from the condition usually seen in thyreophorans 

(e.g. character state 0). 

Arbour and Currie 2016 [175]. See also: Hill 2005 

[343], Burns and Currie 2014 [13] 

Keel height of caudal osteoderms relative to 

thoracic osteoderms: keels equal in external-basal 

height (0), keels taller in caudal osteoderms (1). 

Difficult to code as unsure what “thoracic 

osteoderms” refers to. 

Arbour et al 2014b [49]. See also Vickaryous et al 

2004 [37], Thompson et al 2012 [62], Arbour et al 

2014a [50]. 

Direction of the foramen magnum: posterior (0); 

posteroventral (1) 

Unsure of how the foramen magnum can have a 

direction, and the variation described herein is 

covered by other braincase characters. 

Arbour et al 2014b [83]. See also Thompson et al 

2012 [104], Arbour et 2014a [88] 

Paravertebrae: absent (0); present (1) 

Paravertebrae are homologous to ossified epaxial 

tendons, and a character is present regarding these. 

Burns 2015 [21]. See also Lee 1996 [20], Kirkland 

1998 [28], Carpenter 2001 [68], Vickaryous et al 

2001 [11], Hill et al 2003 [38]. 

Anteroposteriorly narrow dermal ossification 

along the posterior border of the skull  roof: 

absent (0); present (1) 

Covered by other cranial ornamentation characters. 

Burns 2015 [32].  

Maximum adult skull width: less than or equal to 

302 mm (0); greater than 302 mm (1)  

This will vary intraspecifically. 

 

Burns 2015 [34] 

Keeled postcranial osteoderms: absent (0), longer 

than wide (1), wider than long (2). 

Vague and variation described by other postcranial 

ornamentation characters. 

Burns 2015 [35] 

Lateral margin of medial cervical/pectoral 

osteoderms: rounded (0), angular (1). 

Too vague to be scored – i.e. it is difficult to define 

angular. 

Burns 2015 [37] 

Triangular osteoderm on dorsum of rostral region 

posterior to nasal osteoderm: absent (0), present 

(1). 

Vague and variation described by other postcranial 

ornamentation characters. 
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Burns 2015 [39]  

 

Error in original character list. Author contacted, 

but no reply, and so this character cannot be used. 

Burns and Currie 2014 [6]. See also: Brochu 1997 

[37], Hill 2005 [313] 

Maximum number of contiguous osteoderms per 

transverse row: two (0), four (1), six (2), eight (3), 

ten or more (4). 

Most specimens include disarticulated osteoderms; 

in life positioning of osteoderms unknown for 

majority of taxa and scoring this character will 

therefore be difficult. 

Burns and Currie 2014 [7] See also: Hill 2005 

[316], 

External neurovascular grooves on osteoderms: 

absent (0), present (1).  

Difficult to score and unsure what constituents 

“external neurovascular grooves”. 

Burns and Currie 2014 [7]. See also: Hill 2005 

[316], External neurovascular grooves on 

osteoderms: random (0), parallel or radiate (1). 

Difficult to score and unsure what constituents 

“external neurovascular grooves”. 

Burns and Currie 2014 [8] 

See also Hill 2005 [320] 

Keel height: shorter than width of osteoderm (0); 

taller than width of osteoderm (1). 

Too vague to be scored i.e. unsure which osteoderm 

is used. 

Burns and Currie 2014 [20]. External rugosity 

profile of skeletally mature osteoderms: 

hummocky (0), pitted (1), smooth (2), projecting 

(3). 

Difficult to score; particularly as unlikely to know 

whether osteoderms are skeletally mature. 

Burns and Currie 2014 [111]. See also Hill 2005 

[340]. 

Margin of osteoderms: tapering or rounded (0), 

crenulated (1), squared-off with sutural boundary 

(2). 

Too vague to be score and unsure how the character 

states differ. 

Burns and Currie 2014 [23]. See also Carpenter 

2001 [59]. 

Osteoderms form posterior cranial horns: absent 

(0); present (1). 

Covered by other cranial ornamentation characters. 

Carpenter et al 1998 [4]. See also Carpenter 2001 

[67] 

Notch on skull roof for lateral temporal fenestra: 

absent (0); present (1). 

Too vague to be scored. 

Carpenter 2001 [61, 73] 

Postsymphseal edentulous section of dentary: 

short (0); long (1) 

Covered by other dentary characters. 
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Galton and Upchurch 2004 [4] 

Flat central part of dorsal surface of parietal: 

narrow (0), wide (1). 

Covered by other parietal characters. 

Galton and Upchurch 2004 [18] 

Caudal ribs: are directed laterally (0); are directed 

strongly downward and slightly backward (1). 

Variation described by other vertebrae characters. 

Galton and Upchurch 2004 [22]. See also Sereno 

and Dong 1992 [6] 

Top of proximal caudal neural spines: axial length 

greater than transverse width (0); transverse 

width greater than axial length (1). 

Variation described by other vertebrae characters. 

Galton and Upchurch 2004 [32]. See also Sereno 

1999 [28]. 

Vertical height of carpal elements: is less than 

one-tenth of either ulna or humerus length (0); is 

greater than one-tenth of either ulna or humerus 

length (1) 

Cannot be optimised currently, and other forelimb 

characters describe this variation. 

Galton and Upchurch 2004 [33]. See also Sereno 

and Dong 1992 [12], Sereno 1999 [40] 

Ulnare and intermedium: are unfused in adults 

(0); are fused in adults (1) 

Affected by taphonomy and ontogeny, difficult to 

tell if adult specimens. 

Galton and Upchurch 2004 [34]. See also: Sereno 

and Dong 1992 [11], Sereno 1999 [39] 

Proximal carpals, anterior view: are ovoid (0), are 

block-shaped (1). 

Too vague to be scored and would be affected by 

taphonomy. 

Galton and Upchurch 2004 [35]. See also Sereno 

and Dong 1992 [13], Sereno 1999 [41]. 

Distal carpals: present (0); absent (fail to ossify) 

(1).  

Difficult to score and vague. 

Galton and Upchurch 2004 [38] 

Antitrochanter on the ilium: is small (0); is 

enlarged (1). 

Too vague to be scored. 

Galton and Upchurch 2004 [44]. See also  

Galton (1990b), Sereno and Dong (1992), Sereno 

(1999b). 

Femur:humerus ratio: is 1.2 or less (0); is 1.4 or 

more (1). 

Variation described by other hind limb characters. 
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Galton and Upchurch 2004 [45]. See also  

Galton (1985f, 1990b),  

Femur:humerus ratio: is 1.5 or less (0); is greater 

than 1.5 (1). 

Variation described by other hind limb characters. 

Galton and Upchurch 2004 [46]. See also  

Galton (1990b), Sereno and Dong (1992), Sereno 

(1999b). 

Pedal digit I: present (0); absent (1). 

Variation described by other hind limb characters. 

Galton and Upchurch 2004 [47].  

Sereno and Dong (1992), Sereno (1999b).  

Pedal digit III: has at least four phalanges (0); has 

no more than three phalanges (1). 

Variation described by other hind limb characters. 

Galton and Upchurch 2004 [48] 

Pedal digit III: has three phalanges (0); has two 

phalanges (1).  

Variation described by other hind limb characters. 

Galton and Upchurch 2004 [49] 

Pes digit IV: has four phalanges (0); has three 

phalanges (1); has two phalanges (2). 

Variation described by other hind limb characters. 

Hill et al 2003 [10]. See also Carpenter et al 1998 

[14], Kirkland 1998 [6], Carpenter 2001 [9]. 

Continuous edge formed by the premaxillary 

beak and maxillary tooth rows: present (0); 

absent (1).  

Variation described by other premaxillary 

characters. 

Hill et al 2003 [19]. See also Carpenter et al 1998 

[19], Carpenter 2001 [52], Vickaryous et al 2001 

[26]. 

Paired premaxillary, maxillary and nasal sinuses: 

absent (0); present (1). 

Similar to other nasal characters. 

Hill et al 2003 [39] 

Pair of large, subrectangular osteoderms at caudal 

edge of skull roof: absent (0); present (1). 

Variation described by other skull characters. 

Hill et al 2003 [44]. See also Carpenter et al 1998 

[2], Sereno 1999 [92], Hill et al 2003 [44]. 

Two pairs of dermal ossifications bordering the 

external nares: absent (0); present (1). 

Variation described by other skull characters. 

Kirkland 1998 [1] Variation described by other skull characters. 
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Skull roof widest at rear of skull: absent (0); 

Present (1). 

Lee 1996 [6] 

Quadratojugal, contacts postorbital: no (0), yes 

(1). 

Autocorrelated with the character describing the 

closure of the infratemporal fenestrae. 

Lee 1996 [22] 

Scutes on orbital roof: less than three (0), three 

(1). 

Vague and variation described by other skull 

characters. 

Maidment et al 2008 [21] 

Atlas: neural arch, contact with intercentrum in 

adults, not fused (0); fused (1). 

Neural arch fusion varies intraspecifically and 

interspecifically (Raven and Maidment 2017) 

Norman et al 2004 [1] 

Postorbital process of the jugal: transversely 

narrow (0), transversely broad (1). 

Too vague to be scored 

Norman et al 2004 [5] 

Supraorbital base: narrow (0), wide (1). 

Unsure which of the three supraorbitals this 

character is referring to. 

Norman et al 2004 [7].  

Differentiation of scutes: absent (0), present (1). 

Too vague to be scored. 

Norman et al 2004 [8] 

Median palatal keel: absent (0), present (1). 

Variation covered by other palatal characters. 

Norman et al 2004 [10] 

Pterygoid and vomer: short (0), vertically tall (1). 

Too vague to be scored and variation covered by 

other characters. 

Norman et al 2004 [11] 

Trunk, compared with hindlimb: short (0), long 

(1). 

Vague and covered by other characters and probably 

affected by individual variation dramatically. 

Norman et al 2004 [12] 

Ilium compared with femur: short (0), long (1). 

 

Vague and covered by other characters and probably 

affected by individual variation dramatically. 

Norman et al 2004 [13]. 

Antorbital fenestra: large (0), reduced (1). 

Too vague to be scored – large and reduced are not 

defined. 

Norman et al 2004 [19] 

Elevated dorsal ramus of the lacrimal: absent (0), 

present (1). 

Too vague to be scored. 
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Norman et al 2004 [20] 

Ratio of root length to crown length: equal to or 

less than 0.7 (0), greater than 0.7 (1). 

Complete root lengths unlikely to be preserved and 

so this character would be difficult to be scored. 

Norman et al 2004 [21] 

Length of metacarpals: equal (0), subequal (1). 

Too vague to be scored. 

Norman et al 2004 [22] 

Hooves: absent (0), present (1). 

Variation described by other hind limb characters. 

Parish 2005 [53] 

Basisphenoid ventrally projecting: 0 = no, 1 = yes.  

Too vague to be scored. 

Parish 2005 [75]. See also Vickaryous et al 2001 

[8], Carpenter 2001 [15]. 

Cranial armour on dorsal surface of the skull: 0 = 

numerous osteoderms, 1 = few osteoderms 

Too vague to be scored. 

Parish 2005 [78] 

Two distinct antorbital ornamentation areas 

rostral to the orbit, the rostral one bordering the 

external naris: 0 = absent, 1 = present. 

Too vague to be scored and covered by other 

ornamentation characters. 

Parish 2005 [111]. See also: Sereno 1999 [86] 

Scapula blade, dorsoventral width of base: 0 = 

sub-equal to, or 1 = at least 25% less than 

proximal width at glenoid.  

Variation described by other shoulder girdle 

characters 

Penkalski 2018 [3] 

Premaxillary morphology caudoventrally: 

undivided (0); divided (1). 

Too vague to be scored; unsure what is meant by 

divided. 

Penkalski 2018 [8] 

Medial nuchal osteoderms: flat and tabular (0), 

parallelograms (1), separated medially (2), sharp 

and pointed (3). 

This character is constructed of multiple character 

statements, regarding the shape of the medial nuchal 

osteoderms, and how they are joined/ separated. In 

any case, both of these character statements are 

covered by other ornamentation characters. 

Penkalski 2018 [9] 

Sharp lingual cingulum on maxillary teeth: 

absent, invaded by fluting (0); present (1) 

Covered by other dental characters. 

Penkalski 2018 [14] 

Caudal intermandibular foramen: completely 

within splenial (0), not surrounded by splenial (1) 

Too vague to be scored – if not within splenial, what 

surrounds the foramen? 

Penkalski 2018 [16] Unsure what is meant by ‘unkeeled subconical tip’. 
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Unkeeled subconical tip on squamosal: absent (0), 

present (1) 

Penkalski 2018 [21] 

Some osteoderms open apically: absent (0), 

present (1) 

Too vague to be scored. 

Penkalski 2018 [33] 

Medial h.r.1 osteoderm proportions: longer than 

wide (0), wider than long (1). 

Too vague to be scored and variation in osteoderm 

proportions highly like to intraspecific. 

Penkalski 2018 [34] 

Large, plate-like osteoderms: absent (0), present 

(1) 

Too vague to be scored. 

Penkalski 2018 [35] 

Oval, low-keeled osteoderms: sparse or absent 

(0), predominate (1) 

Scoring of this character will be arbitrary, based on 

an assumption of full coverage of osteoderms and all 

osteoderms being present with the specimen 

Penkalski 2018 [36] 

Postnasal scales: other (0), four bilaterally 

symmetric scales (1), distinctive large-small-

medium arrangement (2) 

Too vague to be scored. 

Penkalski 2018 [38] 

Nasal plate shape: hexagonal (0), rounded 

polygon (1), lenticular (2), fan-shaped (3), bell-

shaped (4) 

Unsure how these character states differ from each 

other, and the shape of the ‘nasal plate’ osteoderm is 

probably affected by ontogeny.  

Penkalski 2018 [39] 

Squamosal morphology basally: broad based, 

droops laterally (0), rounded and angles upwards 

laterally (1), aligns with supraorbital (2) 

Variation covered by other squamosal characters. 

Penkalski 2018 [40] 

Squamosal medial shape: sharp corner caudal to 

midpoint (0), curved (1), caudomedial process (2) 

Too vague to be scored. 

Penkalski 2018 [42] 

Morphology rostral to nasal plate: longitudinal 

contact (0), empty V (1), scale (2), nuzzling plate 

contacts nasal plate (3) 

Too vague to be scored. 

Penkalski 2018 [43] 

Armour external texture: smooth (0), rugose (1) 

Too vague to be scored. 
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Penkalski 2018 [44] 

Ulna morphology: robust (0), gracile (1) 

Too vague to be scored and covered by other limb 

characters. 

Penkalski 2018 [45] 

Scales astride median nasal plate: other (0), one or 

two trapezoids (1), dual equidiagonal kites (2), big 

and round (3) 

Too vague to be scored. 

Penkalski 2018 [47] 

Humeral condyles: even or ulnar condyle lower 

(0), radial condyle lower (1) 

Variation will be highly affected by taphonomy. 

Penkalski 2018 [50] 

Ribbed (radially fluted) osteoderms: absent (0), 

present (1) 

Unsure what is meant by ‘ribbed osteoderm’. 

Penkalski 2018 [52] 

Postnasal skull nodes on caputegulae: absent (0), 

present (1) 

Unsure what is meant by ‘postnasal skull nodes’. 

Penkalski 2018 [54] 

Tail club knob shape in distal view: keels situated 

laterally (0), keels situated dorsolaterally i.e. elf-

eared (1) 

Variation will be highly affected by intraspecific 

variation e.g. ontogeny. 

Penkalski 2018 [58] 

Craniocaudally compressed cone-like osteoderms: 

absent (0), present (1). 

Unsure what is meant by ‘craniocaudally 

compressed cone-like osteoderms’. 

Penkalski 2018 [59] 

Round, radially ribbed osteoderms: absent (0), 

present (1). 

Unsure what is meant by ‘round, radially ribbed 

osteoderms’ and unsure how they differ from 

‘ribbed osteoderms’ of Penkalski 2018 [50]. 

Penkalski 2018 [62] 

Nuzzling plate huge and rhombus-shaped: absent 

(0), present (1). 

Unsure what is meant by ‘nuzzling plate’ and in any 

case, this character is constructed of multiple 

character statements. 

Penkalski 2018 [66] 

Surface morphology medial to squamosal boss: 

obvious sulcus (0), scales border horn (1). 

Too vague to be scored. 

Penkalski 2018 [67] 

Keels on h.r.1 lateral osteoderms: straight or 

gently curved (0), with central kink (1).  

Variation will be highly affected by taphonomy. 
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Raven and Maidment 2017 [32]. See also 

Maidment et al 2008 [6], Maidment 2010 [6]. 

Frontals: form the dorsal rim of the orbit (0); 

supraorbital elements form the dorsal rim of the 

orbit (1). 

Covered by other supraorbital characters 

Raven and Maidment 2017 [36]. See also 

Maidment et al 2008 [9], Maidment 2010 [10]. 

Quadrate: head is strongly arched posteriorly 

relative to the shaft, absent (0); present (1). 

Variation described by other quadrate characters. 

Raven and Maidment 2017 [41] 

Exit for cranial nerve foramina IX-XII: posterior 

surface (0), lateral surface (1) 

This was used by Raven and Maidment (2017) to 

differentiate between basal thyreophorans and 

eurypodans however the character state (0) cannot 

be observed in any of the basal thyreophorans 

included in that analysis. 

Raven and Maidment 2017 [63] 

Dorsasacral vertebrae ribs: don’t fuse (0); fuse to 

dorsal margins of first true sacral vertebrae (1); 

fuse to medial margin of preacetabular process of 

ilium (2). 

Covered by other vertebrae characters. 

Raven and Maidment 2017 [75]. See also 

Maidment et al 2008 [37], Maidment 2010 [39]. 

Scapula: acromial process in lateral view, convex 

upwards dorsally (0); quadrilateral with a 

posterordorsal corner (1). 

Variation described by other shoulder girdle 

characters. 

Raven and Maidment 2017 [104] 

Metatarsal V: present (0); absent (1). 

Variation described by other hind limb characters. 

Raven and Maidment 2017 [105]. See also Sereno 

and Dong 1992 [16], Sereno 1999 [44], Maidment 

et al 2008 [75], Maidment 2010 [79] 

Pedal digit I: present (0); absent (1). 

Variation described by other hind limb characters. 

Raven and Maidment 2017 [111] 

See also Sereno 1999 [78], Maidment et al 2008 

[81], Maidment 2010 [85]. 

Osteoderms: mosaic of small osteoderms between 

larger osteoderms on the ventral surfaces of the 

neck, trunk, and proximal portions of the limbs 

absent (0); present (1). 

Variation described by other postcranial 

ornamentation characters. 

Thompson et al 2012 [9]. See also Vickaryous et 

al 2001 [24], Parish 2005 [8] 

Replaced by Arbour et al 2014a [148] as Witmer and 

Ridgely (2008) have shown that the respiratory 
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Near vertical narial septum separating the 

respiratory passage and lateral sinus: absent (0); 

present (1). 

 

passage and lateral sinus in Euoplocephalus both 

represent a complex looping airway. 

Thompson et al 2012 [10] 

Near horizontal narial septum separating the 

respiratory passage and lateral sinus: absent (0); 

present (1). 

 

Replaced by Arbour et al 2014a [148] as Witmer and 

Ridgely (2008) have shown that the respiratory 

passage and lateral sinus in Euoplocephalus both 

represent a complex looping airway. 

Thompson et al 2012 [12]. See also: Hill et al 2003 

[9]. 

Shape of the ventral margin of premaxillary 

tomium in lateral view: flat (0); convex (1); 

concave (2).  

 

Removed by Arbour et al 2014b as this region is 

prone to breakage because the bones are so thin, 

making it difficult to determine the appropriate 

character state. 

Thompson et al 212 [17]. See also Lee 1996 [3], 

Hill et al 2003 [36], Burns 2015 [19]. 

Cranial sutures in adult specimens: visible (0); 

obliterated (1). 

Removed by Arbour et al 2014a as it could be 

ontogenetic. 

Thompson et al 2012 [27]. See also Sereno 1999 

[5], Parish 2005 [23]. 

Palpebral shape: rod (0); plate (1).  

Incorporated into other palpebral characters. 

Thompson et al 2012 [28]. See also Sereno 1999 

[9], Parish 2005 [24]. 

Form of palpebral articulation: mobile contact 

with prefrontal (0); extensive sutural contact 

with prefrontal, frontal and postorbital (1). 

Variated described by other palabral characters. 

Thompson et al 2012 [52]. See also Parish 2005 

[48] 

Depth of the distal end of paroccipital processes: 

expanded (0); not expanded (1).  

 

Removed by Arbour et al 2014a as the relative depth 

of the distal ends of the paroccipital processes, and 

the relative thickness of bone at the dorsal margin of 

the foramen magnum, are difficult to quantify and 

code consistently. 

Thompson et al 2012 [53]. See also Parish 2005 

[49] 

Thickness of bone at the dorsal margin of the 

foramen magnum relative to surrounding bone: 

little difference (0); distinctly thickened (1). 

Removed by Arbour et al 2014a as the relative depth 

of the distal ends of the paroccipital processes, and 

the relative thickness of bone at the dorsal margin of 

the foramen magnum, are difficult to quantify and 

code consistently. 
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Thompson et al 2012 [60]. See also Parish 2005 

[60] 

Degree of endocranial flexure: strong (0); weak 

(1) 

 

Removed by Arbour et al 2014a as weak vs. strong 

endocranial flexure is difficult to assess. 

Thompson et al 2012 [72] 

Shape of the alveolar margin: weakly convex (0); 

strongly convex (1). 

 

Removed by Arbour et al 2014a as the shape of the 

alveolar margin, could not be assessed because it was 

not clear in which view the character referred to. 

Thompson et al 2012 [109]. See also Sereno 1999 

[70], Parish 2005 [99]. 

Length of transverse processes relative to neural 

spine height in proximal caudals: sub-equal (0); 

approximately twice the length (1).  

 

Removed by Arbour et al 2014a as the length of the 

transverse processes varies along the vertebral 

column, and although this character referred to the 

proximal caudals, it was not clear just how proximal 

they had to be in order to be included. 

Thompson et al 2012 [145]. See also Carpenter 

2001 [29], Parish 2005 [135] 

Structure and rotation of the body of the pubis: 

gracile without dorsolateral rotation (0); massive 

and dorsolaterally rotated (1). 

Variation described by other pelvic girdle 

characters. 

Thompson et al 2012 [163]. See also Vickaryous 

et al 2004 [49], Parish 2005 [152], Burns and 

Currie 2014 [14]. 

From of the cervical bands: separate at the 

midline, forming pairs of quarter rings (0); fused 

at the midline, forming half rings (1).  

 

Removed by Arbour et al 2014a as the presence of 

'quarter rings' in ankylosaurids is based on a 

misinterpretation of the cervical half rings in 

Ankylosaurus. No ankylosaurids have quarter rings 

– the rings always form a semi-circle over the 

cervical vertebrae. 

Thompson et al 2012 [167]. See also Parish 2005 

[156] 

Form of ossicles in sacral armour: irregular 

ossicles (0); sub-hexagonal ossicles of similar sizes 

(1) 

 

 

Removed by Arbour et al 2014a as this character 

refers to the form of ossicles in sacral armour; 

ossicles are not well defined, and so this character is 

difficult to assess. 

Thompson et al 2012 [168]. See also Kirkland 

1998 [41, 43], Carpenter 2001 [37], Parish 2005 

[157]. 

Removed by Arbour et al 2014a as this character 

refers to the size of the lateral trunk plates; 'large' 

and 'small' were undefined, and 'large' was also 

associated with 'hollow', suggesting that this 
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Size of lateral trunk plates, sacral plates and 

caudal plates: small (0); large and hollow based 

(1).  

 

character should be broken into two separate 

characters. 

Thompson et al 2012 [169] 

Form of caudal plates: little dorsal projection (0); 

tall with thin dorsal extremity (1). 

See also Parish 2005 [158]. Removed by Arbour et al 

2014a as this character is difficult to assess. 

Vickaryous et al 2004 [6] 

Squamosal boss: absent (0); present, rounded 

protuberance (1); present, pyramidal 

protuberance (2).  

Too vague to be scored and variation covered by 

other characters. 

Vickaryous et al 2004 [7] 

Quadratojugal projection: absent (0); present, 

rounded protuberance (1); present, deltaic 

protuberance (2). 

Too vague to be scored and variation covered by 

other characters. 

Vickaryous et al 2004 [49] 

Multiple parasagittal rows of osteoderms on 

dorsal surface of neck region: absent (0); present, 

fused together (1); present, fused to quarter/half 

ring (2) 

Variation described by other postcranial 

ornamentation characters. 

Vickaryous et al. 2004 [53]. 

Coracoid, ventral border in lateral view: rounded 

(0 ), straight (1). 

Variation described by other shoulder girdle 

characters. 
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A3.2. Appendix Six: Morphological character list 

 

This character list incorporates characters from all previous thyreophoran phylogenetic studies, 

including: Sereno and Dong (1992); Lee (1996); Carpenter et al. (1998); Kirkland (1998); Sereno 

(1999); Carpenter (2001); Hill et al. (2003); Galton and Upchurch (2004); Vickaryous et al. (2004); 

Parish (2005); Butler et al. (2008); Thompson et al. (2012); Arbour and Currie (2013a, b, 2016), 

Arbour et al. (2014a, b); Burns and Currie (2014); Boyd (2015); Burns (2015); Raven and 

Maidment (2017). The analysis in Xu et al. (2001) was not included here as neither the journal nor 

the corresponding author could locate the character-taxon matrix, and both Maidment et al. 

(2008) and Maidment (2010) were excluded as the characters had been updated by Raven and 

Maidment (2017). Characters from phylogenetic studies postdating Raven and Maidment (2017) 

were not included as they were published after data collection for this study had started.  

All characters from the aforementioned phylogenies were included in the character list except 

those that were identical between phylogenies (in which case the most recent iteration was used) 

or those that were exactly correlated. In addition to characters previously used, I incorporated 61 

new characters into the dataset. These additions include autapomorphies, as these are important 

for analyses using Bayesian inference, where an ascertainment bias correction would otherwise be 

needed, as well as for evolutionary rates and disparity analyses (Matzke and Irmis, 2018). 

However, these autapomorphies have not been coded as autapomorphies herein, given that the 

designation of an autapomorphy should be an a posteriori decision, and it is possible they have a 

wider distribution than previously thought, which would suggest further work on taxonomy of 

the group is necessary. Character coding recommendations made by Sereno (2007) were followed, 

and reductive character coding has been employed in this study as, despite the possibility (but not 

certainty) that it will produce lower resolution strict consensus trees, there is a stronger 

philosophical grounding for its use (Brazeau, 2011), and it will not produce less accurate results 

than other character coding methods. All multistate characters in which there was an 

intermediate state possible (i.e. they represented nested sets of homologies) were ordered; in total, 

21 characters were ordered.  

Overall, 340 characters were identified for inclusion in the character list. These characters have 

been described and figured, either from previously published literature or from own observations. 

Where a character has been incorporated from a previous study, brackets [] indicate the similarity 

of the current character with that number character from the previous study, although it is 

possibly my interpretation of previous characters are not the same interpretations as made by the 

original authors. This character list is expected to be updated by future authors; additional 

information from new taxa or new specimens will ultimately force changes, although these 

characters are valid for the current state of knowledge.  
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General cranium 

1. Antorbital fenestra: present (0), absent (1).  

See also: Sereno 1999 [8, 53], Carpenter 2001 [6], Hill et al. 2003 [15], Vickaryous et al. 2004 [42], 

Parish 2005 [1], Thompson et al. 2012 [1], Arbour et al. 2014a [1], Arbour et al. 2014b [1], Burns 

2015 [9], Arbour and Currie 2016 [1].  

Code as ‘?’ if covered by ornamentation, as in many ankylosaurs. This character is to distinguish 

between the condition in basal ornithischians such as Lesothosaurus where there is a large 

antorbital fossa with an antorbital fenestra present, and derived thyreophorans such as Stegosaurus 

where a smaller antorbital fossa is present, but no fenestra is visible. 

 

Figure A1. Skull of Lesothosaurus diagnosticus (NHMUK PV RUB 23) in left lateral view. Characters and character 

states (in brackets) shown. 

2. Lateral temporal fenestra: present (0), absent (1). 

See also: Carpenter et al. 1998 [6], Carpenter 2001 [8], Hill et al. 2003 [35], Parish 2005 [2], 

Thompson et al. 2012 [2], Arbour et al. 2014a [2], Arbour et al. 2014b [2], Burns 2015 [30], Arbour 

and Currie 2016 [2].  

Code as ‘?’ if covered by ornamentation. According to Hill et al. (2003), the lateral temporal 

fenestra is open in early-diverging thyreophorans and some ankylosaurs and there is closure of this 
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fenestra by ankylosaurid ankylosaurs by fusion of the quadratojugal and squamosal dermal 

ossifications. 

3. Lateral temporal fenestra, anteroposterior length: more than half the anteroposterior length of 

orbit (0), equal to or less than half anteroposterior length of orbit (1). 

Similar to: Sereno 1999 [55], Norman et al. 2004 [13], Vickaryous et al. 2004 [4], Parish 2005 [28]. 

This was originally described more vaguely as infratemporal fenestra: wide (0), narrow (1) by 

Norman et al. (2004), with only eurypodans being given a score of ‘1’. There appears to be more 

variation than this, however, with Huayangosaurus scoring ‘0’ and Stegosaurus scoring ‘1’, for 

example. This character is retained although it is possible this can be affected by taphonomic 

deformation. 

4. Supratemporal fenestra, in dorsal view: open (0), closed by extensions of skull roof bones (1).  

See also: Lee 1996 [2], Sereno 1999 [54], Carpenter 2001 [7], Hill et al. 2003 [34], Vickaryous et al. 

2004 [43], Parish 2005 [3], Thompson et al. 2012 [3], Arbour et al. 2014a [3], Arbour et al. 2014b 

[3], Burns 2015 [18], Arbour and Currie 2016 [3].  

This character has been modified to specify what causes the closure of the supratemporal fenestra. 

Code as ‘?’ if covered by ornamentation. According to Hill et al. (2003), the supratemporal fenestra 

remains open in stegosaurs and in early-diverging thyreophorans but in ankylosaurs it is closed by 

extensions of the squamosal, postorbital and parietal bones. This is often difficult to see as the 

closure of the supratemporal fenestra may also be accompanied by fusion of dermal ossifications. 

However, CT scanning of Gargoyleosaurus shows that the supratemporal and antorbital fenestrae 

are closed by extensions of the surrounding bones and not just the development of the cranial 

armour (Kilbourne et al. 2005). 
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Figure A2. Skull of Stegosaurus stenops (DMNH 2818) in dorsal view. Characters and character states (in brackets) 

shown. Red lines indicate measurements for characters 6 and 7. 

5. Antorbital, lateral temporal and supratemporal fenestrae: closed by extensions of skull bones (0), 

closed by overgrowth of osteoderms (1). 

This character relates to whether the absence of fenestra on the skull is due to extensions of dermal 

ossifications or due to cranial osteoderms covering them. Previous characters relating to these 

fenestrae are covering whether the fenestrae are open or closed, not related to osteoderms. If the 

fenestrae are open (i.e. score ‘0’ in character 4) code this character as ‘?’. If any, but not necessarily 

all, of the fenestrae are closed by osteoderms code this character as ‘1’. 

6. Maximum skull dimensions, including ornamentation: anteroposteriorly longer than transversely 

wide (0), as wide, or wider than long (1).  

See also Carpenter et al. 1998 [1], Kirkland 1998 [2], Sereno 1999 [94], Carpenter 2001 [2], 

Vickaryous et al. 2001 [1], Parish 2005 [4], Thompson et al. [4], Arbour et al. 2014a [4], Arbour et 

al. 2014b [4], Burns 2015 [42], Arbour and Currie 2016 [4]. 

The skull dimensions are measured by the maximum anteroposterior length, from the anterior 

margin of the snout to either the nuchal shelf or the occiput, and the maximum transverse width, 

at either the posterior margin of the skull or across the orbits. According to Hill et al. (2003), 
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derived ankylosaurids exhibit a condition where the maximum skull width equals or exceeds its 

maximum anteroposterior length and all other thyreophorans possess a skull that is longer than it 

is wide. 

7. Posterior margin of the skull, transverse width (including squamosal osteoderms where applicable) 

relative to the maximum width across the orbits (i.e. the lateral margins of the skull at this point): 

greater (0), equal (1), less (2). 

See also: Thompson et al. 2012 [5], Arbour et al. 2014a [5], Arbour et al. 2014b [5], Arbour and 

Currie 2016 [5]. Similar to: Vickaryous et al. 2004 [6, 10]. 

In some ankylosaurs, the occiput extends posteriorly past the nuchal margin and so the occiput is 

measured for the posterior margin of the skull, rather than the nuchal margin as in other 

ankylosaurs and thyreophorans. 

8. Skull, overall shape in posterior view: dorsoventrally deeper than transversely wide or depth equal 

to width (0), wider than deep (1). 

See also: Maidment et al. 2008 [1], Maidment 2010 [1], Raven and Maidment 2017 [25]. Use 

maximum skull depth and width. 

The skull of thyreophorans is generally transversely wider than it is deep, although the opposite is 

true in both Emausaurus (Haubold 1990) and Stegosaurus stenops (NHMUK PV R36730). 

9. Skull dorsal surface, antorbital region: sloping continuously anteriorly with flat dorsal margin (0), 

arched anteroposteriorly (1). 

See also: Sereno 1999 [99], Carpenter 2001 [53], Vickaryous et al. 2004 [2, 3], Parish 2005 [12], 

Thompson et al. 2012 [14] and Arbour et al. 2014a [10], Arbour et al. 2014b [10], Arbour and 

Currie 2016 [6], Penkalski 2018 [56]. 

In some ankylosaurs, the dorsal surface of the antorbital region is arched anteroposteriorly, e.g. in 

Gastonia burgei (CEUM 1307), although the plesiomorphic condition appears to be a flat dorsal 

margin, with both the basal ornithischian Lesothosaurus (NHMUK PV RUB 23) and the early 

ankylosaur Gargoyleosaurus (DMNH 27226) exhibiting this character state.  
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10. Skull roof, highest point: posterior to orbits (0), dorsal to orbits (1), anterior to orbits (2).  

See also: Carpenter et al. 1998 [23], Kirkland 1998 [3], Sereno 1999 [99], Carpenter 2001 [3], 

Vickaryous et al. 2001 [2], Hill et al. 2003 [2], Burns 2015 [1], Arbour and Currie 2016 [6]. 

According to Hill et al. (2003), some derived ankylosaurids have a highly arched skull that is at its 

highest anterior to the orbits, but others have a skull that is relatively level, and other 

thyreophorans have a skull roof that slopes gradually anteriorly from its highest point in the 

postorbital region.  

11. Posterior displacement of orbit, ratio of antorbital to postorbital skull length: less than 2.0 (0), 

equal to or greater than 2.0 (1).  

See also: Burns 2015 [41]. 

This excludes the orbit, so the antorbital measurement is from the anterior margin of the skull to 

the anterior margin of the orbit, and the postorbital measurement is from the posterior margin of 

the orbit to the posterior-most margin of the skull, including the occipital condyle if applicable. 

12. Posterior margin of skull, texture of braincase surface dorsal to the foramen magnum in posterior 

view: smooth (0), dorsoventral groove present (1), dorsoventral ridge present (2). 

See also: Kirkland 1998 [29], Penkalski 2018 [51]. 

This character is used to differentiate between the states in ankylosaurs, with Saichania possessing 

a dorsoventrally orientated groove dorsal to the foramen magnum (character score ‘1’), and 

Ziapelta possessing a dorsoventrally orientated ridge dorsal to the foramen magnum (character 

score ‘2’). Panoplosaurus has a small foramen present in this location but the presence of a 

dorsoventral ridge means it is scored ‘2’. 
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Figure A3. Skull of Saichania (MPC D 199.151) in posterior view. Characters and character states (in brackets) shown. 

Red lines indicate measurements for character 8.  

 

Premaxilla 

13. Premaxilla, shape of premaxillary palate in ventral view: sub-triangular (0), sub-quadrate (1), sub-

oval (2). 

See also: Lee 1996 [25], Sereno 1999 [80], Parish 2005 [16], Thompson et al. 2012 [19], Arbour et al. 

2014a [14], Arbour et al. 2014b [14], Arbour and Currie 2016 [11].  

This character is used primarily to differentiate between the character states in ankylosaurids such 

as Tsagantegia, which score ‘1’and other ankylosaurs such as Edmontonia, which score ‘2’, and 

refers specifically to the shape of the premaxillary palate, not the snout as a whole. 
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Figure A4. Skulls of Lesothosaurus (Porro et al. 2015), Tarchia teresae (PIN 3142/250) and Panoplosaurus (ROM 125) in 

ventral view. Characters and character states (in brackets) shown. Red lines indicate measurements for character 14. 

14. Premaxillary palate, ratio of transverse width to anteroposterior length: less than 0.5 (0), from 0.5 

to 1.0 (1), between 1.0 and 1.5 (2), greater than 1.5 (3).  

Code as ordered. 

See also: Kirkland 1998 [4, 8], Carpenter 2001 [41, 42, 49], Vickaryous et al. 2001 [13], Hill et al. 

2003 [3], Vickaryous et al. 2004 [13], Parish 2005 [15], Thompson et al. 2012 [18], Arbour et al. 

2014a [13], Arbour et al. 2014b [13], Burns 2015 [2], Arbour and Currie 2016 [10]. 

According to Hill et al. (2003), thyreophorans primitively have a long narrow snout that terminates 

in a narrow beak formed by the premaxillae, so the shape is long and narrow, and this condition 

persists in some ankylosaurs, but all but the earliest-diverging ankylosaurids exhibit a transverse 

expansion of the premaxillary palate. This expansion, however, is not the same in all taxa and so 

this character needs to be more subtle than previous iterations.  

15. Premaxilla, deep longitudinal furrow on anterodorsal margin in dorsal view: absent (0), present (1).  

See also: Arbour and Currie 2016 [7]. 

According to Arbour and Currie (2016), only the ankylosaurs Gobisaurus and Shamosaurus score 

‘1’ for this character. 
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Figure A5. Skulls of Gobisaurus (Arbour and Currie 2016) and Stegosaurus (cast; University of Utah Museum, courtesy 

of Susannah Maidment). Characters and character states (in brackets) shown. 

16. Premaxilla, broad ‘V’- or ‘U’-shaped notch between premaxillae on the midline in dorsal view: 

absent (0), present (1). 

See also: Kirkland 1998 [5], Sereno 1999 [91], Carpenter 2001 [5], Vickaryous et al. 2001 [15], Hill 

et al. 2003 [8], Parish 2005 [17], Maidment et al. 2008 [3], Maidment 2010 [3], Thompson et al. 

2012 [20], Arbour et al. 2014a [15], Arbour et al. 2014b [15], Burns 2015 [5], Arbour and Currie 

2016 [12], Raven and Maidment 2017 [28]. 

According to Hill et al. (2003), Gastonia and Gargoyleosaurus are the only thyreophorans known to 

have a ventrally concave premaxillary notch but according to Maidment et al. (2008), this feature is 

also in Stegosaurus, Miragaia and many ankylosaurs and so the distribution is more widespread 

throughout Thyreophora than previously thought, and indeed, Vickaryous et al. (2001) suggested 

the presence of this in Gobisaurus could be proof the taxon belonged to the Ankylosauridae. 

17. Premaxillary tomium (= subnarial portion of the premaxilla), posteroventral extension in lateral 

view: absent (0), present (1). 



312 
 

18. Premaxillary tomium, posteroventral extension in lateral view: ends anteriorly to the maxillary 

teeth/alveoli (0), obscures anterior-most maxillary teeth/alveoli (1).  

See also: Sereno 1999 [100], Hill et al. 2003 [11], Vickaryous et al. 2004 [16], Parish 2005 [18], 

Thompson et al. 2012 [21], Arbour et al. 2014a [16], Arbour et al. 2014b [16], Arbour and Currie 

2016 [13], Penkalski 2018 [17]. 

According to Hill et al. (2003), in derived ankylosaurids the anterior-most maxillary teeth are 

hidden in lateral view by a posteroventral extension of premaxillary tomium but nodosaurids and 

other thyreophorans lack this extension. If the location of the teeth/alveoli is not clear, score this 

character for ‘?’, and if the taxon does not possess a premaxillary tomium (i.e. if it scores ‘0’ for 

character 17), score this character as ‘?’. 

19. Premaxilla, dorsoventral height to anteroposterior length ratio of subnarial portion: greater than or 

equal to 0.40 (0), less than 0.40 (1).  

See also: Sereno and Dong 1992, Galton and Upchurch 2004 [1], Maidment et al. 2008, Raven and 

Maidment 2017 [4]. 

This character is variable in thyreophorans and ornithischians, with taxa such as Lesothosaurus 

(Porro et al. 2015) and Saichania (Maryanska 1977) scoring ‘0’ whereas other taxa such as 

Minotaurasaurus (Miles and Miles 2009) and Miragaia (Costa and Mateus 2019) scoring ‘1’.  

20. Premaxilla, maxillary process projecting posterodorsally from posterolateral corner, orientation: 

extending posteriorly (0), orientated at an angle to the horizontal (1). 

See also: Raven and Maidment 2017 [26]. 

Many stegosaurs, such as Miragaia (Costa and Mateus 2019) and Paranthodon (Raven and 

Maidment 2018) score ‘1’ for this character, whereas most ankylosaurs score ‘0’. 

21. Premaxilla, posterodorsally-projecting nasal process from anteromedial border extends dorsally to 

be: visible on skull roof in dorsal view (0), not visible on skull roof (1). 

See also: Raven and Maidment 2017 [27]. 
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If this is covered by ornamentation, such as in the ankylosaurs Saichania, Tarchia kielanae and 

Hungarosaurus, then this character is scored as ‘?’, but in other ankylosaurs, such as Panoplosaurus 

and Edmontonia longiceps, this character can be observed and scored as ‘1’. 

 

Figure A6. Skull of Stegosaurus (based on reconstruction of USNM 4934 and DMNH 2818) from Maidment (2007). 

Characters and character states (in brackets) shown. Red lines indicate measurements for character 25. 

22. Premaxilla, ventral margin in lateral view: flat (0), ventrally convex (1).  

See also: Thompson et al 2012 [23].  

Generally, ankylosaurs have a ventrally convex ventral margin of the premaxilla and score ‘1’ 

whereas in stegosaurs the ventral margin is flat and scores ‘0’.  

23. Premaxillary foramina, connected by anteroventrally-orientated groove, on dorsal surface: absent 

(0), present (1).  

NEW CHARACTER. Autapomorphic for Lesothosaurus according to Baron et al. (2017b). This 

refers to premaxillary foramina on the dorsal surface of the premaxilla, anterior to the naris. In 

Gargoyleosaurus (DMNH 27226) there appears to be foramina present in a similar location, but 

only on the ventral surface, not the dorsal surface.  

24. Premaxilla-maxilla suture, oval depression: absent (0), present (1).  



314 
 

NEW CHARACTER. Autapomorphic for Huayangosaurus according to Sereno and Dong (1992; 

Maidment et al. 2006). This refers to a dorsoventrally-orientated depression at the junction of the 

premaxilla and maxilla in Huayangosaurus, whereas in other taxa this does not exist, and there is 

often a diastema present at the junction. 

Maxilla 

25. Maxilla, dorsoventral height to anteroposterior length ratio: below 0.40 (0), 0.40 or above (1). 

See also: Galton and Upchurch 2004 [2], Maidment et al. 2008 [2], Maidment 2010 [2], Raven and 

Maidment 2017 [1]. Coded as continuous in the latter, but rediscretised for simplicity here. Depth 

is measured at tallest point of maxilla and length measured as the length of the ventral rim of the 

maxilla. 

26. Maxilla, transverse distance between posterior-most extent of tooth rows relative to the width of 

the premaxillary beak: wider (0), equal (1), narrower (2).  

Code as ordered. 

See also: Sereno 1999 [101, 102], Vickaryous et al. 2004 [14], Parish 2005 [22], Thompson et al. 

2012 [26], Arbour et al. 2014a [21], Arbour et al. 2014b [20], Arbour and Currie 2016 [30], 

Penkalski 2018 [31]. 

The maximum transverse width of both the premaxillary beak and the posterior-most extent of 

tooth rows are used for this character. Most thyreophoran taxa score ‘0’ although the width of the 

premaxillary beak is enlarged in some ankylosaur taxa and so scores ‘1’ or ‘2’.  

27. Maxilla, anteroventral secondary palate: absent (0), present (1).  

See also: Kirkland 1998 [7], Vickaryous et al. 2004 [21], Thompson et al. 2012 [49], Arbour et al. 

2014a [41], Arbour et al. 2014b [40], Arbour and Currie 2016 [31]. 

If there is any midline contact of the maxillae, score this character as ‘1’.  

28. Maxilla, anteroventral secondary palate: incomplete/partial (0), complete and fuses entirely along 

the midline (1). 
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See also: Lee 1996 [15], Carpenter et al. 1998 [18], Kirkland 1998 [6, 12], Carpenter 2001 [56, 71], 

Vickaryous et al. 2001 [21], Hill et al. 2003 [20], Burns 2015 [13]. 

An anteroventral secondary palate is common among ankylosaurs, but one has also been described 

in the stegosaur Paranthodon (Galton and Coombs 1981; Raven and Maidment 2018), although this 

was smaller and did not fuse entirely along the midline, whereas those found in ankylosaurs do. If 

there is no midline contact between the maxillae, score this character as ‘?’. 

29. Maxilla, anterior tooth rows in ventral view: nearly parallel (<10°) to convergent posteriorly (0), 

mid-range (10–20º) (1), strongly divergent posteriorly (>20°).  

See also: Burns 2015 [39].  

Code as ordered. 

This character describes the anterior portion of the maxillary tooth rows, i.e. the teeth that are 

more anterior than the midpoint of the maxilla. In Pawpawsaurus, the anterior tooth rows are 

narrowly convergent posteriorly, so that they are wider at the anterior portion of the anterior 

tooth row than the posterior portion (Lee 1996). For this character, divergent means the anterior 

portion of the tooth row becomes transversely wider posteriorly. 
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Figure A7. The skull of Pawpawsaurus (Lee 1996) in ventral view. Characters and character states (in brackets) shown. 

Red lines indicate measurements for character 26. 

30. Maxilla, triangular fossa on anterodorsal edge: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Jinyunpelta according to Zheng et al. (2018).  

In Jinyunpelta, this fossa occurs posteroventral to the middle of the anterodorsal edge of the 

maxilla, and is triangular with the anteroventral edge being parallel to the posterodorsal edge of 

the maxilla. This character state is not found within any other thyreophoran taxa. 

31. Maxilla: does not contact prefrontal (0), does contact prefrontal (1).  

NEW CHARACTER. Autapomorphic for Kunbarrasaurus according to Leahey et al. (2015). 

In Stegosaurus, Scelidosaurus and Emausaurus the maxilla does contact the prefrontal (Maidment, 

S. C. R.  pers. comms.), meaning that this character may not be autapomorphic for Kunbarrasaurus 

but could instead by symplesiomorphic for Thyreophora.  
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Nares 

32. Internal nares, bone bordering anterior margin: premaxilla (0), maxilla (1). 

See also: Kirkland 1998 [10], Parish 2005 [19], Thompson et al. 2012 [22], Arbour et al. 2014a [17], 

Arbour et al. 2014b [17], Arbour and Currie 2016 [14]. 

In the majority of ankylosaurs, this character as scored as ‘0’, although in some such as 

Ankylosaurus (CMN 8880), Gastonia burgei (CEUM 3565) and Nodocephalosaurus (Sullivan 1999) 

this character as scored as ‘1’. 

33. Narial embayment, defined as the outermost rim of the nasal vestibule, opening faces: laterally (0), 

anterolaterally (1), anteriorly (2), ventrolaterally (3).  

See also: Carpenter et al. 1998 [10], Kirkland 1998 [11], Carpenter 2001 [51], Vickaryous et al. 2001 

[23], Hill et al. 2003 [5], Parish 2005 [6], Thompson et al. 2012 [7], Arbour et al. 2014a [7], Arbour 

et al. 2014b [7], Arbour and Currie 2016 [15]. 

According to Hill et al. (2003), early-diverging thyreophorans and stegosaurs have laterally-facing 

external nares, as do some ankylosaurs but derived ankylosaurids have nares that faces anteriorly. 

The Late Cretaceous ankylosaurid Ankylosaurus has the autapomorphic condition of a 

ventrolaterally facing narial embayment (CMN 8880), although this could be autocorrelated with 

snout width. 

34. External nares, in dorsal view: visible (0), not visible (1).  

See also: Parish 2005 [7], Thompson et al. 2012 [8], Arbour et al. 2014a [8], Arbour et al. 2014b [8], 

Arbour and Currie 2016 [16]. 

Most ankylosaurs, such as Minotaurasaurus (Miles and Miles 2009) and Ankylosaurus (CMN 888), 

score ‘1’ for this character, but this feature is variable within stegosaurs. 
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Figure A8. Gargoyleosaurus (DMNH 27226) skull in dorsal view. Characters and character states (in brackets) shown. 

35. External nares, in anterior view: not visible (0), visible (1). 

See also: Vickaryous et al. 2004 [23]. 

Some ankylosaurs, such as Ankylosaurus (CMN 8880), score ‘0’ for this character, although the vast 

majority of thyreophoran taxa score ‘1’. 

36. Paranasal apertures/fossae: no fossae or apertures present besides primary opening for nasal airway 

(0), paranasal apertures/fossae present (1).  

See also: Hill et al. 2003 [6], Vickaryous et al. 2004 [24, 26], Arbour and Currie 2016 [17]. 

According to Hill et al. (2003), the external nares are the only openings in the anterior portion of 

the skull of most thyreophorans except the Asian ankylosaurids Pinacosaurus and Saichania. This 

character incorporates character [9] of Arbour and Currie 2016, as the premaxillary sinuses are 

homologous to the paranasal apertures (Witmer and Ridgely 2008). The Asian ankylosaur 
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Minotaurasaurus also scores ‘1’ for this character as there are three paranasal openings, although 

this differs slightly from Saichania as they are not at the external margin of the nares. 

 

Figure A9. Pinacosaurus grangeri (ZPAL MgD II I) in anterior view. Characters and character states (in brackets) 

shown.  

37. Shape of respiratory passage: straight or arched (0), with anterior (rostral) and posterior (caudal) 

loops (1). 

See also: Sereno 1999 [103], Vickaryous et al. 2004 [25], Parish 2005 [9], Thompson et al. 2012 [11], 

Arbour et al. 2014a [148], Arbour et al. 2014b [141], Arbour and Currie 2016 [18]. 

Several ankylosaurs, including Panoplosaurus (Witmer and Ridgely 2008) have looping respiratory 

passages, whereas most other thyreophorans do not.  
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Figure A10. Skull of Panoplosaurus (ROM 1215) in anterodorsal view, reconstructed from CT scans (Witmer and 

Ridgely 2008). Characters and character states (in brackets) shown. 

38. Posterior nasal passage (airway), vascular impressions on dorsal surface: absent (0), present (1). 

See also: Arbour and Currie 2016 [19]. 

According to Arbour and Currie (2016), this character was included after observations of vascular 

impressions, which likely are the impressions that blood vessels have left on the bone surface, in 

Euoplocephalus by Miyashita et al. (2011), and this was also scored as present in Anodontosaurus, 

but absent in Pinacosaurus grangeri, Talarurus and Zaraapelta. It is likely to be difficult to score but 

as there is potentially phylogenetic signal in the character it is retained here, although this could 

be affected by taphonomic variation. 

39. Respiratory passage, nasal septum dividing the respiratory passage into two separate bony canals 

along the midline: absent (0), present (1). 

See also: Lee 1996 [14], Carpenter et al. 1998 [17], Sereno 1999 [57], Carpenter 2001 [11, 72], Hill et 

al. 2003 [14, 18], Vickaryous et al. 2004 [20, 45], Thompson et al. 2012 [46], Arbour et al. 2014a 

[38], Arbour et al. 2014b [37], Burns 2015 [8, 12], Arbour and Currie 2016 [68], Penkalski 2018 

[12]. 



321 
 

According to Hill et al. (2003), stegosaurs and early-diverging thyreophorans have respiratory 

passages that are confluent above the palate but ankylosaurs exhibit the development of a bony 

nasal septum that separates the respiratory passage into two discrete canals. This character differs 

from the presence of paranasal apertures; this describes whether the respiratory passage is divided 

into two canals or not, rather than the presence of multiple openings, and appears to be a ventral 

extension of the vomers.  

Nasals 

40. Nasal, transverse curvature of dorsal surface: flat (0), arched (1).  

NEW CHARACTER 

According to Raven and Maidment (2018), the stegosaur Paranthodon has a greater dorsal 

curvature than Scelidosaurus but less so than Stegosaurus and Miragaia; however, this continuous 

variation is difficult to code whilst accounting for taphonomic deformation.  

41. Nasal, contributes to lateral surface of skull (0), restricted to dorsal surface (1).  

NEW CHARACTER. Autapomorphic for Kunbarrasaurus according to Leahey et al. (2015). 

In most thyreophoran taxa, the nasal extends laterally so that is contributes to the lateral surface of 

the skull, but in Kunbarrasaurus the nasal is only visible in dorsal view.  

42. Nasal, dimensions: anteroposterior length greater than transverse width (0), equal (1), transverse 

width greater than anteroposterior length (2).  

NEW CHARACTER. Code as ordered. 

Nasals are long and narrow in stegosaurs but shorter and wider in ankylosaurs (Barrett, P. pers. 

comms.) 
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Figure A11. Skull of Kunbarrasaurus (QM F18101) in dorsal view showing nasal as restricted to dorsal surface of skull 

(Leahey et al. 2015). Characters and character states (in brackets) shown. Red lines indicate measurements for character 

42. 

Palpebrals/ supraorbitals 

43. Palpebral/supraorbitals: absent (0), present (1). 

See also: Butler et al. 2008 [30]. 

This character refers to the presence/ absence of either a palpebral or supraorbital i.e. if either is 

present, score ‘1’. According to Butler et al. (2008), a palpebral/ supraorbital is not present in the 

ornithischian outgroups Euparkeria and Herrerasaurus, but both ankylosaurs and stegosaurs have 

supraorbitals, and basal ornithischians such as Lesothosaurus have a palpebral.  

44. Palpebral: free and rod-like (0), incorporated into dorsal margin (i.e. as a supraorbital) (1). 

See also: Sereno 1999 [5], Norman et al. 2004 [23], Parish 2005 [23], Butler et al. 2008 [30], 

Thompson et al. 2012 [27]. 

This character refers to the differentiation between the palpebral, like that in Lesothosaurus, and 

supraorbital that are incorporated into the dorsal margin of the orbit, as in Stegosaurus, in which 

the palpebral and anterior supraorbital are homologous (Maidment and Porro 2010). 
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Figure A12. Skulls of Lesothosaurus in left lateral view. 3D model courtesy of Laura Porro. Characters and character 

states (in brackets) shown. 

45. Number of palpebrals/supraorbitals: one (0), two (1), three (2). 

See also: Sereno 1999 [13], Parish 2005 [25], Butler et al. 2008 [32], Thompson et al. 2012 [29], 

Arbour et al. 2014a [22], Arbour et al. 2014b [21], Penkalski 2018 [5]. 

According to Thompson et al. (2012), the presence of supraorbital caputegulae makes scoring this 

character difficult, although these appear to approximate the underlying bones in taxa with 

juvenile specimens and so the number of supraorbital caputegulae can be used for identification of 

the number of the underlying supraorbitals.  

46. Form of supraorbitals: boss-like, rounded laterally (0), sharp lateral rim, forming a ridge (1). 

See also: Carpenter 2001 [4], Vickaryous et al. 2001 [5], Vickaryous et al. 2004 [5], Parish 2005 [25], 

Thompson et al. 2012 [30], Arbour et al. 2014a [23], Arbour et al. 2014b [22], Arbour and Currie 

2016 [38]. 

Most ankylosaurs score ‘0’ for this character although some ankylosaurids such as Euoplocephalus 

score ‘1’ (Arbour and Currie 2013). 
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Figure A13. Skull of Tarchia kielanae (INBR 21004) in dorsal view, from Arbour and Currie 2016.  Characters and 

character states (in brackets) shown. Red lines indicate measurements for character 47. 

Orbits 

47. Angle of orbital long axis: less than 40 (0), greater than or equal to 40 (1).  

See also: Parish 2005 [11], Thompson et al. 2012 [13], Arbour et al. 2014a [9], Arbour et al. 2014b 

[9], Arbour and Currie 2016 [40], Penkalski 2018 [19]. 

This is the angle between the parasagittal plane and the chord extending along the lateral margin 

of the snout and the outermost edge of the orbit (Parish 2005), rather than the shape of the snout 

itself. 

48. Orbit, completely separated from the antorbital cavity by the pterygoid wing: absent (0), present 

(1). 

See also: Lee 1996 [5, 17], Sereno 1999 [61, 62], Hill et al. 2003 [16, 22], Parish 2005 [14], 

Thompson et al. 2012 [16], Arbour et al. 2014a [12], Arbour et al. 2014b [12], Burns 2015 [10], 

Arbour and Currie 2016 [33]. 

According to Hill et al. (2003), in ankylosaurs there is at least some development of vertically 

orientated pterygoid bones that separate the orbit and braincase from the adjacent nasal passage 
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and palatal region, and in some taxa this completely separates the two cavities although in 

Pawpawsaurus this development is not present. This character has been reworded from previous 

iterations to more accurately describe the cause of the separation of the orbit and antorbital cavity 

being the development of the pterygoid wing rather than an accessory antorbital ossification. 

49. Development of the postocular shelf: not developed (0), present, completely separating orbit from 

adductor chamber (1). 

See also: Sereno 1999 [104], Carpenter 2001 [12], Vickaryous et al. 2004 [41], Parish 2005 [13], 

Thompson et al. 2012 [15], Arbour et al. 2014a [11], Arbour et al. 2014b [11], Arbour and Currie 

2016 [42]. 

In many ankylosaurs (e.g. Crichtonpelta; Arbour and Currie 2016), there is a ventral extension of 

the postocular shelf that separates the orbit and the adductor chamber. If this extension is not fully 

separating the orbit and the adductor chamber, score this character as ‘0’.  

Lacrimal 

50. Lacrimal incisure (transverse constriction behind the nares/at the prefrontals, giving the skull an 

hourglass-shaped outline in dorsal view): absent (0), present (1).  

See also: Carpenter et al. 1998 [23], Arbour et al. 2014a [149], Arbour et al. 2014b [142], Burns 2015 

[33], Arbour and Currie 2016 [34], Penkalski 2018 [1]. 

This character relates to whether there is a transverse constriction of the anterior portion of the 

skull in dorsal view and is characterised by a distinct change in the angle of the lateral edge of the 

skull. 

51. Lacrimal, contacts prefrontal (0), does not contact prefrontal (1). 

See also: Raven and Maidment 2017 [30]. 

In the majority of thyreophoran taxa, the lacrimal contacts the prefrontal, although in some such 

as Isaberrysaura (Salgado et al. 2017) this is not the case, and in ankylosaur it is often difficult to 

observe this character due to the cranial ornamentation.  

52. Lacrimal, long axis of main body orientated posteroventrally (0), orientated dorsoventrally (1).  
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NEW CHARACTER. Autapomorphic for Kunbarrasaurus according to Leahey et al. (2015). 

This was identified as autapomorphic for Kunbarrasaurus by Leahey et al. (2015) although other 

taxa, including Jinyunpelta (Zheng et al. 2018) also score ‘1’ for this character. 

Frontals 

53. Frontal, scroll-like descending process in ventral view: absent (0), present (1). 

See also: Arbour and Currie 2016 [37].  

According to Arbour et al. (2014), this feature, which is found on the ventral surface of the frontal, 

may represent the posterior wall of the olfactory turbinate. 

 

Figure A14. Ventral view of skull of Zaraapelta from Arbour et al. (2014). dpf = descending process of frontal, Character 

53 and character state shown. 

54. Frontal: anteroposteriorly longer than wide transversely (0), wider than long (1), equal dimensions 

(2). 

See also: Raven and Maidment 2017 [31]. 
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This character refers to each individual frontal, i.e. the transverse width is measured to the 

parasagittal plane of the skull. The maximum anteroposterior length and maximum transverse 

width of each frontal is used.   

55. Frontal, V-shaped upraised area in dorsal view: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Talarurus according to Arbour and Currie (2016). This 

character relates to the frontal region, which in Talarurus (PIN 557-3) is slightly raised dorsally 

relative to the rest of the dorsal surface of the skull. This character is retained here although it is 

noted this could be affected by taphonomic distortion.   

Postorbitals 

56. Postorbital, forms posterior rim of orbit: present (0), absent (1).  

NEW CHARACTER. Autapomorphic for Jinyunpelta according to Zheng et al. (2018). 

In the majority of thyreophoran taxa, the posterior rim of the orbit is formed by the postorbital 

(e.g. Stegosaurus stenops; NHMUK PV R36730) but in the ankylosaurid Jinyunpelta the posterior 

rim of the orbit is formed by the supraorbital.  

57. Postorbital, small projection on dorsal surface: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Huayangosaurus according to Maidment et al. (2006). 

This has been referred to as a postorbital ‘horn’ previously (Maidment et al. 2006), but is renamed 

as a projection to reduce confusion with the squamosal/postorbital horn ornamentation that is 

found on ankylosaur skulls. 
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Figure A15. Skull of Huayangosaurus (IVPP V6728) in right lateral view, from Sereno and Dong (1992). Character and 

character state shown. 

Parietals 

58. Parietal, dorsal surface: convex (0), flat (1), concave, forming a trough-like surface posterior to the 

supraorbitals, and anterior to the posterior edge of the skull (2). 

See also: Lee 1996 [24], Galton and Upchurch 2004 [3], Parish 2005 [27], Maidment et al. 2008 [7], 

Maidment 2010 [7], Thompson et al. 2012 [31], Arbour and Currie 2016 [51], Raven and Maidment 

2017 [33], Penkalski 2018 [7]. 

In many taxa, such as Lesothosaurus (Porro et al. 2015), the dorsal surface of the parietal is slightly 

convex dorsally, although in many ankylosaurid taxa (e.g. Euoplocephalus; Arbour and Currie 

2013) there is a transversely-orientated trough-like concave dorsal surface.  

Jugal 

59. Jugal, proportions of anterior process: dorsoventral depth greater than transverse breadth (0), 

transverse breadth greater than depth (1), equal (2). 

See also: Sereno 1999 [1], Parish 2005 [29], Butler et al. 2008 [35], Thompson et al. 2012 [32], 

Arbour et al. 2014a [24], Arbour et al. 2014b [23], Boyd 2015 [32], Arbour and Currie 2016 [43]. 
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The character state ‘2’ for equal proportions has been added here as it is possible the depth would 

be the same as the breadth in some taxa. In most ankylosaurs this character is scored as ‘1’ although 

in the basal thyreophoran Emausaurus this character is scored as ‘0’ (Haubold 1990). 

60. Jugal, anterior process, relative to orbit height: jugal height is equal to or less than 15% orbit height 

(0), jugal height is more than 15% orbit height (1).  

See also: Arbour et al. 2014a [156], Arbour et al. 2014b [149], Arbour and Currie 2016 [44]. 

In many ankylosaurs, this character is scored as ‘1’, but in Lesothosaurus and Isaberrysaura this is 

scored as ‘0’ (Porro et al. 2015; Salgado et al. 2017). 

 

Figure A16. Skull of Scelidosaurus in left lateral view from Norman (2019). Characters and character states (in brackets) 

shown. Red lines indicate measurements for characters 60 and 62. 

61. Jugal, posterior ramus, forked: absent (0), present (1). 

See also: Butler et al. 2008 [46]. According to Butler et al. 2008, Lesothosaurus and Emausaurus, 

Scutellosaurus and Scelidosaurus score ‘1’ for this character but the suprageneric Ankylosauria and 

Stegosauria both score ‘0’. 

62. Jugal posterior process, length relative to anterior process: shorter than (0), equal to or longer than 

(1).  
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NEW CHARACTER. Autapomorphic for Isaberrysaura according to Salgado et al. (2017). Except 

for Isaberrysaura, this feature does not appear to be present in any thyreophoran taxa rescored 

herein. 

Quadratojugal  

63. Quadratojugal: possesses dorsal process that extends to anterolateral surface of quadrate in lateral 

view (0), rectangular shape i.e. does not possess the dorsal process (1). 

See also: Raven and Maidment 2017 [40]. According to Raven and Maidment (2017), this feature is 

present in Scelidosaurus but not in Stegosaurus. The presence of a process, which extends along the 

anterior margin of the quadrate and can also contact the squamosal, is plesiomorphic for 

Ornithischia (Butler et al. 2008) 

64. Quadratojugal, orientation of external surface: lateral (0), posterolateral (1), posterior (2) 

See also: Sereno 1999 [56], Parish 2005 [30]. 

If this feature is obscured by ornamentation, such as in many ankylosaurs, score this as ‘?’. 

According to Parish (2005), the external surface of the quadratojugal faces posteriorly in many 

ankylosaurs, such as Gastonia burgei (CEUM 1307), although this feature is found to be more 

variable within thyreophoran taxa herein. 

Quadrate  

65. Quadrate, lateral ramus: present (0), absent (1). 

See also: Sereno 1999 [15], Parish 2005 [37], Butler et al. 2008 [58], Maidment et al. 2008 [13], 

Maidment 2010 [13], Thompson et al. 2012 [39], Arbour et al. 2014a [31], Arbour et al. 2014b [30], 

Arbour and Currie 2016 [61], Raven and Maidment 2017 [39]. 

Early-diverging ornithischians and thyreophorans (e.g. Scelidosaurus) had an anteriorly directed 

ramus projecting from the lateral side of the quadrate shaft.  This is lost in all members of Eurypoda 

according to Maidment et al. (2008) and Arbour and Currie (2016). 
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Figure A17. Left quadrate of Lesothosaurus (NHMUK PV RU B23) in left lateral view, from Porro et al. (2015). 

Character and character state (in brackets) shown. 

66. Quadrate, shape in lateral view: curved i.e. anteriorly convex, posteriorly concave (0), straight (1).  

See also: Vickaryous et al. 2001 [38], Vickaryous et al. 2004 [38], Parish 2005 [31], Thompson et al. 

2012 [33], Arbour et al. 2014a [25], Arbour et al. 2014b [24], Arbour and Currie 2016 [55]. 

According to Arbour and Currie (2016), most ankylosaurs score ‘1’ for this character but 

Lesothosaurus, Scelidosaurus and Huayangosaurus all score ‘0’. This is difficult to score for 

ankylosaurids due to their extensive cranial ornamentation, but in ventral view it is possible to 

identify the shape of the quadrate e.g. in Zaraapelta MPC D 100.1338 

67. Quadrate, inclination in lateral view with respect to the skull long axis: less than or equal to 10 

(0), 11–30 (1), 31–45 (2), greater than 45 (3).  

Code as ordered. 

See also: Lee 1996 [10], Carpenter et al. 1998 [20], Kirkland 1998 [14], Sereno 1999 [58], Hill et al. 

2003 [24], Parish 2005 [32], Thompson et al. 2012 [34], Arbour et al. 2014a [26], Arbour et al. 

2014b [25], Burns 2015 [14], Arbour and Currie 2015 [56]. 

According to Hill et al. (2003), a strong slant is present in some ankylosaurs but ankylosaurids and 

other thyreophorans have a vertical quadrate. However, in Hesperosaurus is strongly inclined, 

suggesting this character has a more complicated distribution than previously thought. 
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68. Quadrate, anterior surface: transversely concave (0), flat (1). 

See also: Lee 1996 [12], Carpenter 2001 [69], Vickaryous et al. 2001 [38], Hill et al. 2003 [25], 

Parish 2005 [33], Thompson et al. 2012 [35], Arbour et al. 2014a [27], Arbour et al. 2014b [26], 

Arbour and Currie 2016 [57]. 

According to Lee (1996), some ankylosaurs have an excavated anterior surface of the quadrate such 

that it appears concave, e.g. in Panoplosaurus (ROM 125) this is very clear, although this could be 

autocorrelated with taxa that possess a lateral quadrate wing.  

69. Quadrate, axis extending through condyles in posterior view: orientated transversely (0), 

orientated strongly ventromedially (1). 

See also: Sereno 1999 [10, 14], Norman et al. 2004 [6], Parish 2005 [35, 36], Maidment et al. 2008 

[9], Maidment 2010 [10], Thompson et al. 2012 [37, 38], Arbour et al. 2014a [29, 30], Arbour et al. 

2014b [28, 29], Arbour and Currie 2016 [59, 60], Raven and Maidment 2017 [37]. 

When the quadrate of early-diverging ornithischians is viewed in posterior view, a horizontal line 

can be drawn onto which both the medial and lateral quadrate condyles would rest.  In some 

thyreophorans, however, the medial condyle projects further ventrally than the lateral condyle, so 

that the line connecting the medial and lateral condyles would be orientated ventromedially 

according to Maidment et al. (2008). This character has been combined with a character describing 

the symmetrical of the quadrate condyles as the two characters are autocorrelated. 

70. Quadrate, dorsoventral height of the pterygoid process, relative to the dorsoventral height of the 

entire quadrate: greater than 0.5 times (0), equal to or less than 0.5 times (1). 

See also: Lee 1996 [7], Sereno 1999 [60], Hill et al. 2003 [23], Parish 2005 [38], Thompson et al. 

2012 [40], Arbour et al. 2014a [32], Arbour et al. 2014b [31], Arbour and Currie 2016 [62]. 

This feature is variable within thyreophoran taxa, although most ankylosaurs score ‘1’. The 

maximum dorsoventral height of both the pterygoid process of the quadrate and the entire 

quadrate are used. 

71. Quadrate, contact with paroccipital process: unfused (0), fused (1). 
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See also: Carpenter et al. 1998 [13], Carpenter 2001 [55], Vickaryous et al. 2001 [39], Hill et al. 2003 

[26], Vickaryous et al. 2004 [39], Parish 2005 [39], Maidment et al. 2008 [12], Maidment 2010 [12], 

Thompson et al. 2012 [41], Arbour et al. 2014a [33], Arbour et al. 2014b [32], Arbour and Currie 

2016 [63], Raven and Maidment 2017 [38]. 

According to Hill et al. (2003), many ankylosaurs such as Gargoyleosaurus exhibit fusion of the 

paroccipital process to the quadrate, but early-diverging thyreophorans and some derived 

thyreophorans have a sutural contact. 

 

Figure A18. 3D model of a skull of Stegosaurus in posterior view. Courtesy of Stephan Lautenschlager. Characters and 

character states (in brackets) shown. 

72. Quadrate, fossa/fenestra: absent (0), present (1). 

See also: Sereno and Dong 1992 [1], Sereno 1999 [29], Galton and Upchurch 2004 [6], Maidment et 

al. 2008 [8], Maidment 2010 [8], Raven and Maidment 2017 [34].  

The quadrate fossa is an oval depression that occupies most of the posteromedial surface of the 

pterygoid flange of the quadrate. 

73. Quadrate, proximal head strongly transversely compressed: absent (0), present (1). 

See also: Sereno and Dong 1992 [2], Sereno 1999 [30], Galton and Upchurch 2004 [7], Maidment et 

al. 2008 [9], Maidment 2010 [9], Raven and Maidment 2017 [35]. 
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The quadrate head, where the attachment to the paroccipital processes is, of stegosaurs is broad 

anteroposteriorly and compressed transversely and merges with the pterygoid flanges of the 

quadrates so that much of the adductor chamber is closed by the quadrate medially, which is 

visible in lateral view through the lateral temporal fenestra (Maidment et al. 2008). In ankylosaurs 

and the early-diverging thyreophoran Scelidosaurus (Norman 2019), however, the proximal head 

of the quadrate is transversely broad.  

74. Quadrate-squamosal-paroccipital process articulation overhangs retroarticular process of lower 

jaw: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Stegosaurus according to Maidment et al. (2008). This 

feature was identified as autapomorphic for the genus Stegosaurus by Maidment et al. (2008), 

although its presence in Gargoyleosaurus (DMNH 27226) suggest it has a wider distribution within 

Thyreophora. 

Braincase 

75. Occipital condyle, in posterior view: dorsoventrally taller than transversely wide (0), wider than 

high (1). 

See also: Lee 1996 [1], Sereno 1999 [52], Carpenter 2001 [1], Hill et al. 2003 [28], Parish 2005 [5], 

Thompson et al. 2012 [6], Arbour et al. 2014a [6], Arbour et al. 2014b [6], Burns 2015 [16], Arbour 

and Currie 2016 [71], Penkalski 2018 [63].  

According to Hill et al. (2003), the presence of an occipital condyle that is wider than it is high 

unites ankylosaurs to the exclusion of all other thyreophorans, although Hesperosaurus (DMNH 

29431) scores ‘1’ for this character, meaning the distribution of this character could be more 

complicated than previously thought. 

76. Occipital condyle, offset from the ventral braincase by a distinct neck: present (0), absent (1). 

See also: Lee 1996 [9], Kirkland 1998 [16], Carpenter et al. 1998 [22], Sereno 1999 [82], Hill et al. 

2003 [31], Burns 2015 [17].  
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This feature describes a distinct change in angle of the slope that separates the occipital condyle 

and the ventral surface of the braincase. According to Hill et al. (2003), the absence of this feature 

has been considered a diagnostic feature of the Nodosauridae, although many ankylosaurs appear to 

retain this feature.  

77. Occipital condyle, direction relative to tooth rows: posterior (0), posteroventral (1). 

See also: Lee 1996 [9], Kirkland 1998 [15], Sereno 1999 [82], Vickaryous et al. 2001 [36], Hill et al. 

2003 [32], Vickaryous et al. 2004 [36], Thompson et al. 2012 [61], Arbour et al. 2014a [49], Arbour 

et al. 2014b [48]. 

According to Hill et al. (2003), in some ankylosaurs the occipital condyle is angled ventrally, 

although there appears to be more variation within Thyreophora. The scoring of this character can 

be aided with the insertion of a pen in the foramen magnum. 

78. Occipital condyle, morphology in posterior view: reniform (0), round (1). 

See also: Lee 1996 [9], Carpenter et al. 1998 [26], Sereno 1999 [81], Vickaryous et al. 2001 [35], Hill 

et al. 2003 [29], Vickaryous et al. 2004 [35]. 

The majority of thyreophoran taxa score ‘0’ for this character, although several ankylosaurs 

including Ankylosaurus (CMN 8880) and Kunbarrasaurus (Leahey et al. 2015) score ‘1’.  

79. Foramen magnum, cross-sectional area, relative to occipital condyle cross-sectional area: smaller 

(0), equal to or larger (1).  

NEW CHARACTER. This measured using the maximum dorsoventral height and maximum 

transverse width. The majority of thyreophoran taxa score ‘0’ for this character, although taxa that 

score ‘1’ include the stegosaur Hesperosaurus (DMNH 29431) and the ankylosaur Pawpawsaurus 

(Lee 1996). 

80. Paroccipital processes, direction of extension in ventral view: posterolateral (0), lateral (1).  

See also: Carpenter et al. 1998 [11], Kirkland 1998 [18], Vickaryous et al. 2001 [33], Hill et al. 2003 

[27], Vickaryous et al. 2004 [33], Parish 2005 [47], Thompson et al. 2012 [51], Arbour et al. 2014a 

[43], Arbour et al. 2014b [42], Burns 2015 [15], Arbour and Currie 2016 [72]. 
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According to Hill et al. (2003), most ankylosaurids have paroccipital processes that project laterally 

but in some other ankylosaurs they project posterolaterally, as in Gargoyleosaurus. This character 

refers to the medial portion of the paroccipital processes (i.e. as they originate from the occiput 

surface) and it could be correlated with the fact that the occiput lies posterior to the nuchal crest in 

some ankylosaurs (i.e. character 7). 

 

Figure A19. Skull of Gastonia burgei (CEUM 1307) in ventral view. Characters and character states (in brackets) shown. 

81. Basal tubera: medially separated rounded rugose stubs (0), continuous transverse rugose ridge (1).  

See also: Lee 1996 [11], Vickaryous et al. 2001 [32], Vickaryous et al. 2004 [32], Parish 2005 [57], 

Thompson et al. 2012 [57], Arbour et al. 2014a [46], Arbour et al. 2014b [45], Arbour and Currie 

2016 [75]. 

Many thyreophorans score ‘1’ for this character, including the stegosaur Hesperosaurus (DMNH 

29431), the ankylosaurid Ankylosaurus (CMN 8880), and other ankylosaurs such as Europelta 

(Kirkland et al. 2013).  
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82. Basipterygoid processes, size: twice as long as wide or over (0), less than twice as long as wide (1). 

See also: Kirkland 1998 [19], Carpenter 2001 [43], Parish 2005 [55], Thompson et al. 2012 [58], 

Arbour et al. 2014a [47], Arbour et al. 2014b [46], Arbour and Currie 2016 [76]. 

According to Thompson et al. (2012), Scelidosaurus (NHMUK PV R1111) scores ‘0’ and Tarchia 

(PIN 142/250) scores ‘1’ for this character, and the previous character states of ‘long’, ‘elongate’ and 

‘short’ were discarded as ‘elongate’ was found to be autapomorphic for Gastonia. It is unclear how 

‘elongate’ and ‘long’ differ, and thus how ‘elongate’ can be autapomorphic for Gastonia – personal 

observation of Gastonia has led to this taxon scoring ‘0’ for this character.  

83. Basioccipital-basisphenoid, form of the ventral surface: transversely convex (0), has a medial 

depression (1), has a medial longitudinal ridge (2).  

See also: Parish 2005 [51], Thompson et al. 2012 [55], Penkalski 2018 [13].  

Many ankylosaurid taxa score ‘1’ for this character, although the stegosaur Huayangosaurus also 

scores ‘1’ (IVPP V6728).  

84. Form of cranial nerve XII: two foramina (0), three (1), one (2). 

See also: Parish 2005 [56], Thompson et al. 2012 [59], Arbour et al. 2014a [48], Arbour et al. 2014b 

[47], Arbour and Currie 2016 [77]. 

According to Arbour and Currie (2016), only Saichania and Tarchia kielanae score ‘1’ for this 

character. Two exits should be primitive for ornithischians and three derived (Barrett, P. pers. 

comms.). 
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Figure A20. Braincase of Tarchia teresae (PIN 3142/250) in left lateral view. Character and character states (in brackets) 

shown. 

Pterygoids 

85. Pterygoids: separate posteromedially, forming an interpterygoid vacuity (0), joined medially 

forming a pterygoid shield (1). 

See also: Parish 2005 [40], Thompson et al. 2012 [42], Arbour et al. 2014a [34], Arbour et al. 2014b 

[33], Arbour and Currie 2016 [64].  

According to Thompson et al. (2012), in Euoplocephalus there is an interpterygoid vacuity present 

posterior to the vomers but in Silvisaurus there is a large, anteriorly-projecting pterygoid shield. 

86. Pterygoid, orientation of pterygoid flange in ventral view: anterolateral (0), anterior (1), 

posterolateral (2).  

See also: Vickaryous et al. 2001 [29], Vickaryous et al. 2004 [29], Parish 2005 [41], Thompson et al. 

2012 [43], Arbour et al. 2014a [35], Arbour et al. 2014b [34], Arbour and Currie 2016 [65]. 

In some ankylosaurs such as Silvisaurus, Panoplosaurus and Edmontonia longiceps, the pterygoid 

flange is orientated anteriorly, towards the lateral edge of the skull, and so scores ‘1’. In 

Kunbarrasaurus, the pterygoid flange is directed posterolaterally (Leahey et al. 2015), and so scores 

‘2’.   

87. Pterygoid, anterior margin angle: posteroventral (0), dorsoventral (1), anteroventral (2). 
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See also: Vickaryous et al. (2004) [27].  

This character relates to the main body of the pterygoid, i.e. not the pterygoid wing or the 

quadrate ramus of the pterygoid. This character appears to be variable within Thyreophora, with 

the stegosaur Jiangjunosaurus (IVPP V14724) scoring ‘1’, and the ankylosaurs Pawpawsaurus and 

Pinacosaurus grangeri scoring ‘0’ and ‘2’, respectively (Lee, 1996; ZPAL MgD II I). 

88. Pterygoid, position of posterior margin relative to the anterior margin of the quadrate condyle: 

anteriorly positioned (0), in transverse alignment (1), posteriorly positioned (2). 

See also: Lee 1996 [13], Vickaryous et al. 2004 [28], Thompson et al. 2012 [48], Arbour et al. 2014a 

[40], Arbour et al. 2014b [39], Arbour and Currie 2016 [70]. Most thyreophorans score ‘0’ or ‘1’ for 

this character (e.g. Tarchia teresae [PIN 3142/250] and Zaraapelta [MPC D 100.1338], respectively), 

with only Gastonia burgei (Kinneer et al. 2016) and Pawpawsaurus (Lee, 1996) scoring ‘2’ for this 

character.  

89. Pterygoid, contact with basipterygoid processes: sutural/ synovial i.e. it is visible (0), fused i.e. it is 

not visible (1). 

See also: Vickaryous et al. 2001 [30], Vickaryous et al. 2004 [30], Parish 2005 [42], Thompson et al. 

2012 [44], Arbour et al. 2014a [36], Arbour et al. 2014b [35], Arbour and Currie 2016 [66]. 

This contact is more likely to be synovial than sutural as sutural means there is an interdigitated 

contact and is functionally immobile, but the basipterygoid articulation is mobile in some taxa 

(Barrett, P. pers. comms.). This character, however, refers to whether the contact is visible, not 

whether the contact is functionally mobile. 

90. Pterygoid foramen: absent (0), present (1). 

See also: Lee 1996 [17], Sereno 1999 [83], Hill et al. 2003 [21], Thompson et al. 2012 [47], Arbour et 

al. 2014a [39], Arbour et al. 2014b [38], Burns 2015 [31], Arbour and Currie 2016 [69]. 

According to Hill et al. (2003), a small foramen in the ventral surface of the pterygoid is present in 

many ankylosaurids and certain nodosaurids, e.g. Pawpawsaurus, although it is absent in 

Edmontonia rugosidens and Panoplosaurus.  
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Vomer 

91. Vomerine septum, length:  equal to or less than 50% of the palate length (0), greater than 50% of 

the palate length (1). 

See also: Sereno 1999 [16], Parish 2005 [43]. 

In Parish (2005), this was referred to as the pterygovomerine keel, and all taxa except 

Lesothosaurus scored ‘1’. 

92. Vomerine septum, position of ventral margin relative to alveolar ridge: dorsal (0), level (1), ventral 

(2). 

See also: Sereno 1999 [59], Hill et al. 2003 [17], Parish 2005 [44], Thompson et al. 2012 [45], Arbour 

et al. 2014a [37], Arbour et al. 2014b [36], Burns 2015 [11], Arbour and Currie 2016 [67]. 

According to Hill et al. (2003), the vomers and pterygoids contribute to a median palatal keel that 

is flattened mediolaterally; in stegosaurs and basal thyreophorans this keel is only weakly 

developed but in some ankylosaurs it extends ventrally to the level of the maxillary alveolar 

margin, and in Minotaurasaurus (Miles and Miles 2009) this extends further so that it is ventral to 

the alveolar ridge. 

93. Vomer, oval-shaped prevomer foramen: absent (0), present (1).  

See also: Lee 1996 [16], Burns 2015 [42].  

This feature, which is visible in ventral view, is present in Pawpawsaurus and Edmontonia 

longiceps, but not in Edmontonia rugosidens, Panoplosaurus or Denversaurus according to Burns 

(2015).  

94. Vomer, groove on ventral margin: absent (0), present (1). 

See also: Lee 1996 [23], Burns 2015 [29]. 

According to Burns (2015), the holotype skull of Panoplosaurus mirus (CMN 2759) scores ‘1’ for 

this character, as does the referred specimen TMP 83.25.2 and the referred specimen of 

Edmontonia rugosidens (TMP 2000.12.158), but Scelidosaurus and Emausaurus both score ‘0’. 
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Figure A21. Skull of Panoplosaurus (ROM 125) in ventral view. Characters and character states (in brackets) shown. 

Palatines 

95. Palate, posterior foramen: absent (0), present (1). 

See also: Parish 2005 [46], Thompson et al. 2012 [50], Arbour et al. 2014a [42], Arbour et al. 2014b 

[41], Arbour and Currie 2016 [32]. 

According to Parish (2005), this is absent in Edmontonia and Panoplosaurus but it is present in 

Pawpawsaurus and Euoplocephalus. This feature is visible in ventral view.  
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Figure A22. Skull of Saichania (MPC 100/1305) in ventral view. Character and character state (in brackets) shown. 

From Maryanska (1977). 

Lower Jaw 

96. Jaw, position of articulation relative to adductor fossa: posterior (0), posteromedial (1). 

See also: Sereno 1999 [64], Parish 2005 [62, 70], Thompson et al. 2012 [67, 74], Arbour et al. 2014a 

[55, 60], Arbour et al. 2014b [54, 59], Arbour and Currie 2016 [78, 83]. 

This has been combined with Arbour and Currie 2016 [83] which was “Position of glenoid for 

quadrate relative to mandibular axis: medially offset (0), in line (1)” as these two characters are 

correlated. This character is variable within ankylosaurs, although no ankylosaurids score ‘1’.  

97. Jaw, position of articulation relative to dentary tooth row: level (0), ventral (1). 

See also: Raven and Maidment 2017 [42].  

According to Han et al. (2014), the jaw articulation being level with the dentary tooth row is 

autapomorphic for Chuanqilong, although many thyreophorans also score ‘0’ for this character.  

98. Dentary, depth of the symphysial ramus relative to half the maximum depth of the dentary ramus 

in lateral view: deeper (0), shallower or equal (1).  

See also: Sereno 1999 [17], Parish 2005 [64], Thompson et al. 2012 [69], Arbour et al. 2014a [57], 

Arbour et al. 2014b [56], Arbour and Currie 2016 [80].  
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This character is variable within thyreophorans, although most ankylosaurs score ‘1’ and most non-

ankylosaur thyreophorans score ‘0’.  

99. Dentary, tooth row in lateral view: straight (0), sinuous (1).  

See also: Sereno 1999 [4], Carpenter 2001 [74], Norman et al. 2004 [16], Parish 2005 [65], Butler et 

al. 2008 [98], Maidment et al. 2008 [16], Maidment 2010 [16], Thompson et al. 2012 [70], Arbour et 

al. 2014a [58], Arbour et al. 2014b [57], Boyd 2015 [78], Arbour and Currie 2016 [81], Raven and 

Maidment 2017 [46]. 

According to Maidment et al. (2008), many thyreophorans have a convex arch along length of the 

tooth row but in most ornithischians the tooth row is horizontal and straight when observed in 

lateral view. 

100. Dentary, combined length of postdentary bones relative to anteroposterior length of dentary: 

greater (0), shorter or equal (1). 

See also: Raven and Maidment 2017 [43].  

According to Raven and Maidment (2017), only Stegosaurus stenops scores ‘0’ for this character, 

although in this analysis Stegosaurus stenops scores ‘1’.  

 

Figure A23. Left lower jaw of Ankylosaurus (AMNH 5214) in dorsal view. Characters and character states (in brackets) 

shown. Measurements in red for character 100. 

101. Dentary, thin lateral lamina obscuring tooth row in lateral view: absent (0), present (1). 
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See also: Galton and Upchurch 2004 [9], Maidment et al. 2008 [14], Maidment 2010 [14], Raven 

and Maidment 2017 [44]. 

According to Maidment et al. (2008), some stegosaurs have a thin lateral lamina that obscures the 

tooth row in lateral view, while basal thyreophorans and ankylosaurs do not. 

102. Dentary, tooth alveoli face: dorsally (0), dorsomedially (1). 

See also: Maidment et al. 2008 [15], Maidment 2010 [15], Raven and Maidment 2017 [45]. 

According to Maidment et al. (2008), in some stegosaurs the dentary tooth alveoli face dorsally but 

in others the tooth row is inclined so the teeth would have faced dorsomedially in life. In 

Edmontonia rugosidens, the teeth also face dorsomedially. 

103. Dentary, profile in dorsal/ventral view: tapers to a ‘V’-shaped apex (0), is transversely broadened to 

form a ‘U’-shape (1). 

See also: Sereno and Dong 1992, Galton and Upchurch 2004 [8]. 

Most ankylosaurs have a transversely broadened, ‘U’-shaped dentary, although the early-diverging 

ankylosaur Gargoyleosaurus scores ‘0’ for this character, as do early-diverging ornithischians and 

thyreophorans such as Lesothosaurus and Emausaurus.  

104. Lower jaw, sinuous ventral margin, which parallels the sinuosity of the dorsal margin in lateral 

view: absent (0), present (1). 

See also: Sereno 1999 [85], Carpenter 2001 [62, 75], Hill et al. 2003 [49], Parish 2005 [66, 68], 

Thompson et al. 2012 [71], Burns 2015 [28]. 

According to Hill et al. (2003), a sinuous ventral margin, ending in a downturned symphysis, is an 

autapomorphy of Nodosauridae, and ankylosaurids and other thyreophorans have a relatively 

straight ventral dentary margin. 
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Figure A24. Left lower jaw of Panoplosaurus (ROM 125) in medial view. Characters and character states (in brackets) 

shown. 

105. Coronoid eminence: low and rounded, projecting only slightly above the level of the dentary tooth 

row (0), prominent and robust projection above level of dentary tooth row (1). 

See also: Carpenter et al. 1998 [24], Sereno 1999 [107, 108], Carpenter 2001 [63], Hill et al. 2003 

[47], Parish 2005 [69], Thompson et al. 2012 [73], Arbour et al. 2014a [59], Arbour et al. 2014b [58], 

Burns 2015 [26], Arbour and Currie 2016 [82], Penkalski 2018 [20]. 

According to Hill et al. (2003), the presence of a low coronoid eminence that barely projects above 

the level of the dentary tooth row has been considered a synapomorphy of most derived 

ankylosaurids but as it is present in Emausaurus it may be primitive for ankylosaurs, with some 

evolving to have a more prominent coronoid process. 

106. Lower jaw, retroarticular process, size and projection: small with no dorsal projection (0), well 

developed with a dorsal projection (1). 

See also: Parish 2005 [71], Thompson et al. 2012 [75], Arbour et al. 2014a [61], Arbour et al. 2014b 

[60], Arbour and Currie 2016 [84]. 

Most thyreophorans score ‘0’ for this character, although some ankylosaurs such as Tarchia teresae 

(PIN 3142/250) score ‘1’.  

107. Predentary, contact with dentary: dorsoventrally tall and mediolaterally compressed (0), curved 

ventromedially (1).  
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NEW CHARACTER. This character is used to distinguish between early-diverging thyreophorans 

and eurypodans, as according to Nabavizadeh and Weishampel (2016), non-eurypodans have a type 

I predentary and eurypodans have a type II predentary.  

108. Predentary, size of ventral process: rudimentary eminence (0), distinct, prong shaped process (1).  

NEW CHARACTER. This character is used to distinguish between ankylosaurs and stegosaurs, as 

some ankylosaurs have a reduced ventral process of the predentary whereas stegosaurs do not 

(Nabavizadeh and Weishampel, 2016).  

109. Surangular, ridge on lateral surface, anterior to jaw suture: absent (0), present (1). 

See also: Butler et al. 2008 [106]. This character is variable within thyreophorans, although no 

stegosaur scores ‘1’.  

 

Figure A25. Right lower jaw of Euoplocephalus (AMNH 5405) in lateral view. Characters and character states (in 

brackets) shown. 

110. Surangular, medial inflection of dorsal margin forming horizontal shelf: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Lesothosaurus according to Baron et al. (2017b), although 

this is also present in Emausaurus (Haubold 1990).  

111. Surangular, foramen ventral to ridge: absent (0), present (1).  
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NEW CHARACTER. This foramen, which is visible in lateral view, is present in some ankylosaurs 

such as Zuul (ROM 75860) as well as the early-diverging thyreophoran Emausaurus (Haubold 

1990).  

112. Predentary, foramina on lateral side: absent (0), present (1).  

NEW CHARACTER. This character is present in many ankylosaurs such as Akainacephalus 

(UMNH VP 20202) and Euoplocephalus (Arbour and Currie 2013) but is absent in Lesothosaurus 

(NHMUK PV RU B17) and Stegosaurus stenops (NHMUK PV R36730).  

Teeth 

113. Maxillary/ dentary teeth, apicobasal swelling: absent (0), present (1), swelling developed into a true 

cingulum (2). Code as ordered. 

See also: Carpenter et al. 1998 [21], Kirkland 1998 [21], Carpenter 2001 [14], Vickaryous et al. 2001 

[19], Hill et al. 2003 [45], Galton and Upchurch 2004 [11], Vickaryous et al. 2004 [19], Parish 2005 

[59], Maidment et al. 2008 [18], Maidment 2010 [18], Thompson et al. 2012 [64], Arbour et al. 

2014a [52], Arbour et al. 2014b [51], Burns 2015 [24], Arbour and Currie 2016 [88], Raven and 

Maidment 2017 [51], Penkalski 2018 [10]. 

According to Hill et al. (2003), derived members of Ankylosauria have band-like cingula around 

tooth crown bases but early-diverging thyreophorans and primitive ankylosaurs lack this. 

According to Maidment et al. (2008), the term ‘cingulum’ is widely used and poorly defined. In this 

context, a cingulum is a distinct, ring-like feature present at the base of the tooth crown and 

developed both labially and lingually, whereas apicobasal swelling is solely an increase in the 

apicobasal length relative to the tooth root i.e. it does not form a ring-like feature. This character is 

ordered so that phylogenetic information is not lost as the development of a true cingulum is likely 

to be related to the development of a basal swelling. 
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Figure A26. Tooth of Ankylosaurus (AMNH 5214). Characters and character states (in brackets) shown. 

114. Maxillary/ dentary tooth, crown shape: sub-triangular i.e. with a sharp apex (0), rounded i.e. no 

clear apex defined (1). 

See also: Thompson et al. 2012 [65], Arbour et al. 2014a [53], Arbour et al. 2014b [52], Arbour and 

Currie 2016 [89]. This character is variable within thyreophorans, with some ankylosaurs and 

stegosaurs such as Ankylosaurus (CMN 8880) and Huayangosaurus (IVPP V6728) scoring ‘0’ and 

others such as Pinacosaurus grangeri (ZPAL MgD II I) and Jiangjunosaurus (IVPP V14724) scoring 

‘1’.  

115. Maxillary/ dentary tooth, crown size: taller than wide (0), width equal to or greater than height (1).  

NEW CHARACTER. Autapomorphic for Jiangjunosaurus according to Jia et al. (2007). Maximum 

width and height used. This character is variable within thyreophorans, although the early-

diverging ornithischian Lesothosaurus scores ‘0’ (Porro et al. 2015).  

116. Maxillary/ dentary tooth, central apical ridge: absent (0), present (1).  

NEW CHARACTER. This character is variable within thyreophorans, although the early-diverging 

ornithischians Lesothosaurus and Laquintasaura score ‘0’ (Porro et al. 2015; Barrett et al. 2014). It is 

possible that both this character and character 115 are correlated with ecology rather than 

phylogeny, although this cannot be tested a priori.  
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117. Maxillary/ dentary tooth, tooth crown striations: not confluent with denticles (0), confluent with 

denticles (1). 

See also: Raven and Maidment 2017 [47], Penkalski 2018 [11]. Most ankylosaurs score ‘1’ for this 

character, whereas most stegosaurs score ‘0’.  

118. Maxillary/ dentary tooth, tooth crown striations: extend to cingulum (0); do not extend to cingulum 

(1).  

NEW CHARACTER. This character is variable within thyreophorans, with both ankylosaurs and 

stegosaurs scoring ‘0’ and ‘1’.  

119. Maxillary and/ or dentary tooth crowns in labial or lingual view: asymmetrical (0), symmetrical (1). 

See also: Raven and Maidment 2017 [48]. Most thyreophorans score ‘0’ for this character although 

some ankylosaurs and stegosaurs score ‘1’.  

120. Maxillary and/ or dentary teeth, number of denticles: less than 13 (0), 13 or more (1). 

See also: Parish 2005 [65], Thompson et al. 2012 [66], Arbour et al. 2014a [53], Arbour and Currie 

2016 [90], Raven and Maidment 2017 [3]. This character is variable within thyreophorans, with 

both ankylosaurs and stegosaurs scoring ‘0’ and ‘1’. 

121. Maxillary and/ or dentary teeth, number in adult individuals:  less than 20 (0), 20–25 (1), 25–30 (2), 

more than 30 (3).  

Code as ordered. See also: Parish 2005 [61], Thompson et al. 2012 [66], Arbour et al. 2014a [54], 

Arbour et al. 2014b [53], Arbour and Currie 2016 [91], Raven and Maidment 2017 [2]. Tooth count 

is possibly ontogenetic, as it is in many animals, and therefore only adult specimens will be used 

for this character. It is possible that maxillary and dentary tooth characters do not covary, although 

they are combined here in order to increase the amount of data available, as it is rare that both 

maxillary and dentary teeth are preserved. 

122. Premaxillary teeth, number: six or more (0), five (1), four (2), three (3), two (4), one (5), zero (6). 

Code as ordered. 
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See also: Lee 1996 [19], Carpenter et al. 1998 [15], Kirkland 1998 [20], Sereno 1999 [18, 96], 

Carpenter 2001 [40, 50], Vickaryous et al. 2001 [17], Hill et al. 2003 [4], Galton and Upchurch 2004 

[10], Vickaryous et al. 2004 [17], Parish 2005 [58], Butler et al. 2008 [112], Maidment et al. 2008 

[17], Maidment 2010 [17], Thompson et al. 2012 [63], Arbour et al. 2014a [51], Arbour et al. 2014b 

[50], Burns 2015 [3], Arbour and Currie 2016 [87], Raven and Maidment 2017 [50]. 

According to Hill et al. (2003), thyreophorans primitively possess teeth in the premaxilla but they 

are not present in derived ankylosaurs. According to Maidment et al. (2008), premaxillary teeth are 

primitively present in many ornithischian groups but have been lost in all stegosaurs other than 

Huayangosaurus. It is possible that six premaxillary teeth is the outgroup condition, given that 

Lesothosaurus and the early-diverging ankylosaur Gargoyleosaurus and stegosaur Isaberrysaura all 

have six premaxillary teeth, although other early-diverging ornithischians such as 

Heterodontosaurus only have three premaxillary teeth (Norman et al. 2011).  

123. Maxilla or dentary, tooth row: starts level with premaxilla-maxilla or predentary-dentary suture 

(0), inset from anterior margin of maxilla or dentary by the distance of one tooth position of more 

(1). 

See also: Boyd 2015 [8], Raven and Maidment 2017 [49]. This character was previously restricted to 

the maxilla but is herein applied also to the dentary to increase the data available. Most 

eurypodans, except for some taxa such as Cedarpelta, Isaberrysaura and Huayangosaurus, score ‘1’ 

for this character.  

124. Maxilla or dentary, tooth row inset medially from the lateral surface of the maxilla or dentary (i.e. 

a buccal emargination): absent (0), present (1). 

See also: Lee 1996 [4], Carpenter et al. 1998 [16], Carpenter 2001 [10], Vickaryous et al. 2001 [22], 

Hill et al. 2003 [12], Vickaryous et al. 2004 [63], Parish 2005 [21], Maidment et al. 2008 [5], 

Maidment 2010 [5], Thompson et al. 2012 [25], Arbour et al. 2014a [20], Arbour et al. 2014b [19], 

Burns 2015 [6], Arbour and Currie 2016 [29], Raven and Maidment 2017 [29].  
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According to Hill et al. (2003), stegosaurs and basal thyreophorans have only modestly inset tooth 

rows but ankylosaurs have a deep buccal emargination, although any character state where the 

tooth row is not on the lateral surface of the maxilla would score ‘1’ for this character. This 

character was previously restricted to the maxilla but is herein applied also to the dentary to 

increase the data available. 

125. Maxilla or dentary, shape of the tooth row in dorsal/ ventral view: straight (0), sinuous (1).  

See also: Lee 1996 [8], Carpenter et al. 1998 [25], Kirkland 1998 [9], Carpenter 2001 [13], 

Vickaryous et al. 2001 [18], Hill et al. 2003 [13], Vickaryous et al. 2004 [18], Parish 2005 [20], 

Thompson et al. 2012 [24], Arbour et al. 2014a [19], Arbour et al. 2014b [18], Arbour and Currie 

2016 [28]. 

According to Hill et al. (2003), some ankylosaurs have hourglass-shaped tooth row but other 

thyreophorans have straight or very slightly curved tooth rows, although this is shown to be more 

complicated herein, with both the ankylosaur Gargoyleosaurus (DMNH 27226) and the stegosaur 

Hesperosaurus (DMN 29431) scoring ‘1’ for this character. This character was previously restricted 

to the maxilla but is herein applied also to the dentary to facilitate greater data collection. 

Atlas and Axis 

126. Atlas, type of contact between the neural arches: no median contact (0), median contact (1).  

See also: Sereno 1999 [68], Parish 2005 [85], Thompson et al. 2012 [93], Arbour et al. 2014a [77], 

Arbour et al. 2014b [72], Arbour and Currie 2016 [93]. 

In all taxa except for Lesothosaurus (Baron et al. 2017b) the neural arches of the atlas have a 

median contact in anterior view. 
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Figure A27. Atlas of Gastonia lorriemcwhinnyae (DMNH 53009) in anterior view. Character and character state (in 

bracket) shown. 

127. Contact between atlas and axis: articulated (0), fused (1). 

See also: Vickaryous et al. 2004 [46], Parish 2005 [86], Thompson et al. 2012 [94], Arbour et al. 

2014a [78], Arbour et al. 2014b [73], Arbour and Currie 2016 [94]. Most eurypodans score ‘0’ for 

this character although some taxa such as Huayangosaurus (Maidment et al. 2006) score ‘1’.  
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Figure A28. Atlas-axis complex of Huayangosaurus (Maidment et al. 2006) in right lateral view. Characters and 

character states (in brackets) shown. 

128. Axis, neural spine in lateral view: triangular (0), sub-rectangular (1). 

See also: Raven and Maidment 2017 [54]. Although most thyreophorans do not preserve an axis, 

this character is variable in those that do.  

129. Axis, ventral margin: in lateral view flat (0), upwardly concave (1). 

See also: Raven and Maidment 2017 [55]. Although most thyreophorans do not preserve an axis, 

this character is variable in those that do. This character does not covary with character 128, with 

Euoplocephalus scoring ‘0’ for character 128 and ‘1’ for character 129. 

Cervical vertebrae 

130. Cervical vertebrae, number: seven (0), eight (1), nine (2), 10 (3), more than 10 (4).  

Code as ordered. 

See also: Maidment 2010 [22], Raven and Maidment 2017 [5].  

This count includes the atlas and axis, although for many thyreophorans the total count of cervical 

vertebrae is unknown. 

131. Cervical vertebrae, centra: longer anteroposteriorly than wide transversely (0), width equal to 

length or wider than long (1). 
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See also: Carpenter 2001 [76], Parish 2005 [87], Thompson et al. 2012 [95], Arbour et al. 2014a [79], 

Arbour et al. 2014b [74], Arbour and Currie 2016 [95], Raven and Maidment 2017 [57]. 

Maximum anteroposterior length and transverse width of the centra are used for this character. For 

this and other vertebral characters, if there is variation along the column, code as polymorphic 

unless specific vertebrae number is specified. 

 

Figure A29. Cervical vertebra of Sauropelta (AMNH 3035) in dorsal view. Characters and character states (in brackets) 

shown. Measurements in red for character 131. 

132. Cervical vertebrae, anterior and posterior facets of centra: aligned (0), anterior facet dorsal to 

posterior facet (1), anterior facet ventral to posterior facet (2). 

See also: Vickaryous et al. 2004 [47], Thompson et al. 2012 [98], Arbour et al. 2014a [81], Arbour et 

al. 2014b [76]. This character is variable within thyreophorans, although most stegosaurs score 

either ‘0’ or ‘1’.  

133. Anterior cervical vertebrae, position of neural spines on centrum: posterior half (0), anterior half 

(1).  
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NEW CHARACTER. Autapomorphic for Miragaia according to Mateus et al. (2009), although this 

character is also present in other thyreophorans such as Dacentrurus, Europelta and Gastonia 

lorriemcwhinnyae, and so the distribution of this character is more complex than previously 

thought. 

134. Anterior cervical vertebrae, ratio of maximum neural spine width to height:  less than 0.25 (0), 

greater than or equal to 0.25 (1).  

See also: Parish 2005 [88], Thompson et al. 2012 [96], Arbour et al. 2014a [80], Arbour et al. 2014b 

[75], Arbour and Currie 2016 [96]. Most thyreophorans score ‘0’ for this character, although some 

ankylosaurs such as Struthiosaurus transylvanicus (NHMUK R4966) score ‘1’. 

135. Anterior cervical vertebrae: centrum ventral margin straight (0), concave upwards (1). 

See also: Raven and Maidment 2017 [56]. This character is variable within thyreophorans, with 

both ankylosaurs and stegosaurs scoring ‘0’ and ‘1’.  
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Figure A30. Cervical vertebra of Sauropelta (AMNH 3035) in left lateral view. Characters and character states (in 

brackets) shown. 

136. Anterior cervical vertebrae, epipophyses: present (0), absent (1). 

See also: Butler et al. 2008 [133]. Epipophyses are lost in several members of Thyreophora, 

including Miragaia (Mateus et al. 2009). This character was previously restricted to cervical 

vertebra three but it has been expanded to all anterior cervical vertebrae here.  
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Figure A31. CV3 of Stegosaurus stenops (NHMUK PV R36730) in posterior view. Character and character state (in 

bracket) shown. From Maidment et al. (2015). 

137. Mid-cervical vertebrae, notch at base of neural spines with anterior projection dorsal to it: absent 

(0), present (1).  

NEW CHARACTER. Autapomorphic for Miragaia according to Mateus et al. (2009). This character 

is not present in any thyreophoran taxa other than Miragaia.  

138. Posterior cervical vertebrae, postzygapophyses: not greatly elongated (0), greatly elongated and 

project posteriorly beyond the posterior centrum facet (1). 

See also: Maidment et al. 2008 [22], Maidment 2010 [23], Raven and Maidment 2015 [58]. 

According to Maidment et al. (2008), the postzygapophyses in Stegosaurus overhang the posterior 

facet of the centrum, but in other stegosaurs this is not the case. 

139. Posterior cervical vertebrae, opening on lateral surface of centra: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Jiangjunosaurus according to Jia et al. (2007). This 

character is also present in the ankylosaur Animantarx (CEUM 6228). 

140. Cervical ribs, fused to cervical vertebrae: absent (0), present (1).  
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NEW CHARACTER. Most thyreophorans score ‘0’ for this character although the stegosaur 

Miragaia scores ‘1’ (Mateus et al. 2009). 

 

Figure A32. Cervical vertebra of Sauropelta (AMNH 3035) in anterior view. Characters and character states (in 

brackets) shown. Measurements in red for character 134. 

Dorsal vertebrae 

141. Dorsal vertebrae, centra: longer than tall (0), equidimensional (1), taller than long (2). 

See also: Parish 2005 [89], Thompson et al. 2012 [98], Arbour et al. 2014a [82], Arbour et al. 2014b 

[77], Arbour and Currie 2016 [97]. The maximum anteroposterior length and dorsoventral height 

of the centrum are used for this character. This character is variable within Thyreophora.  

142. Dorsal vertebrae, centra:  longer than wide (0), equidimensional (1), wider than long (2). 

See also: Maidment et al. 2008 [23], Maidment 2010 [25], Raven and Maidment 2017 [61]. The 

maximum transverse width of the centrum is measured. The maximum height is measured 

vertically from the centre of the neural canal floor. 
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143. Dorsal vertebrae, longitudinal keel on ventral surface of centra: present (0), absent (1).  

See also: Parish 2005 [90], Thompson et al. 2012 [99], Arbour et al. 2014a [83], Arbour et al. 2014b 

[78], Arbour and Currie 2016 [98]. This character, which is present in the early-diverging 

ornithischian Lesothosaurus (Baron et al. 2017b), is lost in many thyreophorans. 

144. Dorsal vertebrae, deep excavations between neural arch and neural canal in anterior view: absent 

(0), present (1).  

NEW CHARACTER. Autapomorphic for Stegosaurus (= Wuerhosaurus) homheni according to 

Maidment et al. (2008). The deep excavations present on Stegosaurus (= Wuerhosaurus) homheni 

are dorsoventrally-trending and are situated dorsal to the neural canal. 

 

Figure A33. Dorsal vertebra of Stegosaurus stenops (NHMUK PV R36730) in anterior view (Maidment et al. 2015). 

Characters and character states (in brackets shown). Measurements for characters 145, 146, 147 shown in red. 

145. Dorsal vertebrae, neural arch pedicle to neural canal height ratio: less than 1.5 (0), greater than or 

equal to 1.5 (1). 

See also: Maidment et al. 2008 [24], Maidment 2010 [26], Raven and Maidment 2017 [6]. The 

height of the neural arch pedicle is measured from the top of the centrum to the base of the 

prezygapophyses. This was previously continuous in Raven and Maidment (2017).  

146. Dorsal vertebrae, centrum height to neural arch pedicle height ratio: less than 1.5 (0), greater than 

or equal to 1.5 (1). 
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See also: Sereno and Dong 1992 [3], Sereno 1999 [31], Galton and Upchurch 2004 [13], Maidment 

et al. 2008 [25], Maidment 2010 [27], Raven and Maidment 2017 [7]. Neural arch pedicle height is 

measured from the top of the centrum to the base of the prezygapophyses; centrum height is 

measured vertically downwards from the centre of the neural canal floor. This was previously 

continuous in Raven and Maidment (2017).  

147. Dorsal vertebrae, centrum height to neural canal height ratio: less than 2.5 (0), greater than or 

equal to 2.5 (1). 

See also: Sereno and Dong 1992 [5], Sereno 1999 [33], Galton and Upchurch 2004 [12], Maidment 

et al. 2008 [26], Maidment 2010 [28], Raven and Maidment 2017 [8]. Neural canal height is 

measured vertically from the centrum; centrum height is measured vertically downwards from the 

centre of the neural canal floor. This was previously continuous in Raven and Maidment (2017), 

although erroneously both characters [7] and [8] referred to the neural arch in the character list, 

whereas [8] should have referred to the neural canal.  

148. Dorsal vertebrae, number (including sacral rod vertebrae if applicable): less than 13 (0), 13 (1), 14 

(2), 15 (3), 16 or more (4).  

Code as ordered. 

See also: Raven and Maidment 2017 [9]. This count includes any dorsal vertebrae that are fused to 

the sacral rod, as is common in thyreophoran taxa, although in many thyreophorans the full dorsal 

vertebral count is not known.  

149. Dorsal vertebrae, anterior articular facet on centra: flat to slightly concave (0), strongly convex (1), 

strongly concave (2). 

See also: Raven and Maidment 2017 [60], Penkalski 2018 [53]. 

This has been modified from Raven and Maidment (2017) to specify only the anterior articular 

facet, as the only taxon that scored ‘1’ for this character in that analysis, Chungkingosaurus, only 

has a convex anterior articular facet, with a flat posterior articular facet (Maidment et al. 2015), and 

Edmontonia rugosidens (USNM 11868) has strongly concave centra. 
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Figure A34. Dorsal vertebra of Stegosaurus stenops (NHMUK PV R36730) in left lateral view (Maidment et al. 2015). 

Characters and character states (in brackets) shown. 

150. Dorsal vertebrae, transverse processes project: approximately horizontally (0), dorsolaterally i.e. at 

a high angle to the horizontal (1). 

See also: Sereno and Dong 1992 [4], Sereno 1999 [32], Galton and Upchurch 2004 [14], Maidment 

et al. 2008 [29], Maidment 2010 [31], Raven and Maidment 2017 [62].  

According to Maidment et al. 2008, many thyreophoran transverse processes project dorsolaterally, 

rather than laterally as in the case in most basal ornithischians. 

151. Dorsal vertebrae, small, triangular, rugose protuberance situated dorsally on the prezygapophysis 

posterior to the articular facet: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Adratiklit according to Maidment et al. (2020). This 

character is not present in any other thyreophoran taxa. 

152. Dorsal vertebrae, anterior centraparapophyseal laminae drawn into anteriorly-projecting rugosities 

either side of neural canal: absent (0), present (1).  
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NEW CHARACTER. Autapomorphic for Adratiklit according to Maidment et al. (2020). This 

character is not present in any other thyreophoran taxa.  

153. Anterior dorsal vertebrae, prezygapophyses: are separated medially (0), joined ventromedially (1). 

See also: Galton and Upchurch 2004 [15, 16], Maidment et al. 2008 [27, 28], Maidment 2010 [30], 

Raven and Maidment 2017 [59]. Early-diverging taxa such as Lesothosaurus and Huayangosaurus 

score ‘0’ for this character (Baron et al. 2017b; Maidment and Wei 2006), although most other 

thyreophorans score ‘1’.  

 

Figure A35. Dorsal vertebra of Stegosaurus stenops (NHMUK PV R36730) in dorsal view (Maidment et al. 2015). 

Characters and character states (in brackets) shown. 

154. Anterior dorsal vertebrae, prezygapophyses: face dorsally (0), face dorsomedially (1). 

See also: Galton and Upchurch 2004 [15, 16], Maidment et al. 2008 [27, 28], Maidment 2010 [30], 

Raven and Maidment 2017 [59]. 

This and character 151 have been split to separate characters of whether the prezygapophyses are 

joined medially and the orientation of the prezygapophyses. 

155. Posterior dorsal vertebrae, cross-sectional shape of neural canal: circular (0) elliptical, with long 

axis running dorsoventrally (1). 

See also: Parish 2005 [91], Thompson et al. 2012 [100], Arbour et al. 2014a [84], Arbour et al. 2014b 

[79], Arbour and Currie 2016 [99]. This character could be affected by taphonomic deformation 
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and so only well-preserved specimens will be used to score this character. Most ankylosaurs score 

‘1’ for this character, although Gastonia burgei scores ‘0’ (Kinneer et al. 2016).  

156. Sacral rod vertebrae (i.e. dorsal vertebrae fused to the sacrum), number: zero (0), one (1), two (2), 

three (3), four (4), five or more (5).  

NEW CHARACTER.  

This may be affected by ontogeny and so only adult specimens will be scored. This count does not 

include any caudal vertebrae that are fused to the sacral rod.  

157. Sacral rod vertebrae (i.e. dorsal vertebrae fused to the sacrum): keel present (0), absent (1). 

See also: Parish 2005 [94], Thompson et al. 2012 [103], Arbour et al. 2014a [87], Arbour et al. 2014b 

[82], Arbour and Currie 2016 [102], Raven and Maidment 2017 [64]. 

Of those taxa which possess sacral rod vertebrae, most do not possess a keel on the ventral surface 

and so score ‘1’.  

 

Figure A36. Dorsosacral vertebrae of Polacanthus (NHMUK PV R175) in ventral (top) and left lateral views (bottom). 

Characters and character states (in brackets) shown. 

Dorsal ribs 

158. Dorsal ribs, shape of the proximal cross-section: triangular (0), ‘L’- or ‘T’-shaped (1). 
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See also: Parish 2005 [92], Thompson et al. 2012 [101], Arbour et al. 2014a [85], Arbour et al. 2014b 

[80], Arbour and Currie 2016 [100]. 

In Animantarx (CEUM 6228), the cross-section of the dorsal rib varies from T-shaped proximally 

to triangular distally, and so this character should only be scored for the shape of the proximal 

cross-section.  

159. Dorsal ribs, attachment to posterior dorsal vertebrae in adults: articulated (0), fused (1). 

See also: Vickaryous et al. 2004 [48], Parish 2005 [93], Thompson et al. 2012 [102], Arbour et al. 

2014a [86], Arbour et al. 2014b [81], Arbour and Currie 2016 [101]. In some ankylosaurs, such as 

Akainacephalus (UMNH VP 20202), large dorsal ribs are fused to the posterior dorsal vertebrae, 

which allows direct comparison of the shape of the animals dorsum in vivo.  

  

Figure A37. Dorsal rib of Polacanthus (NHMUK PV R175). Characters and character states (in brackets) shown. 

Sacral vertebrae 

160. Sacral vertebrae, longitudinal groove in ventral surface: absent (0), present (1). 

See also: Parish 2005 [95], Thompson et al. 2012 [105], Arbour et al. 2014a [89], Arbour et al. 2014b 

[84], Arbour and Currie 2016 [103]. 

If a groove is present in any sacral vertebrae, score this as (1); the groove does not need to be 

present in all sacral vertebrae. 

161. Number of sacral vertebrae: two (0), three (1), four (2), five (3). Code as ordered. 
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See also: Sereno 1999 [69], Carpenter 2001 [20], Vickaryous et al. 2004 [61], Parish 2005 [96], 

Maidment et al. 2008 [60], Maidment 2010 [63], Thompson et al. 2012 [106], Raven and Maidment 

2017 [93], Penkalski 2018 [60].  

Removed by Arbour et al. 2014a “as this character described the number of sacral vertebrae 

because ankylosaurs incorporate numerous dorsal and caudal vertebrae into the sacral rod, and it is 

unclear if this character referred only to 'true' sacral vertebrae, or all dorsosacrals, sacrals, and 

caudosacrals” but this has been clarified here to mean vertebrae with ribs fused to or articulating 

with the medial surface of the acetabulum. According to Maidment et al. (2008), the number of 

vertebrae fused together to form the sacral rod varies in ankylosaurs and stegosaurs, however, this 

character is concerned with the number of vertebrae with sacral ribs fused to or articulating with 

the medial surface of the acetabulum. This is constant in stegosaurs but has been shown to vary in 

basal ornithischian taxa. Vertebrae that have ribs fused to the anterior iliac process are dorsosacrals 

and vertebrae that have ribs fused to the postacetabular process are caudosacrals.  

162. Ilio-sacral block, posterior sacral rib angle: laterally (0), posterolaterally (1), anterolaterally (2). 

See also: Maidment et al. 2008 [61], Maidment 2010 [64], Raven and Maidment 2017 [94], 

Penkalski 2018 [65]. 

According to Maidment et al. (2008), some stegosaurs have a posterior set of sacral ribs that angle 

strongly posterolaterally, making the gap between posterior iliac processes in dorsal view small and 

‘V’-shaped. In other taxa, the posterior sacral rib is angled laterally, and the gap between the 

posterior iliac processes is broad and ‘U’-shaped. It is important to ensure that the sacrals belong to 

true sacral vertebrae (they are fused to the lateral side of the acetabulum: Nesbitt [2011]) and do 

not belong to a sacrocaudal vertebra (with ribs fused to the posterior iliac process or to the surface 

of the ribs of S4) when assessing this character. In the ankylosaurid Dyoplosaurus (ROM 784), the 

posterior sacral rib is angled anterolaterally. 

163. Ilio–sacral block: dorsal shield of sacrum is perforated by foramina in between ribs (0), is solid with 

no foramina (1). 
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See also: Sereno and Dong 1992 [20], Sereno 1999 [48], Galton and Upchurch 2004 [17], Maidment 

et al. 2008 [62], Maidment 2010 [65], Raven and Maidment 2017 [95]. 

According to Maidment et al. 2008, fusion of the dorsal surfaces of the sacral ribs of some 

stegosaurs, along with the fusion of the sacrum to the ilia, results in a solid dorsal shield. This 

character state may be obscured in ankylosaurs by the sacral shield, and so these taxa must be 

assigned ‘?’.  

 

Figure A38. Sacral vertebrae of Polacanthus (NHMUK PV R175) in ventral view. Characters and character states (in 

brackets) shown. 

 

Caudal vertebrae 

164. Caudosacrals (i.e. caudal vertebrae fused to the sacrum), number: zero (0), one (1), two (2), three 

(3), four or more (4).  

Code as ordered. NEW CHARACTER.  

This may be affected by ontogeny and so only adult specimens will be scored. 

165. Caudal vertebrae, attachment of haemal arches to their respective centra: articulated (0), fused (1).  

See also: Sereno 1999 [111], Parish 2005 [101], Thompson et al. 2012 [111], Arbour et al. 2014a 

[93], Arbour et al. 2014b [88], Arbour and Currie 2016 [108]. This character is variable throughout 

Thyreophora, with ankylosaurs scoring both ‘0’ and ‘1’, although most stegosaurs score ‘0’. 
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166. First or second caudal vertebrae, bifurcated transverse processes: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Loricatosaurus according to Maidment et al. (2008). This 

feature is not present in any other thyreophoran taxa.  

167. Anterior caudal vertebrae, centra in anterior/posterior view: circular (0), heart-shaped (1). 

NEW CHARACTER. In many ankylosaurs, such as Europelta (Kirkland et al. 2013), the anterior 

caudal vertebrae are heart-shaped in anterior and/or posterior view. 

 

Figure A39. Anterior caudal vertebra of Gastonia burgei (CEUM 1307) in anterior view. Characters and character states 

(in brackets) shown. 

168. Anterior caudal vertebrae, centra:  anteroposteriorly longer than wide transversely (0), 

equidimensional (1), wider than long (2). 

NEW CHARACTER. The maximum width of the centrum is measured. The height is measured 

vertically from the centre of the neural canal floor. Eurypodans generally score ‘2’ for this 

character. 

169. Anterior caudal vertebrae, prezygapophyses in lateral view: extend anterodorsally (0), extend 

anteriorly (1). 

See also: Raven and Maidment 2017 [70], Penkalski 2018 [23]. This character is variable within 

Thyreophora, with ankylosaurs and stegosaurs scoring both ‘0’ and ‘1’.  

170. Anterior caudal vertebrae, dorsal process on transverse process: absent (0), present (1). 
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See also: Galton and Upchurch 2004 [19], Maidment et al. 2008 [31], Maidment 2010 [33], Raven 

and Maidment 2017 [65]. According to Maidment et al. (2008), a dorsally projecting process is 

present on the dorsal surface of transverse processes of anterior caudal vertebrae in some species of 

stegosaur.  The process is usually located lateral to the centrum, however on some of the more 

proximal anterior caudal vertebrae of Loricatosaurus, it is present at the distal end of the transverse 

process. Further down the column, on posterior anterior caudals, it migrates up the transverse 

process to occupy a location similar to that of other stegosaurs. 

171. Anterior caudal vertebrae, dorsal process on transverse process: proximal to centrum (0), distal to 

centrum (1).  

See also: Raven and Maidment 2017 [66]. 

172. Anterior caudal vertebrae, neural spine height: less than or equal to the height of the centrum (0), 

greater than the height of the centrum (1). 

See also: Galton and Upchurch 2004 [21], Penkalski 2018 [24]. Most thyreophorans score ‘1’ for this 

character, although several such as Cedarpelta (CEUM 12360) score ‘0’.  

173. Anterior caudal vertebrae, direction of the transverse processes in dorsal/ventral view: 

anterolaterally projecting (0), posterolaterally projecting (1), laterally projecting (2). 

See also: Carpenter 2001 [65, 78], Galton and Upchurch 2004 [18], Parish 2005 [98], Thompson et 

al. 2012 [108], Arbour et al. 2014a [91], Arbour et al. 2014b [86], Arbour and Currie 2016 [106]. 

This character is variable within Thyreophora, with both ankylosaurs and stegosaurs scoring ‘0’, ‘1’ 

or ‘2’.  
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Figure A40. Anterior caudal vertebra of Peloroplites (CEUM 26331) in dorsal view. Character and character state (in 

brackets) shown. 

174. Anterior caudal vertebrae, direction of the transverse processes in anterior/posterior view: laterally 

projecting (0), ventrally projecting (1). 

See also: Maidment et al. 2008 [30], Maidment 2010 [32], Raven and Maidment 2017 [67]. 

According to Maidment et al. (2008), the transverse processes of caudal vertebrae 1 and 2 project 

downwards in all stegosaurs; however in some members of the group, ventrally projecting 

transverse processes are present in other anterior caudal vertebrae as well. 

175. Anterior and middle caudal vertebrae, bulbous swelling at tops of neural spines: absent (0), present 

(1). 

See also: Sereno and Dong 1992 [6], Carpenter 2001 [77], Galton and Upchurch 2004 [22, 23], 

Parish 2005 [97], Maidment et al. 2008 [33], Maidment 2010 [35], Thompson et al. 2012 [107], 

Arbour et al. 2014a [90], Arbour et al. 2014b [85], Arbour and Currie 2016 [105], Raven and 

Maidment 2017 [69], Penkalski 2018 [57]. 

According to Maidment et al. (2008), the neural spines of some stegosaurs and ankylosaurs end in a 

swelling that is transversely broader than the rest of the neural spine. This character has been 

combined with character 105 of Arbour and Currie (2016): Anterior caudal vertebrae, ratio of 
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maximum distal width to height of the neural spines: ≤0.2 (0), >0.2 (1) as they both relate to the 

transverse thickening at the top of the neural spines in anterior caudal vertebrae. 

176. Anterior and middle caudal vertebrae, neural spines: not bifurcated (0), bifurcated (1). 

See also: Raven and Maidment 2017 [73].This has been modified so that ‘not bifurcated’ is the 

plesiomorphic condition and scores (0).  

177. Middle caudal vertebrae, neural spines hook-shaped with anterior projection: absent (0), present 

(1).  

NEW CHARACTER. Autapomorphic for Kentrosaurus according to Maidment et al. (2008), 

although this is also present in Miragaia, which was originally described by Mateus et al. (2009), 

after the publication of Maidment et al. (2008). 

178. Middle caudal vertebrae, anterior and posterior chevron facets converge ventrally so centra are ‘V’-

shaped in lateral view: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Loricatosaurus according to Maidment et al. (2008). This 

feature is not present in any other thyreophoran taxa. 
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Figure A41. Anterior caudal vertebra of Cedarpelta (CEUM 12360) in right lateral view. Characters and character states 

(in brackets) shown. 

179. Middle and posterior caudal vertebrae, longitudinal ridge at approximate mid-height of centrum: 

absent (0), present (1).  

See also: Arbour and Currie 2016 [104]. Most thyreophorans score ‘0’ for this character, but some 

ankylosaurs such as Dyoplosaurus (ROM 784) score ‘1’. 

180. Posterior caudal vertebrae, extent of pre- and postzygapophyses over their adjacent centra: extend 

over less than half the length of the adjacent centrum (0), extend over more than half the length of 

the adjacent centrum (1).  

See also: Sereno 1999 [109], Parish 2005 [103], Thompson et al. 2012 [113], Arbour et al. 2014a 

[95], Arbour et al. 2014b [90], Arbour and Currie 2016 [109], Raven and Maidment 2017 [71]. 

Many thyreophorans score ‘0’ for this character, although several taxa such as Euoplocephalus 

(Arbour and Currie 2013) score ‘1’.  
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181. Posterior caudal vertebrae: centra are elongate (0), equidimensional (1), height greater than length 

(2). 

See also: Sereno and Dong 1992 [7], Galton and Upchurch 2004 [24], Maidment et al. 2008 [34], 

Maidment 2010 [36], Raven and Maidment 2017 [74].  

According to Maidment et al. (2008), the posterior caudal vertebrae of basal thyreophorans are 

longer than they are high or wide.  In some stegosaurs, the centra become less elongate, so that 

they are approximately equal in height and length. 

 

Figure A42. Poster caudal vertebra (#31) of Stegosaurus stenops (NHMUK PV R36730; Maidment et al. 2015) in right 

lateral view. Characters and character states (in brackets) shown. Red lines indicate measurements for character 181. 

182. Posterior caudal vertebrae, shape of postzygapophyses: short with a sub-triangular end [wedge-

shaped] (0), long with a rounded end [tongue shaped] (1). 

See also: Sereno 1999 [110], Parish 2005 [102], Thompson et al. 2012 [112], Arbour et al. 2014a 

[94], Arbour et al. 2014b [89]. This is variable within Thyreophora, with both ankylosaurs and 

stegosaurs scoring either ‘0’ or ‘1’.  

183. Posterior caudal vertebrae, transverse processes on posterior half of tail: present (0), absent (1). 

See also: Galton and Upchurch 2004 [20], Parish 2005 [100], Maidment et al. 2008, Maidment 2010 

[37], Thompson et al. 2012 [110], Arbour et al. 2014a [92], Arbour et al. 2014b [87], Arbour and 

Currie 2016 [107], Raven and Maidment 2017 [72]. 

According to Maidment et al. (2008), transverse processes are present in many thyreophorans on 

all vertebrae except the most distal few.  In some taxa, however, transverse processes are only 
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present up until caudal vertebrae 19 or 20, and they are lost on most vertebrae in the distal half of 

the tail. 

184. Posterior caudal vertebrae, shape of the haemal arches in lateral view: rounded haemal spine with 

no contact between haemal arches (0), inverted ‘T’-shaped haemal spine with contact between the 

ends of adjacent spines (1). 

See also: Sereno 1999 [71], Carpenter 2001 [22], Parish 2005 [104], Thompson et al. 2012 [114], 

Arbour et al. 2014a [96], Arbour et al. 2014b [91], Arbour and Currie 2016 [111]. Most 

thyreophoran taxa score ‘0’ for this character although Liaoningosaurus (IVPP v12560) scores ‘1’.  

 

Figure A43. Caudal vertebra of Akainacephalus (UMNH VP 20202) in left lateral view. Character and character state (in 

bracket) shown. 

185. Tail club handle vertebrae, shape of each interlocking neural arch in dorsal view: ‘V’-shaped angle 

of divergence (0), ‘U’-shaped angle of divergence (1). 

See also: Carpenter 2001 [21], Arbour and Currie 2016 [110]. 

This character was originally: Tail club handle vertebrae, shape of each interlocking neural arch in 

dorsal view: posterior caudal vertebrae do not form handle (0), ‘V-‘shaped, angle of divergence 

about 22–26° (1),’ V-‘ shaped, angle of divergence about 35–37° (2), ’U’-shaped, angle of divergence 
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greater than 60° (3). However, only Ankylosaurus scored (3), whereas no taxa scored ‘2’, and 

several species of ankylosaur scored ‘1’ and ‘0’. This character has therefore been changed to better 

reflect the morphology within Ankylosauria. Based on character scores of Arbour and Currie 

(2016), character state ‘1’ would be autapomorphic for Ankylosaurus.  

 

Figure A44. Tail clubs in dorsal view of Anodontosaurus (left) and Ankylosaurus (right) from Arbour and Mallon 

(2017). Characters and character states (in brackets) shown. 

Pectoral girdle 

For characters related to the pectoral girdle, the scapula is assumed to have an orientation where the long 

axis of the blade is horizontal and the coracoid lies anterior to the scapula. This is to aid with description of 

the relative position of processes, and does not necessarily reflect the in vivo orientation of the elements for 

each taxon.  

186. Coracoid, size: subequal in dorsoventral height and anteroposterior length (0), anteroposteriorly 

longer than dorsoventrally high (1). 

See also: Kirkland 1998 [34], Sereno 1999 [88], Carpenter 2001 [24, 79], Parish 2005 [106], 

Thompson et al. 2012 [116], Arbour et al. 2014a [98], Arbour et al. 2014b [93], Arbour and Currie 
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2016 [113], Raven and Maidment 2017 [78]. The maximum dorsoventral height and 

anteroposterior length of the coracoid is used. This character is variable throughout Thyreophora. 

187. Coracoid, form of the anterior margin: convex (0), straight (1). 

See also: Parish 2005 [107], Thompson et al. 2012 [117], Arbour et al. 2014a [99], Arbour et al. 

2014b [94], Arbour and Currie 2016 [114]. Most thyreophorans score ‘0’ for this character, 

although the ankylosaurid Saichania (Carpenter et al. 2013) scores ‘1’.  

188. Coracoid, anteroventral (sternal) process: absent (0), present (1). 

See also: Parish 2005 [108], Thompson et al. 2012 [118], Arbour et al. 2014a [100], Arbour et al. 

2014b [95], Arbour and Currie 2016 [115]. 

According to Parish (2005), the anteroventral corner of the coracoid is developed into a distinct 

process that extends further ventrally than the glenoid margins in some ankylosaurs.  

 

Figure A45. Right scapulacoracoid of Panoplosaurus (ROM 125) in right lateral view. Characters and character states (in 

brackets) shown. 

189. Coracoid, foramen in lateral view: present (0), notch present (1). 

See also: Maidment et al. 2008 [41], Maidment 2010 [43], Raven and Maidment 2017 [79].  

According to Maidment et al. (2008), in some stegosaurs, the coracoid foramen has migrated to the 

edge of the bone and now forms a notch in lateral view. This character appears to be variable 
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within species of Stegosaurus and may be related to ontogeny and so this character is only coded 

for adult specimens. 

190. Coracoid, ratio of coracoid glenoid length relative to scapula glenoid length: greater than or equal 

to 1.0 (0), 0.5–1.0 (1), less than 0.5 (2). 

See also: Sereno 1999 [89], Carpenter 2001 [80], Parish 2005 [109], Thompson et al. 2012 [119], 

Arbour et al. 2014a [101], Arbour et al. 2014b [96], Arbour and Currie 2016 [116]. 

This has been modified from previous iterations to more accurately describe the possible character 

states, given that it is describing a continuous variable but with discrete character states.  

191. Scapula, glenoid orientation: ventrolateral (0), ventral (1). 

See also: Sereno 1999 [87], Parish 2005 [112], Thompson et al. 2012 [121], Arbour et al. 2014a 

[103], Arbour et al. 2014b [98], Arbour and Currie 2016 [118]. In several ankylosaurs such as 

Chuanqilong (Han et al. 2014), this character is scored as ‘1’.  

192. Scapula, ventral process at the posteroventral margin of glenoid: absent (0), present (1). 

See also: Parish 2005 [113], Thompson et al. 2012 [122], Arbour et al. 2014a [104], Arbour et al. 

2014b [99], Arbour and Currie 2016 [119]. 

According to Parish (2005), both Euoplocephalus AMNH 5337 and Shamosaurus PIN 3779/2-1 

score (1) for this character. This is not the same feature as the origin for the M. triceps longus 

caudalis, which is more distal along the ventral surface of the scapular blade, and in taxa that score 

‘0’ for this character, it appears to be coincident with the margin of the glenoid. 

193. Scapula, form of the acromial process: not developed or ridge-like along the dorsal border of the 

scapula (0), flange-like and folded over towards the scapula glenoid (1), shelf-like and extending 

laterally (2), ridge terminating in a knob-like eminence (3), developed dorsally and convex 

upwards (4), developed dorsally and enlarged to a sharp posterodorsal corner (5). 

See also: Kirkland 1998 [32, 33], Sereno 1999 [37, 73], Carpenter 2001 [23, 45], Vickaryous et al. 

2004 [52], Galton and Upchurch 2004 [26], Parish 2005 [114, 115], Maidment et al. 2008 [37, 38], 
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Maidment 2010 [39, 40], Thompson et al. 2012 [123, 124], Arbour et al. 2014a [105, 106], Arbour et 

al. 2014b [100, 101], Arbour and Currie 2016 [120, 121], Raven and Maidment 2017 [75, 76]. 

This character has been modified to include the conditions seen in stegosaurs, ankylosaurs and 

nodosaurs, which differ greatly. Previous iterations of this character also include a separate 

character for the direction of the acromion process of scapula (e.g. Parish 2005 [115]) but this 

variation is covered by the current character statement. According to Arbour and Currie (2016), 

Lesothosaurus, Scelidosaurus and Huayangosaurus all score ‘0’ for this character, whereas Gastonia 

and Saichania score ‘1’ and Sauropelta and Stegopelta score ‘2’.  

 

Figure A46. Scapulacoracoids of: A, Scelidosaurus in right lateral view (NHMUK PV R1111); B, Euoplocephalus in right 

lateral view (Coombs 1978); C, Hylaeosaurus in left lateral view (NHMUK PV OR3775); D, Panoplosaurus in right 

lateral view (ROM 125); E, Huayangosaurus in left lateral view (Maidment et al. 2006); F, Stegosaurus stenops in left 

lateral view (NHMUK PV R36730; Maidment et al. 2015). Characters and character states (in brackets) shown.  

194. Scapulocoracoid, lateral buttress: absent (0), present (1). 
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See also: Parish 2005 [116], Thompson et al. 2012 [125], Arbour et al. 2014a [107], Arbour et al. 

2014b [102], Arbour and Currie 2016 [122]. This is in a similar location to the medial buttress (see 

character 195) but is instead on the lateral surface of the scapulocoracoid.  

195. Scapulacoracoid, medial buttress: absent (0), present (1). 

NEW CHARACTER.  

According to Arbour and Currie (2013), on the medial side of specimens of Euoplocephalus there is 

a prominent horizontal ridge that arises at the junction of the scapula and the coracoid and extends 

posteriorly. This is also present in Saichania (Carpenter et al. (2011) as well as Sauropelta. 

 

Figure A47. Left scapula of Euoplocephalus (AMNH 5406) in medial view, from Arbour and Currie (2013). Character 

and character state (in brackets) shown. 

196. Scapular blade: distally expanded (0), parallel sided (1). 

See also: Sereno 1999 [20], Carpenter 2001 [66, 82], Parish 2005 [117], Maidment et al. 2008 [39], 

Butler et al. 2008 [152], Maidment 2010 [41], Thompson et al. 2012 [126], Arbour et al. 2014a 

[108], Arbour et al. 2014b [103], Arbour and Currie 2016 [123], Raven and Maidment 2017 [77]. 

According to Maidment et al. (2008), in some taxa, the scapula blade is dorsoventrally deeper in 

lateral view at its distal end than it is proximally, where it extends from the proximal plate. In 

some thyreophorans, however, the blade is approximately the same depth in lateral view all the 

way along its length. 

197. Scapula, proximal plate area to coracoid area ratio: less than 1.0 (0), greater than or equal to 1.0 (1). 

See also: Sereno and Dong 1992 [9], Galton and Upchurch 2004 [25], Maidment et al. 2008 [36], 

Maidment 2010 [38], Raven and Maidment 2017 [10]. 
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According to Maidment et al. (2008), the proximal plate is the anterior part of the scapula, 

including the acromial process and glenoid, which is distinguished from the scapula blade by being 

dorsoventrally deeper.  In stegosaurs the posterior extent of the proximal plate is usually defined by 

a dorsoventrally extending ridge. The areas of the proximal plate and the coracoid are estimated by 

measuring the maximum width and the maximum depth (when the elements are viewed in medial 

or lateral view). The width and depth for each element is then multiplied together to give an area. 

198. Scapula, blade: dorsal surface straight (0), dorsally curved (1).  

NEW CHARACTER. In several ankylosaurs such as Animantarx (CEUM 6228), this character is 

scored as ‘0’ but in most ankylosaurs, as well as early-diverging thyreophorans and stegosaurs this 

character is scored as ‘0’.  

199. Sternal plates: separate (0), fused (1). 

See also: Sereno 1999 [112], Vickaryous et al. 2004 [60], Parish 2005 [118], Thompson et al. 2012 

[127], Arbour et al. 2014a [109], Arbour et al. 2014b [104], Arbour and Currie 2016 [124]. 

As there is so far no evidence of an ossified sternum in stegosaurs (Maidment, S. C. R. pers. 

comms.), they will be coded for as ‘?’, whereas some ankylosaurs such as Euoplocephalus (Arbour 

and Currie 2013) score ‘1’. 

 

Figure A48. Sternal plate of Panoplosaurus (ROM 125). Character and character state (in bracket) shown. 
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Forelimb 

200. Humerus, separation of humeral head and deltopectoral crest in anterior view: continuous (0), 

separated by a distinct notch (1). 

See also: Parish 2005 [119], Thompson et al. 2012 [128], Arbour et al. 2014a [110], Arbour et al. 

2014b [105], Arbour and Currie 2016 [136]. 

According to Arbour and Currie (2016), Lesothosaurus and Huayangosaurus score ‘0’ but 

Scelidosaurus, Sauropelta and Gastonia score ‘1’.  

 

Figure A49. Humeri of: A, Sauropelta (AMNH 3032), left in anterior view; B, Euoplocephalus (AMNH 5337), left in 

anterior view; C, Loricatosaurus (NHM UK PV R3167), right in anterior view. Characters and character states (in 

brackets) shown. 

201. Humerus, separation of humeral head and medial tubercle in anterior view: continuous (0), 

separated by a distinct notch (1). 

See also: Parish 2005 [119], Thompson et al. 2012 [129], Arbour et al. 2014a [111], Arbour et al. 

2014b [106], Arbour and Currie 2016 [137]. 

According to Arbour and Currie (2016), Lesothosaurus and most ankylosaurs score ‘0’ whereas 

Scelidosaurus and Huayangosaurus score ‘1’, as does Panoplosaurus. However, according to 
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Thompson et al. (2012), Stegosaurus, Animantarx, Euoplocephalus, Gastonia burgei, Hungarosaurus 

and Panoplosaurus, in addition to Scelidosaurus and Huayangosaurus, all score ‘1’. Stegosaurus 

stenops (NHMUK PV 36730; Maidment et al. 2015) does not possess a medial tubercle, but other 

specimens of Stegosaurus do (Maidment, S. C. R. pers. comms.), as does Loricatosaurus NHMUK PV 

R3167. This character obviously has a more complicated distribution than previously thought and 

cannot be score as present if no medial tuberosity is present.   

202. Humerus, ratio of deltopectoral crest length to humeral length: less than or equal to 0.5 (0), greater 

than 0.5 (1). 

See also: Kirkland 1998 [35], Carpenter 2001 [25], Norman et al. 2004 [17], Vickaryous et al. 2004 

[54], Parish 2005 [120], Thompson et al. 2012 [130], Arbour et al. 2014a [112], Arbour et al. 2014b 

[107], Arbour and Currie 2016 [138], Penkalski 2018 [46]. 

The length of the deltopectoral crest is measured as the maximum extent from the proximal end of 

the humerus, measured parallel to the maximum length of the humerus, to account for the curved 

outer margin of the deltopectoral crest in some stegosaurs.  

203. Humerus, orientation of deltopectoral crest projection: lateral (0), anterolateral (1). 

See also: Sereno 1999 [113], Carpenter 2001 [26], Parish 2005 [121], Thompson et al. 2012 [131], 

Arbour et al. 2014a [113], Arbour et al. 2014b [108], Arbour and Currie 2016 [139]. 

This is possibly affected dramatically by taphonomy and so only well-preserved specimens will be 

used to code. The character states are clearly visible when the humeri are viewed in anterior view.  

204. Humerus, ratio of width of distal end to minimum shaft width: below 2.20 (0), greater than or 

equal to 2.20 (1). 

See also: Maidment et al. 2008 [42], Maidment 2010 [44], Raven and Maidment 2017 [11]. 

According to Maidment et al. (2008), the width of the distal end was measured as the maximum 

transverse width of the distal condyles. The distal condyles of the humerus of eurypodan taxa 

appear to be transversely enlarged relative to the shaft compared with those of basal 

thyreophorans. 
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205. Humerus, ratio of transverse width of distal end to humerus length: less than 0.4 (0), greater than 

or equal to 0.4 (1). 

See also: Sereno 1999 [50], Galton and Upchurch 2004 [28], Maidment et al. 2008 [44], Maidment 

2010 [46], Raven and Maidment 2017 [12].  

According to Maidment et al. (2008), the width of the distal end of the humerus, measured as the 

maximum transverse width across the distal condyles, appears to be greater relative to humeral 

length in some eurypodan taxa. 

206. Humerus, anterior iliac process length to humerus length: above 0.7 (0), 0.7 or below (1). 

See also: Maidment et al. 2008 [45], Maidment 2010 [47], Raven and Maidment 2017 [13].  

According to Maidment et al. (2008), the anterior iliac process is longer than the humerus in some 

thyreophoran taxa, but shorter in others.  The anterior iliac process is measured from the anterior 

margin of the acetabulum in lateral view. 

207. Humerus, triceps tubercle and descending ridge posterolateral to the deltopectoral crest: absent (0), 

present (1). 

See also: Sereno and Dong 1992 [10], Sereno 1999 [38], Galton and Upchurch 2004 [27], Maidment 

et al. 2008 [43], Maidment 2010 [45], Raven and Maidment 2017 [80]. 

According to Maidment et al. (2008), all stegosaurs appear to possess a tubercle on the posterior 

side of the deltopectoral crest.  Extending dorsoventrally below the tubercle is a rugose ridge. This 

feature is absent in other thyreophorans and is different to the ridge which extends dorsoventrally 

above the ‘bulge’ for the deltoid muscles. 
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Figure A50. Humeri of: A, Sauropelta (AMNH 3032), left in posterior view; B, Euoplocephalus (AMNH 5337), left in 

posterior view; C, Loricatosaurus (NHM UK PV R3167), right in posterior view. Characters and character states (in 

brackets) shown. 

208. Humerus, circular bulge on posterior surface of deltopectoral crest for attachment of deltoid 

musculature: absent (0), present (1).  

NEW CHARACTER. Present in ankylosaurs such as Ankylosaurus and Euoplocephalus, but not in 

stegosaurs such as Stegosaurus and Loricatosaurus.  

209. Ulna, ratio of length to humerus length, less than 0.8 (0), greater than or equal to 0.8 (1). 

See also: Galton and Upchurch 2004 [31], Maidment et al. 2008 [47], Maidment 2010 [49], Raven 

and Maidment 2017 [15]. 

According to Maidment et al. (2008), the ratio of the lengths of the propodials to epipodials varies 

in basal ornithischians and thyreophorans, as would be expected in clade whose members include 

both bipedal and quadrupedal forms. 
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Figure A51. Left ulna of Texasetes (USNM 227987) in anterior view. Characters and character states (in brackets) 

shown. Red lines indicate measurements for characters 209 and 210.  

210. Ulna, proximal width to length ratio: less than 0.40 (0), greater than or equal to 0.40 (1). 

See also: Galton and Upchurch 2004 [30], Maidment et al. 2008 [46], Maidment 2010 [48], Raven 

and Maidment 2017 [14]. 

According to Maidment et al. (2008), the proximal width of the ulna, measured as the maximum 

transverse width of the proximal end, varies relative to length in thyreophoran taxa. 

211. Ulna, development of anterior process in proximal view so that ulna appears ‘L’-shaped: absent (0), 

present (1).  

NEW CHARACTER. Autapomorphic for Acantholipan according to Rivera Sylva et al. (2018). The 

development of the anterior process is found in quadrupedal taxa and could differentiate between 

basal ornithischians and eurypodans (Maidment, S. C. R. pers. comms.)  

212. Radius, ratio of length to humerus length, less than 0.65 (0), greater than or equal to 0.65 (1). 
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See also: Maidment 2010 [50], Raven and Maidment 2017 [16]. This character is variable 

throughout Thyreophora, although unfortunately it is not possible to decipher a character state in 

many taxa as few taxa fully preserve both humeri and radii.  

 

Figure A52. Left radius of Sauropelta (AMNH 3032). Characters and character states (in brackets) shown. Red lines 

indicate measurements for character 212, 213 and 214. 

213. Radius, ratio of transverse width of distal end to radius length: less than 0.30 (0), greater than or 

equal to 0.30 (1). 

See also: Galton and Upchurch 2004 [29]. Most thyreophorans, where possible, score ‘1’ for this 

character, although the early-diverging ornithischian Lesothosaurus scores ‘0’ (Baron et al. 2017b), 

as does Liaoningosaurus (IVPP V12560).  

214. Radius, ratio of transverse width at proximal end to width at midlength: less than or equal to 1.0 

(0), between 1.0–1.5 (1), greater than 1.5 (2). Code as ordered. 

See also: Raven and Maidment 2017 [81]. Most thyreophorans score either ‘1’ or ‘2’ for this 

character, although Liaoningosaurus (IVPP V12560) and Scutellosaurus (MNA.V.175) score ‘0’.  

215. Number of manual digits: five (0), four (1), three (2). Code as ordered. 
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See also: Parish 2005 [124], Thompson et al. 2012 [134], Arbour et al. 2014a [116], Arbour et al. 

2014b [111], Arbour and Currie 2016 [142]. 

Herein, ‘digit’, refers either to the entire complex of metacarpal + phalanges or just to the 

metacarpal if all phalanges are lost. Unfortunately, few thyreophorans preserve complete sets of 

manual digits (Currie et al. 2011).  

216. Metacarpal II to humerus length ratio, less than or equal to 0.2 (0), greater than 0.2 (1). 

See also: Sereno 1999 [28], Galton and Upchurch 2004 [32], Raven and Maidment 2017 [17]. 

Unfortunately, few thyreophorans preserve both a complete metacarpal II and a complete 

humerus.  

217. Metacarpal I, ratio of length to metacarpal III: less than 1.0 (0), greater than 1.0 or equal to (1). 

See also: Norman et al. 2004 [21], Butler et al. 2008 [158], Raven and Maidment 2017 [82]. 

This character has had varying descriptions in the literature. Usually, this describes the lengths of 

metacarpals I and V against metacarpals II, III and IV. Norman et al. (2004) had the character 

states: equal (0), subequal (1); Butler et al. (2008) had the character states: shorter (0), subequal (1); 

and Raven and Maidment (2017) had the character states: shorter (0), longer (1). There is therefore 

confusion surrounding this character, and metacarpals I and V can vary differently (e.g. Sauropelta 

AMNH 3032 had a shorter metacarpal V than metacarpal I, which itself is shorter than metacarpal 

III).  This character has therefore been split to describe the variation in size of metacarpals I and V 

separately as two characters. 

218. Metacarpal V, ratio of length to metacarpal III: less than 0.50 (0), 0.5–1.0 (1), greater than or equal 

to 1.0 (2). 

See also: Sereno 1999 [6], Norman et al. 2004 [21], Parish 2005 [123], Butler et al. 2008 [158], 

Thompson et al. 2012 [133], Arbour et al. 2014a [115], Arbour et al. 2014b [110], Arbour and 

Currie 2016 [141], Raven and Maidment 2017 [82].  

219. Phalanges, shape of manual and pedal unguals in dorsal view: narrow, claw-shaped (0) wide, hoof-

shaped, ‘U’-shaped (1), wide, hoof-shaped, triangular (2). 
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See also: Sereno 1999 [7], Parish 2005 [125], Butler et al. 2008 [215], Maidment et al. 2008 [48], 

Maidment 2010 [51], Thompson et al. 2012 [135], Arbour et al. 2014a [117], Arbour et al. 2014 

[112], Arbour and Currie 2016 [143], Raven and Maidment 2017 [83], Penkalski 2018 [29]. 

‘Hoof-shaped’ can be defined as semicircular in dorsal view, dorsoventrally compressed and 

transversely broad. ‘Hoof-shaped’ unguals are present in eurypodan taxa according to Maidment et 

al. (2008). Triangular hoof-shaped unguals can be seen in Liaoningosaurus, Chuanqilong and 

Dyoplosaurus. 

 

Figure A53. Forelimb of Gigantspinosaurus (ZDM 0019). Photo courtesy of J. Vasco Leite. Characters and character 

states (in brackets) shown. Red lines indicate measurements for characters 216, 217 and 218. 

Pelvic girdle 

220. Ilium, anterior iliac process to acetabular length: ratio, below 1.1 (0), 1.1 or above (1). 

See also: Sereno 1999 [21], Parish 2005 [126], Butler et al. 2008 [166], Maidment et al. 2008 [49], 

Maidment 2010 [52], Thompson et al. 2012 [136], Arbour et al. 2014a [118], Arbour et al. 2014b 

[113], Arbour and Currie 2016 [125], Raven and Maidment 2017 [18]. 

According to Maidment et al. (2008), the anterior iliac process is measured from the anterior 

margin of the acetabulum in lateral view. The acetabular length is the anteroposterior length of the 
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acetabulum, measured in ventral view, including the pubic and iliac peduncles. The anterior iliac 

process is greatly elongated relative to the acetabulum in eurypodan taxa, compared with their 

basal ornithischian relatives. 

 

Figure A54. Ilia of Edmontonia longiceps (CMN 8531) in ventral view. Characters and character states (in brackets) 

shown. Red lines indicate measurements for characters 220, 226 and 228. 

221. Ilium, anterior iliac process: projects roughly parallel to the parasagittal plane (0), diverges from 

the parasagittal plane between 0–15˚ (1), diverges from parasagittal plane by more than 15˚ (2). 

Code as ordered. 

See also: Sereno 1999 [22], Carpenter 2001 [47], Galton and Upchurch 2004 [36], Parish 2005 [127], 

Butler et al. 2008 [167], Maidment et al. 2008 [51], Maidment 2010 [54], Thompson et al. 2012 

[136], Arbour et al. 2014a [119], Arbour et al. 2014b [114], Arbour and Currie 2016 [126], Raven 

and Maidment 2017 [85], Penkalski 2018 [25].  

According to Maidment et al. (2008), in dorsal or ventral view, the anterior iliac processes of basal 

ornithischian taxa extend anteriorly roughly parallel to the spinal column.  However, in eurypodan 
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taxa, the anterior iliac processes diverge broadly from the parasagittal plane, forming an angle with 

the spinal column. 

222. Ilium, anterior iliac process in lateral or medial views: straight process (0), pronounced ventral 

curvature (1). 

See also: Parish 2005 [129], Maidment et al. 2008 [50], Maidment 2010 [53], Thompson et al. 2012 

[139], Arbour et al. 2014a [121], Arbour et al. 2014b [116], Arbour and Currie 2016 [128], Raven 

and Maidment 2017 [84], Penkalski 2018 [26]. 

According to Maidment et al. (2008), the anterior iliac process, when viewed in lateral view, 

extends anteriorly parallel to the posterior part of the ilium in some thyreophoran taxa. In other 

taxa, however, the anterior iliac process extends anteroventrally, at an angle to the posterior part of 

the ilium. 

 

Figure A55. Ilia of Mymoorapelta (A: MWC 1815; Kirkland and Carpenter 1994) and Euoplocephalus (B: AMNH 5337; 

Carpenter et al. 2013) in left lateral and right lateral views, respectively. Character and character state (in brackets) 

shown. 

223. Ilium, anterior iliac process: tranversely compressed (0), has inverted C-shaped cross section that is 

laterally convex and medially concave (1). 

See also: Raven and Maidment 2017 [92]. Most eurypodans score ‘1’ for this character whereas 

early-diverging thyreophorans score ‘0’.  

224. Ilium, anterior iliac process: has a blunt rounded anterior end (0), tapers toward its anterior end 

(1). 

See also: Galton and Upchurch 2004 [37]. This character is variable throughout Thyreophora, 

although most stegosaurs score ‘0’ and several ankylosaurs score ‘1’.  
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225. Ilium, lateral edge in dorsal view: straight (0), sinuous (1).  

See also: Arbour and Currie 2016 [129]. 

According to Arbour and Currie 2016, only Taohelong and Sauropelta score ‘1’ for this character, 

however this character state is also present in Edmontonia longiceps as well as the stegosaur 

Dacentrurus.  

226. Ilium, ratio of postacetabular length, relative to diameter of acetabulum: greater than 1.0 (0), equal 

to or less than 1.0 (1). 

See also: Sereno 1999 [114], Parish 2005 [132], Thompson et al. 2012 [142], Arbour et al. 2014a 

[124], Arbour et al. 2014b [119], Arbour and Currie 2016 [132], Penkalski 2018 [27]. 

This has been modified from previous iterations to be a ratio, rather than the arbitrary definitions 

of “greater” and “equal to or smaller”. 

227. Ilium, ratio of acetabular length to dorsoventral height of pubic peduncle of ilium: below 3.0 (0), 

3.0 or above (1). 

See also: Maidment et al. 2008 [56], Maidment 2010 [59], Raven and Maidment 2017 [19]. 

The ilium often has two ventral processes on either side of the acetabulum – the pubic and ischiac 

peduncles. The analogous terms for the dorsal processes on the pubis and ischium are the iliac 

peduncles. According to Maidment et al. (2008), pubic peduncle height is measured in lateral view 

from the divergence point with the anterior iliac process. The acetabular length is measured in 

ventral view as the maximum anteroposterior length, including the pubic and ischiadic peduncles. 

The pubic peduncle is reduced relative to acetabular length in some stegosaurs and ankylosaurs. 

228. Ilium, ratio of maximum transverse width in dorsal view to width of centra of sacral vertebrae: less 

than 1.0 (0), 1.0–1.5 (1), greater than 1.5 (2). Code as ordered. 

See also: Kirkland 1998 [45], Carpenter 2001 [28], Parish 2005 [128], Maidment et al. 2008 [52, 53], 

Maidment 2010 [55, 56], Thompson et al. 2012 [138], Arbour et al. 2014a [120], Arbour et al. 2014b 

[115], Arbour and Currie 2016 [127], Raven and Maidment 2017 [86, 87], Penkalski 2018 [22]. 
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According to Maidment et al. (2008), when viewed in dorsal view, the ilium of basal ornithischians 

is compressed transversely so that it is nearly vertical in orientation. In all thyreophoran taxa, 

however, the ilium broadens transversely so that it is nearly horizontal in orientation. This 

character has combined character 127 of Arbour and Currie (2016), i.e. ilium, anterior iliac process 

orientation: near vertical (0), near horizontal (1), with characters 86 and 87 of Raven and 

Maidment (2017), i.e. ilium, horizontal lateral enlargement: absent (0), present (1) and ilium, 

horizontal lateral enlargement incipient: small (0), large (1), as they represent the same variation. 

Additionally, this has been modified into a ratio relative to the transverse width of the sacral centra 

so that the arbitrary decision of whether a horizontal lateral enlargement is present or whether this 

enlargement is small or large does not have to be made.  

  

Figure A56. Pelves of Lesothosaurus (far left: SAM-PR-K1105, ‘Stormbergia’), Scelidosaurus (left-centre: NHMUK PV 

R1111), Gargoyleosaurus (right-centre: DMNH 58831) and Euoplocephalus (right: AMNH 5337) in dorsal view. Figure 

modified from Carpenter et al. 2013. Character and character states (in brackets) shown. 

  

229. Ilium, supra-acetabular flange diverges from the anterior iliac process: absent (0), present (1).  

NEW CHARACTER. 

Generally, stegosaurs have a supra-acetabular flange whereas ankylosaurs and basal thyreophorans 

do not.  

230. Ilium, supra–acetabular flange projects at 90 from the anterior iliac process: absent (0), present (1). 

See also: Maidment et al. 2008 [54, 55], Maidment 2010 [58], Boyd 2015 [184], Raven and 

Maidment 2017 [88], Penkalski 2018 [61].  
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According to Maidment et al. (2008), the supra-acetabular flange projects laterally from a point 

directly above the acetabulum and is roughly semicircular in dorsal view. It is clearly separated 

from the anterior and posterior iliac processes. The supra-acetabular flange is present in stegosaurs, 

and although the ilium is enlarged laterally in ankylosaurs, the supra-acetabular flange is not 

present. In dorsal view, the angle with which supra-acetabular flange projects laterally from the 

anterior iliac process varies in stegosaurs. In most genera, the angle is relatively high, around 150.  

However, the angle is low, around 90, in Stegosaurus. 

 

Figure A57. Supra-acetabular flange of Stegosaurus stenops (NHMUK PV R 36730; Maidment et al. 2015) in dorsal 

view. Characters and character states (in brackets) shown.  

231. Ilium, posterior iliac process distal shape: tapers (0), blunt (1). 

See also: Sereno 1999 [76], Carpenter 2001 [27], Parish 2005 [131], Maidment et al. 2008 [57], 

Maidment 2010 [60], Raven and Maidment 2017 [89]. 

According to Maidment et al. (2008), the posterior iliac process narrows posteriorly. In some 

genera, the distal end tapers, in others, it does not taper and is blunt in dorsal or ventral view. 

232. Ilium, medial processes on posterior iliac processes: absent (0), present (1). 

See also: Maidment et al. 2008 [58], Maidment 2010 [61], Raven and Maidment 2017 [90]. 
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According to Maidment et al. (2008), in Stegosaurus the medial side of the posterior iliac process 

bears an additional medially convex flange of bone, termed a medial process. This process appears 

to be absent in other stegosaurs. 

233. Ilium, perforation of the acetabulum: partially closed acetabulum i.e. a ventromedial flange backing 

the acetabulum open acetabulum (0), open acetabulum (1), closed acetabulum (2). Code as ordered. 

See also: Sereno 1999 [74], Carpenter 2001 [30], Vickaryous et al. 2004 [55, 56], Parish 2005 [130], 

Maidment et al. 2008 [59], Maidment 2010 [62], 131], Thompson et al. 2012 [140, 141, 146], Arbour 

et al. 2014a [122, 123], Arbour et al. 2014b [117, 116], Arbour and Currie 2016 [130, 131], Raven 

and Maidment 2017 [91].  

The closure of the acetabulum has previously been used as a defining feature of the Ankylosauria 

(e.g. Vickaryous et al. 2004); however, there has been confusion in the phylogenetic use of this 

feature. Arbour and Currie (2016) had two characters relating to this feature: 130, Lateral exposure 

of the acetabulum: exposed (0) acetabulum partially obscured as it is partially encircled by the 

distal margin of the ilium (1) and 131: Perforation of the acetabulum: present, open acetabulum (0), 

absent, closed acetabulum (1). Of the taxa scored in this analysis, only Chuanqilong, Gastonia 

burgei, Liaoningosaurus, Mymoorapelta and Sauropelta scored differently for these two characters 

([0,1] for Chuanqilong, Gastonia burgei, Liaoningosaurus and Sauropelta, [1,0] for Mymoorapelta). 

However, the acetabulum cannot be both exposed (130, 0) and closed (131, 1), or obscured (130, 1) 

and open (131, 0). This character is used herein to refer to the closure of the acetabular foramen by 

the ilium laterally and the ischium medially. The plesiomorphic condition in archosauromorphs, as 

in Garjainia (Maidment et al. 2020), is a closed acetabulum, but in the early-diverging 

ornithischian Lesothosaurus, which scores ‘0’, the acetabulum is only partially closed. Some 

stegosaurs, which do not have the lateral closure of the acetabulum by the ilia (but often do have a 

supraacetabular flange, which differs from the lateral closure of the acetabulum by the ilia), score 

‘1’, as does the Upper Jurassic ankylosaur Mymoorapelta, but other ankylosaurs score ‘2’. According 

to Maidment et al. (2008), the acetabulum is an upwardly convex surface in all stegosaurs, but in 
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some taxa the medial edge of the acetabulum extends to a point ventral to its laterodorsal margin 

when viewed laterally, a condition which would score ‘1’. According to Kinneer et al. 2016, the 

anterior rim of the acetabulum being formed by the pubis is an autapomorphy of Ankylosauria. 

This character state, however, is shared by all thyreophoran, and indeed ornithischian, dinosaurs.  

 

Figure A58. Pelves of Lesothosaurus (A: NHMUK PV RU B17; Baron et al. 2017b, in right lateral view), Scelidosaurus 
(B: NHMUK PV R1111; Carpenter et al. 2013, in right lateral view), Dacentrurus (C: NHMUK PV R46013; Maidment et 
al. 2008, in ventral view) and Euoplocephalus (D: AMNH 5337; Carpenter et al. 2013, in right lateral view). Characters 

and character states (in brackets) shown. Note that pelves are not to scale.  

234. Ilium, anteroposteriorly extending ridge on ventral surface of posterior iliac process: absent (0), 

present (1).  

NEW CHARACTER. Present in some ankylosaurs such as Nodosaurus and Texasetes, but not in 

Polacanthus.  

235. Pubis: present as separate ossification (0), fused to ilium/ischium (1). 

See also: Kirkland 1998 [46], Parish 2005 [133], Thompson et al. 2012 [143], Arbour and Currie 

2016 [133]. 
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Previously described as ‘fused indistinguishably’, however, this is inaccurate as a fused pubis can be 

identified but it is just not present as a separate ossification (e.g. this is the ankylosaurian 

condition). If there is partial fusion (i.e. a free distal end is present) score this character for ‘1’.   

236. Pubis, prepubis to postpubis length ratio: less than 0.5 (0), 0.5 or more (1). 

See also: Galton and Upchurch 2004 [40, 41], Parish 2005 [134], Maidment et al. 2008 [67], 

Maidment 2010 [70], Thompson et al. 2012 [144], Raven and Maidment 2017 [20].  

According to Maidment et al. (2008), the length of the prepubis relative to the postpubis varies 

from the condition seen in basal ornithischians in both stegosaurs and ankylosaurs. Both the pre- 

and postpubis are elongate in stegosaurs, but in ankylosaurs the postpubis is reduced. The prepubis 

is measured anteriorly from the anterior margin of the obturator notch; the postpubis is measured 

posteriorly from the anterior margin of the obturator notch. For ankylosaurs, where the prepubis is 

absent, this ratio is 0 and therefore scores ‘0’, rather than being classed as inapplicable.  

 

Figure A59. Pubes in right lateral views of Lesothosaurus (A; SAM-PR-K1105), Scelidosaurus (B; NHMUK PV R1111), 

Stegosaurus stenops (C: NHMUK PV R36730; Maidment et al. 2015) and Gargoyleosaurus (D; DMNH 27726). Figure 

modified from Carpenter et al. (2013). Characters and character states (in brackets) shown. Red lines indicate 

measurements for characters 236 and 237. Note that pubes are not to scale. 
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237. Pubis, postpubis to acetabular length ratio: less than 1.0 (0), 1.0 - 2.0 (1), above 2.0 (2). 

See also: Sereno 1999 [43, 75, 117], Carpenter 2001 [31], Vickaryous et al. 2004 [58], Galton and 

Upchurch 2004 [42], Maidment et al. 2008 [68], Maidment 2010 [71], Raven and Maidment 2017 

[21].  

According to Maidment et al. (2008), this character is important to distinguish between 

ankylosaurian reduction of the postpubis and stegosaurian elongation of the prepubis; processes 

that are clearly not homologous. The postpubis length is measured posteriorly from the anterior 

margin of the obturator process. 

238. Pubis, anterior end of prepubis expanded dorsally: absent (0), present (1). 

See also: Maidment 2010 [74], Raven and Maidment 2017 [101]. This character is found 

predominantly in stegosaurs, with taxa such as Miragaia (Mateus et al. 2009) scoring ‘1’.  

239. Pubis, obturator notch is backed medially by posterior pubic process: absent (0), present (1). 

See also: Maidment et al. 2008 [66], Maidment 2010 [69], Raven and Maidment 2017 [99]. 

According to Maidment et al. (2008), in lateral view, the obturator notch of the pubis is bounded 

ventrally by the postpubic shaft in most stegosaurs.  However, in some ankylosaurs, Scelidosaurus 

and Huayangosaurus, the obturator notch is also backed medially by the postpubic shaft. 

240. Pubis, acetabular portion enlarged into transversely compressed plate ventral to iliac peduncle: 

absent (0), present (1). 

See also: Sereno and Dong 1992 [14], Sereno 1999 [42], Galton and Upchurch 2004 [39], Maidment 

et al. 2008 [70], Maidment 2010 [73], Raven and Maidment 2017 [100]. 

According to Maidment et al. (2008), the surface that comprises the contribution of the pubis to 

the acetabulum faces dorsolateroposteriorly and is transversely wide in basal ornithischians and 

thyreophorans and thus scores ‘0’.  In stegosaurs, however, the acetabular portion of the pubis is 

greatly modified into a transversely compressed, laterally facing plate of bone, with facets dorsally 

and posteriorly for the ilium and ischium, thus scoring ‘1’. 

241. Pubis, kink on dorsal edge of postpubis: absent (0), present (1).  
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NEW CHARACTER. Absent in Mongolostegus, but present in Stegosaurus (= Wuerhosaurus) 

homheni as well as other stegosaurs, although it is not present in any ankylosaurs.  

242. Ischium, distinct angle at approximately midlength: absent (0), present (1). 

See also: Kirkland 1998 [37], Sereno 1999 [51, 116], Carpenter 2001 [32], Galton and Upchurch 

2004 [43], Vickaryous et al. 2004 [57], Parish 2005 [136], Maidment et al. 2008 [64], Maidment 

2010 [67], Thompson et al. 2012 [147], Arbour et al. 2014a [125], Arbour et al. 2014b [120], Arbour 

and Currie 2016 [134], Raven and Maidment 2017 [97]. 

According to Maidment et al. (2008), some stegosaurs and ankylosaurs have a corner in the ischial 

shaft about halfway along, so rather than extending posteriorly, the distal part of the ischium bends 

and extends posteroventrally. 

243. Ischium, shape of the proximal margin: straight (0), concave (1), convex (2).  

See also: Sereno 1999 [115], Parish 2005 [137], Maidment et al. 2008 [63], Maidment 2010 [66], 

Thompson et al. 2012 [148], Arbour et al. 2014a [126], Arbour et al. 2014b [121], Arbour and 

Currie 2016 [135], Raven and Maidment 2017 [96], Penkalski 2018 [28]. This character is variable 

throughout Thyreophora, with various ankylosaurs scoring ‘0’, ‘1’ and ‘2’, although most 

ankylosaurids score ‘2’.  

244. Ischium, anterior and posterior surfaces of shaft: parallel (0), has a distinct kink in posterior surface 

(1).  

NEW CHARACTER. 

This character differentiates some ankylosaurs such as Sauropelta (AMNH 3032) where there is a 

bent ischium but the anterior and posterior surfaces of the shaft are parallel (i.e. scores ‘0’) from 

stegosaurs where there is a distinct kink in the posterior surface, e.g. Stegosaurus stenops (NHMUK 

PV R36730). 
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Figure A60. Ischia of Sauropelta (AMNH 3032) and Stegosaurus stenops (NHMUK PV R36730; Maidment et al. 2015) in 

left medial view. Characters and character states (in brackets) shown.  

245. Ischium, constriction at midlength: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Chuanqilong according to Han et al. (2014). No other 

thyreophorans score ‘1’ for this character. 

246. Ischium, posterior end of ischium: expanded relative to the shaft (0), not expanded (1), tapers 

posteriorly (2). 

See also: Sereno 1999 [23], Maidment et al. 2008 [65], Maidment 2010 [68], Raven and Maidment 

2017 [98].  

According to Maidment et al. (2008), the posterior end of the ischium narrows to a point in all 

members of Eurypoda, but it is slightly expanded in other taxa. 

247. Ischium, large knob on medial side near pubic peduncle: absent (0), present (1). 

NEW CHARACTER. Autapomorphic for Cedarpelta according to Arbour and Currie (2016). No 

other thyreophorans score ‘1’ for this character. 
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Hind limb 

248. Femur, separation of femoral head from greater trochanter: none, continuous (0), separated by a 

distinct notch or change in slope (1).  

See also: Norman et al 2004 [18], Parish 2005 [139], Thompson et al. 2012 [150], Arbour et al. 

2014a [128], Arbour et al. 2014b [123], Arbour and Currie 2016 [145]. Most thyreophorans score ‘0’ 

for this character except ankylosaurs traditionally recognised as nodosaurids, which score ‘1’.  

249. Femur, anterior trochanter fusion to greater trochanter in adults: unfused (0), fused (1). 

See also: Kirkland 1998 [36], Sereno 1999 [25], Carpenter 2001 [46, 81], Parish 2005 [140], 

Maidment et al. 2008 [72], Maidment 2010 [76], Thompson et al. 2012 [151], Arbour et al. 2014a 

[129], Arbour et al. 2014b [124], Arbour and Currie 2016 [146], Raven and Maidment 2017 [103]. 

According to Maidment et al. (2008), the anterior, or lesser, trochanter is a finger-like process 

located on the anterolateral side of the proximal femur and is fused to the greater trochanter, a 

bulbous projection of bone laterally adjacent to the femoral head, in all members of Eurypoda. This 

fusion is, however, ontogenetically controlled and can be used to distinguish femora from 

ontogenetically immature stegosaurs; therefore, this character can only be scored for specimens of 

adult individuals. 

250. Femur, oblique ridge on lateral femoral shaft distal to anterior trochanter: absent (0), present (1). 

See also: Parish 2005 [141], Thompson et al. 2012 [152], Arbour et al. 2014a [130], Arbour et al. 

2014b [125], Arbour and Currie 2016 [147]. 

According to Arbour and Currie (2016), an oblique ridge, which likely represents the linea 

intermuscularis caudalis, is present in the unnamed Campanian-Maastrichtian ankylosaur from 

Argentina (Coria and Salgado 2001), and faint intermuscular lines are also present in Hoplitosaurus 

and Nodosaurus. This feature is not present in other thyreophorans. 
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Figure A61. Right femur in anterior view of the unnamed Argentinian ankylosaur (from Arbour and Currie 2016). 

Characters and character states (in brackets) shown.  

251. Femur, fourth trochanter: prominent and pendant (0), present as a rugose ridge (1), absent (2). 

Code as ordered. 

See also: Sereno 1999 [24], Parish 2005 [142], Butler et al. 2008 [201], Maidment et al. 2008 [71], 

Maidment 2010 [75], Thompson et al. 2012 [153], Arbour et al. 2014a [131], Arbour et al. 2014b 

[126], Arbour and Currie 2016 [148], Raven and Maidment 2017 [102].  

According to Maidment et al. (2008), the fourth trochanter forms a prominent process that projects 

posteromedially from the femoral shaft but in stegosaurs and ankylosaurs it is greatly reduced, and 

this is correlated with the evolution of quadrupedality. 

252. Femur, location of the distal extent of the fourth trochanter on the femoral shaft: proximal (0) 

distal, over half-way down the femoral shaft (1). 
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See also: Carpenter 2001 [33], Parish 2005 [143], Thompson et al. 2012 [154], Arbour et al. 2014a 

[132], Arbour et al. 2014b [127], Arbour and Currie 2016 [149]. This is variable with regards to 

ankylosaurs, with some scoring ‘0’ and others scoring ‘1’.  

 

Figure A62. Femur of Polacanthus (NHMUK PV R175) in posterior view. Characters and character states (in brackets) 

shown. 

253. Femur, shape in medial/lateral view: bowed anteriorly along length (0), straight (1). 

See also: Butler et al. 2008 [197]. Most eurypodans, except Gargoyleosaurus, score ‘1’ for this 

character. 

254. Femur, maximum length to humerus length ratio: 1.3 or less (0), above 1.3 (1). 

See also: Sereno and Dong 1992 [21], Sereno 1999 [49], Galton and Upchurch 2004 [44, 45], 

Maidment et al. 2008 [73], Maidment 2010 [77], Raven and Maidment 2017 [22]. 

According to Maidment et al. (2008), the length of the femur relative to the humerus varies in 

basal ornithischians and in thyreophorans, and this is possibly related to the evolution of 

quadrupedality (Maidment and Barrett 2012). 
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255. Femur, length to tibia length ratio: 1.2 or below (0), above 1.2 (1). 

See also: Maidment et al. 2008 [74], Maidment 2010 [78], Raven and Maidment 2017 [23]. 

According to Maidment et al. (2008), the tibia of basal ornithischians is longer than the femur but 

the reverse is true in stegosaurs and ankylosaurs and this is correlated with the evolution of 

quadrupedality (Maidment and Barrett 2012). 

256. Femur, fibula epicondyle medially inset: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Laquintasaura according to Barrett et al. (2014), although 

both Stegosaurus stenops (NHMUK PV R36730) and Struthiosaurus austriacus (PIUR 2349) score 

‘1’ for this character too.  

257. Tibia, maximum distal width compared to the maximum proximal width: narrower (0), wider (1). 

See also: Sereno 1999 [118], Parish 2005 [144], Thompson et al. 2012 [155], Arbour et al. 2014a 

[133], Arbour et al. 2014b [128], Arbour and Currie 2016 [150]. This character is variable 

throughout Thyreophora, although non-thyreophoroideans score ‘0’.  

 

Figure A63. Left tibia of Euoplocephalus (AMNH 5404). Characters and character states (in brackets) shown. Red lines 

indicate measurements for character 257. 

258. Contact between tibia and astragalus in adults: articulated (0), fused, with suture obliterated (1). 
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See also: Parish 2005 [145], Thompson et al. 2012 [156], Arbour et al. 2014a [134], Arbour et al. 

2014b [129], Arbour and Currie 2016 [151]. Early-diverging thyreophorans score ‘0’ for this 

character whereas some eurypodans score ‘1’.  

259. Astragalus, deep, broad ’U’-shaped notch in anterior surface: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Laquintasaura according to Barrett et al. (2014), although 

it is also present in Scutellosaurus (Colbert 1981). Unfortunately, few thyreophorans preserve 

astragali. 

 

Figure A64. Left astragalocalcaneum of Laquintasaura in proximal view, from Barrett et al. (2014). Character and 

character state (in brackets) shown.   

260. Metatarsal arrangement: compact, closely appressed to one another along 50–70% of their length 

and spread distally (0), contact each other only at proximal ends, spread strongly outwards distally 

(1). 

See also: Sereno 1999 [27], Butler et al. 2008 [210]. Most thyreophorans score ‘0’ for this character, 

although some, including Scolosaurus and Stegosaurus stenops, score ‘1’.  

261. Metatarsal IV: ratio of maximum length to maximum width, in dorsal view: above 5.0 (0), 5.0 or 

below (1). 

See also: Raven and Maidment 2017 [24]. Most thyreophoroideans, except Huayangosaurus, score 

‘1’ for this character.  

262. Number of pedal digits: five (0), four (1), three (2). Code as ordered. 

See also: Sereno and Dong 1992 [16], Sereno 1999 [44], Parish 2005 [146], Galton and Upchurch 

2004 [46], Maidment et al. 2008 [75], Maidment 2010 [79], Thompson et al. 2012 [157], Arbour et 
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al. 2014a [135], Arbour et al. 2014b [130], Arbour and Currie 2016 [152], Raven and Maidment 

2017 [104, 105].  

Herein, ‘digit’, refers either to the entire complex of metatarsal + phalanges or just to the metatarsal 

if all phalanges are lost. According to Maidment et al. (2008), a reduction in the number of pedal 

digits occurred in many dinosaurian taxa, and metatarsal I and all phalanges were lost in stegosaurs 

and in some ankylosaurs. 

263. Pedal digit IV, number of phalanges: five (0), four phalanges (1), three or fewer phalanges (2). Code 

as ordered. 

See also: Sereno 1999 [26], Galton and Upchurch 2004 [49], Parish 2005 [147], Maidment et al. 

2008 [77], Butler et al. 2008 [212], Maidment 2010 [81], Thompson et al. 2012 [158], Arbour et al. 

2014a [136], Arbour et al. 2014b [131], Arbour and Currie 2016 [153], Raven and Maidment 2017 

[107]. 

264. Pedal digit III, number of phalanges: four or more phalanges (0), three (1), two or fewer phalanges 

(2). Code as ordered. 

See also: Sereno and Dong 1992 [17], Sereno 1999 [45], Galton and Upchurch 2004 [47, 48], 

Maidment et al. 2008 [76], Maidment 2010 [80], Raven and Maidment 2017 [106]. 

According to Maidment et al. (2008), the phalangeal formula was reduced on pedal digit three in 

stegosaurs and in some ankylosaurs, but the pedal phalangeal formula is poorly known among 

thyreophoran taxa (Currie et al. 2011). 

265. Pedal digit I: metatarsal I robust and well-developed, distal end of phalanx I projects beyond the 

distal  end of metatarsal II (0), metatarsal I reduced and proximally splint-like, end of phalanx I 

does not extend beyond the end of metatarsal II (1), metatarsal I reduced to a vestigal splint or 

absent, does not bear digits (2). 

See also: Butler et al. 2008 [211]. 
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Figure A65. Left pes of Dyoplosaurus (ROM 784; Arbour et al. 2009) in dorsal view. Characters and character states (in 

brackets) shown. Red lines indicate measurements for character 261. 

Cranial armour 

266. Skull roof, cortical remodelling: absent (0), present (1). 

See also: Maidment et al. 2008 [19], Butler et al. 2008 [89], Maidment 2010 [19], Raven and 

Maidment 2017 [52].  

According to Maidment et al. (2008), a series of rugose grooves and ridges can be observed on some 

bones of the skull roof in a number of thyreophoran taxa, and the elements that show this often are 

the supraorbitals, nasals and postorbitals. 

267. Skull roof, cortical remodelling: present in only some bones (0), present in all bones, along with the 

fusion of dermal osteoderms (1). 

See also: Estes et al. 1988 [128], Sereno 1999 [63, 106], Hill 2005 [302], Parish 2005 [73], Maidment 

et al. 2008 [20], Maidment 2010 [20], Thompson et al. 2012 [77], Burns and Currie 2014 [1], Arbour 

et al. 2014a [63], Raven and Maidment 2017 [53]. 
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According to Maidment et al. (2008), some degree of cortical remodelling is seen on the skull roofs 

of many thyreophorans; however, it reaches its maximum development in ankylosaurs, where the 

entire surface of the skull roof has been modified by cortical remodelling and the fusion of dermal 

ossifications. This character is scored as ‘?’ (for inapplicable) for those taxa lacking remodelling.  

 

Figure A66. Skull of Ziapelta (NMMNH P-64484) in dorsal view, modified from Arbour et al. 2014a. Characters and 

character states (in brackets) shown. Colours represent different region of cranial caputegulae. Dark blue = skull roof 

caputegulae. Pink = median nasal caputegulum. Light blue = supranarial caputegulae. Green = lateral skull caputegulae. 

Orange = supraorbital caputegulae. Red = squamosal horn.  

268. Cranial ornamentation: rugose, not differentiated into discrete polygons (0), differentiated into 

discrete polygons (caputegulae) (1). 

See also: Carpenter et al. 1998 [8], Carpenter 2001 [16], Parish 2005 [74], Thompson et al. 2012 

[78], Arbour et al. 2014a [64], Arbour et al. 2014b [62], Arbour and Currie 2016 [20]. 

Modified from Arbour and Currie 2016 (and previous iterations) to be less specific i.e. remove the 

need for this to be specified to the frontonasal and/or frontoparietal regions. Although the 

caputegulae are often included with a locator (e.g. frontonasal), this does not necessarily mean the 
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caputegulum is homologous to the underlying bone. Most ankylosaurs score ‘1’ although several, 

including Animantarx and Gastonia burgei score ‘0’. 

269. Skull roof, distribution of caputegulae: random (0), symmetrical (1). 

See also: Carpenter et al. 1998 [7], Parish 2005 [76], Thompson et al. 2012 [79]. 

According to Arbour et al. (2014a), no ankylosaurids have completely random caputegulae and 

there is always some amount of asymmetry. Several ankylosaurs score ‘1’, including the 

ankylosaurid Akainacephalus.  

270. Skull roof, form of caputegulae: flat (0), raised (1), strongly bulbous (2). 

Similar to: Kirkland 1998 [31], Sereno 1999 [93], Carpenter 2001 [57], Hill et al. 2003 [40], Parish 

2005 [79], Thompson et al. 2012 [82], Arbour et al. 2014a [67, 155], Arbour et al. 2014b [65, 155], 

Burns 2015 [38], Arbour and Currie 2016 [22, 36].  

This has been modified from previous iterations by reducing its specificity from “frontonasal 

and/or frontoparietal” or “prefrontal” caputegulae to, more broadly, skull roof caputegulae. As skull 

sutures cannot be seen in the majority of ankylosaurian skulls, it is impossible to state accurately 

whether a caputegulum is from the nasal or frontal, or from the frontal or parietal. This made 

comparisons between taxa difficult; for example, it is uncertain whether the prefrontal 

caputegulum from one taxon is homologous to the prefrontal caputegulum of another. This is 

typified by the skull of Zaraapelta (MPC D100/1338; Arbour et al. 2014b); the prefrontal 

caputegulum is a hexagonal feature that is anterior to the orbit, but in Saichania (MPC 100/151; 

Arbour et al. 2014b) this is the lacrimal caputegulum. Instead, this character refers to the 

caputegulae that are present on the skull roof of ankylosaurs in dorsal view, and this consists of the 

parietal caputegulae, frontal caputegulae, prefrontal caputegulae and nasal caputegulae of Arbour 

and Currie (2013, and subsequent iterations, e.g. Arbour et al. 2014b). According to Hill et al. 

(2003), most osteoderms in ankylosaurs are dorsoventrally flattened and so conform closely to the 

contours of the underlying skull bones but in the derived Mongolian ankylosaurids Tarchia and 
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Saichania, as well as the North American Nodocephalosaurus, the ossifications have a large amount 

of relief. Ziapelta (NMMNH P-64484) appears to have an intermediate state. 

271. Skull roof, number of caputegulae: no caputegulae (0), 10 or fewer (1), 11–30 (2), more than 30 (3). 

Modified from: Arbour et al. 2014b [143], Arbour and Currie 2016 [21]. For taxa that do not have 

cranial osteoderms, score this character as ‘0’. 

272. Skull roof caputegulae: directed dorsally (0), imbricated (1).  

NEW CHARACTER. Autapomorphic for Zuul according to Arbour and Evans (2017). No other 

thyreophoran taxa score ‘1’. This was originally described for frontonasal and/or frontoparietal 

caputegulae.  

273. Skull roof caputegulae: rounded cones with circular bases (0), pyramidal with sharp edges (1). 

See also: Arbour et al. 2014a [150], Arbour et al. 2014b [143], Arbour and Currie 2016 [23]. Most 

ankylosaurids score ‘1’ for this character whereas other ankylosaurs, such as Gargoyleosaurus, score 

‘0’. 

274. Skull roof, anterior portion, caputegulae: separated by distinct (3-10 mm wide) grooves (0), 

expanded to cover grooves, although they are still discernible (1), completely fused, not separated 

by grooves (2). 

See also: Burns 2015 [38]. Most ankylosaurs score ‘0’ or ‘1’, whereas some such as Edmontonia 

rugosidens score ‘2’, although Edmontonia longiceps scores ‘1’. 

275. Skull roof caputegulae, rhomboidal and trapezoidal shape: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Tsagantegia according to Arbour and Currie (2016). No 

other thyreophoran taxa score ‘1’ for this character. 

276. Skull roof caputugulae, large, flat and centrally positioned hexagonally-shaped: absent (0), present 

(1).  

NEW CHARACTER. Autapomorphic for Akainacephalus according to Wiersma and Irmis (2018). 

No other thyreophoran taxa score ‘1’ for this character. 

277. Premaxillary beak, ornamentation: absent (0), present (1).  



409 
 

See also: Kirkland 1998 [21, 22], Hill et al. 2003 [7], Vickaryous et al. 2004 [8, 62], Burns 2015 [4], 

Arbour and Currie 2016 [8]. 

According to Hill et al. (2003), the premaxilla is devoid of osteoderms in early-diverging 

thyreophorans and many ankylosaurids but in other ankylosaurids and most other ankylosaurs, 

osteoderms are present on the outer surface of the premaxilla. However, several ankylosaurs such 

as Edmontonia rugosidens and Panoplosaurus score ‘0’ for this character. This character has been 

changed from caputegulae to ornamentation due to the presence of ornamentation that is not 

differentiated into caputegulae in Shamosaurus and Tarchia teresae. 

278. Premaxillary beak, ornamentation protrudes to form hooked process at lateral edges: absent (0), 

present (1).  

NEW CHARACTER. Autapomorphic for Cedarpelta according to Arbour and Currie (2016), 

although Denversaurus also scores ‘1’.  

279. Supranarial caputegulae: absent (0), present (1). 

See also: Arbour et al. 2014a [152], Arbour et al. 2014b [145], Arbour and Currie 2016 [24]. 

The supranarial caputegulae are the linear caputegulae that form the dorsal rim of the external 

nares in anterior view. The distribution of this character is variable throughout Ankylosauria.  

280. Supranarial caputegulae, notch or embayment dorsal to nasal vestibule: absent (0), present (1). 

See also: Arbour et al. 2014a [152], Arbour et al. 2014b [145], Arbour and Currie 2016 [24], 

Penkalski 2018 [18]. Most ankylosaurs that this character is applicable to score ‘0’, although some 

such as Akainacephalus score ‘1’.  

281. Internarial caputegulae, number: none (0), one (1), more than one (2). 

See also: Kirkland 1998 [30], Vickaryous et al. 2001 [9], Carpenter 2001 [54], Parish 2005 [77], 

Arbour et al. 2014a [151], Arbour et al. 2014b [144], Arbour and Currie 2016 [25]. 

If present, the internarial caputegulae lie between the external nares in anterior view. In Saichania 

(MPC 100/151) there is one whereas in Tarchia kielanae there are two (Arbour et al. 2014b).  

282. Median nasal caputegulum: absent (0), present (1). 
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See also: Kirkland 1998 [26], Vickaryous et al. 2001 [9], Carpenter 2001 [17], Hill et al. 2003 [43], 

Vickaryous et al. 2004 [9], Thompson et al. 2012 [81, 84], Arbour et al. 2014a [66], Arbour et al. 

2014b [64], Burns 2015 [23], Arbour and Currie 2016 [26], Penkalski 2018 [6, 41]. 

According to Hill et al. (2003), a large median dermal ossification overlies the nasal region in many 

ankylosaurs but in some ankylosaurids there is a mosaic of small dermal ossifications. This 

caputegulum lies, if present, posterior to the supranarial ornamentation on the midline of the skull 

and is at least twice as large as the rest of the skull roof caputegulae. This is, however, present in 

the ankylosaurid Ziapelta, but not in the ankylosaurids Ankylosaurus, Anodontosaurus, 

Euoplocephalus and Scolosaurus. 

283. Lateral skull caputegulae, number on one side: no caputegulae (0), one caputegulum (1), two 

caputegulae (2), more than two caputegulae (3). 

Modified from Arbour et al. 2014a [153, 154], Arbour et al. 2014b [146, 147], Arbour and Currie 

2016 [27, 35]. 

This character includes the loreal and lacrimal caputegulae of Arbour and Currie (2016, and 

previous iterations), as well as the prefrontal caputegulae if they appear on the lateral surfaces of 

the skull anterior to the orbit and posterior to the external nares. Surprisingly, many ankylosaurs 

such as Shamosaurus score ‘0’ for this character.  

284. Orbit, enclosed by ring-like furrow: absent (0), present (1).  

NEW CHARACTER. This is present in Tsagantegia (MPC D 700.17) as well as other ankylosaurids 

such as Crichtonpelta.   

285. Ciliary osteoderm (eyelid ossification): absent (0) present (1). 

See also: Arbour and Currie 2016 [41]. Most ankylosaurs score ‘0’ for this character, although 

several, including Dyoplosaurus and Euoplocephalus, score ‘1’.  

286. Accessory postorbital osteoderm: absent (0), present (1). 

See also: Arbour et al. 2014a [158], Arbour et al. 2014b [151], Arbour and Currie 2016 [45]. 
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Modified to state ‘osteoderm’ rather than ‘ossification’ to avoid potential confusion with a 

supraorbital. Most ankylosaurs score ‘0’ for this character although Minotaurasaurus scores ‘1’.  

287. Postocular caputegulae: absent (0), present (1). 

See also: Arbour and Currie 2013 [171], Arbour et al. 2014a [142], Arbour et al. 2014b [135], 

Arbour and Currie 2016 [50], Penkalski 2018 [30]. 

The postocular caputegulae are, according to Arbour and Currie (2016), small (<2 cm diameter), 

circular caputegulae posterolateral to orbit, along the ventral edge of the squamosal horn and/or 

along the dorsal edge of quadratojugal horns. Most ankylosaurs score ‘0’ for this character although 

Anodontosaurus, Zaraapelta and Zuul score ‘1’. 

 

Figure A67. Skull of Zuul (ROM 75860) in left lateral view, modified from Arbour and Evans (2018). Characters and 

character states (in brackets) shown. 

288. Supraorbital caputegulae: absent (0), present (1). 

See also: Arbour et al. 2014a [157], Arbour et al. 2014b [150]. 

According to Thompson et al. (2012), the number of supraorbital caputegulae often correlates to 

the number of underlying supraorbital bones as deciphered by study of taxa with juvenile 
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specimens, although this relationship has not been described for other skull elements. The 

supraorbital caputegulae form the dorsal rim of the orbit. 

289. Supraorbital caputegulae: combine to form continuous edge (0), have distinct apices (1).  

See also: Arbour et al. 2014a [157], Arbour et al. 2014b [150], Arbour and Currie 2014 [39]. Most 

ankylosaurs score ‘0’ for this character, although several, including Akainacephalus, Crichtonpelta, 

Pinacosaurus grangeri and Talarurus score ‘1’.  

290. A single large medial polygon of ornamentation in the parietal region: absent (0), present (1). 

See also: Lee 1996 [21], Carpenter et al. 1998 [9], Kirkland 1998 [27], Sereno 1999 [84], Carpenter 

2001 [58], Vickaryous et al. 2001 [8], Hill et al. 2003, Thompson et al. 2012 [80], Arbour et al. 

2014a [65], Arbour et al. 2014b [63], Burns 2015 [20], Arbour and Currie 2016 [52], Penkalski 2018 

[2]. 

According to Hill et al. (2003), a large sub-circular plate is observed on the skull roof in some 

derived ankylosaurs such as Edmontonia and Panoplosaurus but other ankylosaurs, ankylosaurids, 

stegosaurs and basal thyreophorans lack this plate. 

291. Nuchal caputegulae, number: none (0), one (1), two (2), greater than two (3). 

See also: Carpenter 2001 [60], Vickaryous et al. 2004 [11], Thompson et al. 2012 [88], Arbour et al. 

2014a [72], Arbour et al. 2014b [68], Arbour and Currie 2016 [53], Penkalski 2018 [64]. This refers 

to the anteroposteriorly narrow ossification along the posterior border of the skull. Most 

ankylosaurs score either ‘1’, ‘2’ or ‘3’, although some such as Animantarx and Edmontonia 

rugosidens score ‘0’.  

292. Nuchal caputegulae, posterior projection: does not obscure occiput in dorsal view (0), obscures 

occiput in dorsal view (1).  

See also: Carpenter et al. 1998 [12], Kirkland 1998 [25], Vickaryous et al. 2001 [12], Hill et al. 2003 

[33], Vickaryous et al. 2004 [12], Thompson et al. 2012 [89], Arbour et al. 2014a [73], Arbour et al. 

2014b [69], Arbour and Currie 2016 [54].  



413 
 

According to Hill et al. (2003), primitively in thyreophorans the occipital condyle and paroccipital 

processes are visible in dorsal view but in derived ankylosaurids caputegulae obscure them. 

293. Squamosal/ postorbital horn: absent (0), present (1). 

See also: Lee 1996 [18], Carpenter 2001 [18], Parish 2005 [81], Thompson et al. 2012 [84], Arbour et 

al. 2014a [69]. Most ankylosaurids score ‘1’ for this character but other ankylosaurs, such as 

Edmontonia longiceps, Edmontonia rugosidens and Panoplosaurus score ‘0’.  

294. Squamosal/ postorbital horn, overall shape: pyramidal (0), narrow, tapered cylinder (1). 

See also: Carpenter et al. 1998 [3], Kirkland 1998 [13], Vickaryous et al. 2001 [6], Hill et al. 2003 

[42], Vickaryous et al. 2004 [6], Thompson et al. 2012 [85], Arbour et al. 2014a [160], Arbour et al. 

2014b [153], Arbour and Currie 2016 [46], Penkalski 2018 [15, 37]. 

This has been modified slightly from Arbour and Currie (2016) to as it originally described two 

morphological features; the base in cross-section and the overall shape. It was not obvious how the 

character state at the base varied, but the overall shape is a clear morphological character that can 

be coded. Most ankylosaurs score ‘0’ for this character although some, such as Minotaurasaurus and 

Saichania, score ‘1’.  

295. Squamosal/ postorbital horn, continuous keel with supraorbitals: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Anodontosaurus according to Arbour and Currie (2013), 

although others such as Ankylosaurus and Borealopelta also score ‘1’.  

296. Squamosal/ postorbital horn, longitudinal furrows on lateral surface: absent (0), present (1).  

NEW CHARACTER. Autapomorphic for Zuul according to Arbour and Evans (2017). No other 

thyreophoran taxa score ‘1’ for this character. 

297. Squamosal/postorbital horn: directed dorsally (0), directed posterodorsally (1), directed 

dorsolaterally (2), directed posterodorsolaterally (3), posterolaterally (4).  

NEW CHARACTER. This character is variable throughout Ankylosauria, but most taxa score ‘3’ or 

‘4’.  
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298. Squamosal/postorbital horn, projection relative to posterior margin of dorsal surface of skull: do not 

project past posterior margin of skull in dorsal view (0), do project past posterior margin of skull in 

dorsal view (1). 

See also: Parish 2005 [80], Thompson et al. 2012 [83], Arbour et al. 2014a [68], Arbour et al. 2014b 

[66]. Most ankylosaurs score ‘0’ for this character but some, such as Europelta, score ‘1’.  

299. Jugal/ quadratojugal horn: absent (0), present (1). 

See also: See also Kirkland 1998 [23], Parish 2005 [82], Thompson et al. 2012 [86], Arbour et al. 

2014a [70]. The majority of ankylosaurs score ‘1’ for this character, but Edmontonia rugosidens and 

Panoplosaurus score ‘0’.  

300. Jugal/ quadratojugal horn, shape in dorsal view: ‘U’-shaped, with round distal edge (0), triangular, 

with pointed distal edge (1). 

See also: Carpenter et al. 1998 [5], Kirkland 1998 [24], Carpenter 2001 [44], Vickaryous et al. 2001 

[7], Hill et al. 2003 [41], Thompson et al. 2012 [85, 87], Arbour et al. 2014a [71], Arbour et al. 

2014b [67], Burns 2015 [22], Arbour and Currie 2016 [47], Penkalski 2018 [4]. 

According to Hill et al. (2003), most ankylosaurians possess some degree of ornamentation over the 

quadratojugal. In some ankylosaurs this is weakly developed and rounded but in ankylosaurids this 

is prominent and wedge-shaped, i.e. a horn, which would score ‘1’.  

301. Jugal/quadratojugal horn: lacks distinct neck at base (0), has distinct neck at base (1). 

See also: Arbour et al. 2014a [159], Arbour et al. 2014b [152], Arbour and Currie 2016 [48]. Most 

ankylosaurs score ‘0’ for this character but some, such as Gastonia burgei and Scolosaurus, score ‘1’.  

302. Jugal/ quadratojugal horn, size relative to orbit size: length of base of horn equal to or less than 

length of orbit (0), length of base of horn greater than length of orbit (1). 

See also: Arbour and Currie 2016 [49]. 

Maximum length of jugal/ quadratojugal horn and maximum diameter of orbit are used as 

measurements for this ratio. This character is variable throughout Ankylosauria.  
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303. Jugal/ quadratojugal horn: obscures ventral-most point of quadrate in lateral view (0), does not 

obscure (1). 

See also: Vickaryous et al. 2004 [40], Parish 2005 [34], Thompson et al. 2012 [36], Arbour et al. 

2014a [28], Arbour et al. 2014b [27], Arbour and Currie 2016 [58]. Most ankylosaurs score ‘0’ for 

this character although several, including Silvisaurus, score ‘1’.  

304. Jugal/ quadratojugal horn, maximum length relative to squamosal horn length: shorter (0), equal to 

or longer (1).  

NEW CHARACTER. 

Maximum length of both squamosal horn and jugal/ quadratojugal horn is used for this character 

and is measured from the base to the apex of the horn. Most ankylosaurs score ‘1’ for this character 

although Gargoyleosaurus and Gastonia burgei score ‘0’.  

305. Mandibular caputegulum: absent (0), present (1). 

See also: Sereno 1999 [65], Hill et al. 2003 [48], Vickaryous et al. 2004 [45], Thompson et al. 2012 

[91], Arbour et al. 2014a [74, 75], Arbour et al. 2014b [70], Burns and Currie 2014 [25], Burns 2015 

[27], Arbour and Currie 2016 [86]. 

According to Hill et al. (2003), the fusion of an osteoderm to the ventrolateral edge of the lower 

jaw is diagnostic of Ankylosauria and no other thyreophoran exhibits this osteoderm, although 

some individuals of Scelidosaurus may possess this feature (Barrett, P. pers. comms.).  

306. Mandibular caputegulum, length with respects to the length of the lower jaw: less than or equal to 

half the length (0), more than half the length to three quarters the length (1), over three quarters 

the length (2). 

See also: Carpenter 2001 [19], Parish 2005 [83], Thompson et al. 2012 [90], Arbour et al. 2014a [74], 

Arbour et al. 2014b [70], Arbour and Currie 2016 [86]. This character is variable throughout 

Ankylosauria. 

307. Mandibular caputegulum, dorsoventral depth: does not extend past ventral surface of lower jaw (0), 

does extend past ventral surface (1). 
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NEW CHARACTER. This character is variable throughout Ankylosauria.  

308. Mandibular caputegulum, in lateral view: does not obscure external mandibular fenestra (0), does 

obscure external mandibular fenestra (1). 

See also: Carpenter 2001 [64], Hill et al. 2003 [46], Norman et al. 2004 [15], Vickaryous et al. 2004 

[44], Parish 2005 [63], Thompson et al. 2012 [68], Arbour et al. 2014a [56], Arbour et al. 2014b [55], 

Burns 2015 [25], Arbour and Currie 2016 [79]. The majority of ankylosaurs score ‘1’ for this 

character.  

 

Figure A68. Lower jaw of Zuul (ROM 75860) in left lateral view, modified from Arbour and Evans (2018). Characters 

and character states (in brackets) shown. Red lines indicate measurements for character 306.  

Postcranial osteoderms 

309. Postcranial osteoderms: absent (0), present (1). 

See also: Maidment et al. 2008 [78], Maidment 2010 [82], Raven and Maidment 2017 [108]. 

According to Maidment et al. (2008), all thyreophorans have some form of dermal armour 

embedded in the skin, although this would not be true if Lesothosaurus and Laquintasaura are 

considered thyreophorans. 

310. Postcranial osteoderm distribution: arranged in multiple transverse rows (0), primarily present in 

two rows along midline (1). 
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See also: Sereno and Dong 1992 [2, 18, 22], Sereno 1999 [3, 46], Vickaryous et al. 2004 [50], Galton 

and Upchurch 2004 [50, 53], Norman et al. 2004 [3, 4], Parish 2005 [148-150], Butler et al. 2008 

[219, 220], Maidment et al. 2008 [79], Maidment 2010 [83], Thompson et al. 2012 [159-161], 

Arbour et al. 2014a [137], Arbour et al. 2014b [132], Burns and Currie 2014 [26, 69], Boyd 2015 

[253], Arbour and Currie 2016 [154], Raven and Maidment 2017 [109]. 

According to Maidment et al. (2008), only stegosaurs have plates or spines extending in two rows 

from the cervical region to the end of the tail, whereas ankylosaurs and early-diverging 

thyreophorans have postcranial osteoderms arranged in transverse rows. The early-diverging 

stegosaur Huayangosaurus is polymorphic, and scores ‘0/1’.  

311. Parasagittal rows of dorsal plates: have a thick central portion like a modified spine (0), have a 

generally transversely thin structure, except at the base (1). 

See also: Galton and Upchurch 2004 [52], Maidment et al. 2008 [83], Maidment 2010 [87], Raven 

and Maidment 2017 [113]. 

According to Maidment et al. (2008), stegosaurian plates in the dorsal region are usually similar in 

form to those in the cervical and caudal regions: they have a part-plate part-spine morphology, 

with a portion like a spine, and transversely thinner anterior or posterior extensions, such as in 

Kentrosaurus. However, the dorsal plates of some genera, such as Stegosaurus (NHMUK PV 

R36730), are transversely thin and lack a spine-like portion, and thus score ‘1’. If taxa include both 

spine-like plates and thin plates, this character is to be scored as polymorphic. 

312. Parasagittal rows of dorsal plates: taller dorsoventrally than long anteroposteriorly (0), longer 

anteroposteriorly than tall dorsoventrally (1).  

NEW CHARACTER. Autapomorphic for Hesperosaurus according to Maidment et al. (2018). No 

other thyreophoran taxa score ‘1’ for this character.  

313. Parasagittal rows of dorsal plates: paired (0), alternating either side of the midline (1). 

See also: Maidment et al. 2008 [84], Maidment 2010 [88], Raven and Maidment 2017 [114]. 
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According to Maidment et al. (2008), most stegosaurs have paired plates and spines down the 

midline but alternating rows of dermal armour down the midline appears to be autapomorphic for 

Stegosaurus (= Stegosaurus stenops + Hesperosaurus).  

 

Figure A69. Skeletal drawings of: A, Scutellosaurus; B, Scelidosaurus; C, Euoplocephalus; D, Stegosaurus. Skeletals 

provided by Scott Hartman (www.skeletaldrawing.com). Characters and character states (in brackets) shown. 

314. Maximum length of largest osteoderm (excluding plates and tail club): shorter than the 

anteroposterior length of dorsal centrum (0), equal to or larger than a dorsal centrum (1). 

See also: Lee 1997 [125], Hill 2005 [309], Burns and Currie 2014 [5], Arbour and Currie 2016 [155].  

This character refers to the general, non-specialised, osteoderms found on the dorsum and lateral 

sides of the body that are called ‘scutes’ by Blows (2001, 2015). According to Arbour and Currie 

(2016), this is used to distinguish the osteoderms of Scelidosaurus, which scores ‘0’, from those of 

eurypodans, which score ‘1’, although this study did not include Scutellosaurus which would 

presumably score ‘0’ too.  

315. Basal surface of osteoderms: flat or gently concave (0), deeply excavated (1). 

See also: Carpenter 2001 [34], Norman et al. 2004 [9], Hill 2005 [331], Burns and Currie 2014 [9], 

Arbour and Currie 2016 [156]. 
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This character refers to the general, non-specialised, osteoderms found on the dorsum and lateral 

sides of the body that are called ‘scutes’ by Blows (2001, 2015). According to Arbour and Currie 

(2016), this character is variable among thyreophorans but the majority of ankylosaurs score ‘1’. 

According to Arbour and Currie (2016), no taxa scored ‘strongly convex’, the original character 

state ‘2’, and so this has been removed. 

316. Gular osteoderms: absent (0), present (1).  

See also: Hill 2005 [305], Burns and Currie 2014 [2], Arbour and Currie 2016 [161]. These refer to 

the small, circular osteoderms found in the cervical region, such as in Panoplosaurus and 

Stegosaurus.  

317. Cervical half rings, number: none (0), one (1), two (2). 

See also: Kirkland 1998 [38], Sereno 1999 [77, 90] Parish 2005 [151], Maidment et al. 2008 [80], 

Maidment 2010 [84], Thompson et al. 2012 [162], Arbour et al. 2014a [138], Arbour et al. 2014b 

[133], Arbour and Currie 2016 [162], Raven and Maidment 2017 [110]. 

According to Maidment et al. (2008), ankylosaurs and Scelidosaurus have a series of pyramidal 

scutes fused together into a collar located in the cervical region. According to Godefroit et al. 

(1999), some ankylosaurs had three rows of half rings, but observations herein have led to the 

scoring of all taxa as having a maximum of two.  

318. Cervical half rings, forms: composed of osteoderms that are either tightly adjacent to one another 

or coossified at the edges, forming an arc over the cervical region (0), composed of osteoderms and 

underlying bony band segments, osteoderms not coossified to the band, forming arc over the 

cervical region (1), composed of osteoderms and underlying bony band segments, osteoderms 

coossified to the band, forming arc over the cervical region (2). 

See also: Arbour and Currie 2013 [172], Arbour et al. 2014a [143], Arbour et al. 2014b [136], 

Arbour and Currie 2016 [163]. 
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According to Blows (2015), the half ring of ‘polacanthids’ consists of single elements whereas 

ankylosaurids have a fused unit of bone. Most ankylosaurs score either ‘0’ or ‘2’, although the 

ankylosaurid Ziapelta scores ‘1’.  

319. Cervical half rings, composition of first cervical half ring with band: no cervical half ring with 

band (0), first cervical half ring has 4 to 6 primary osteoderms only (1), first cervical half ring has 4 

to 6 primary osteoderms surrounded by small (<2 cm diameter) circular secondary osteoderms (2). 

See also: Arbour and Currie 2013 [171], Arbour et al. 2014a [144], Arbour et al. 2014b [137], 

Arbour and Currie 2016 [164], Penkalski 2018 [32]. Most ankylosaurs score ‘1’, although 

Anodontosaurus and Saichania score ‘2’.  

 

Figure A70. First cervical half ring of Ziapelta (NMMNH P-66930) from Arbour et al. (2014a). Characters and character 

states (in brackets) shown. 

320. Cervical half rings, distal spines: absent (0), present (1). 

See also: Carpenter 2001 [83], Burns and Currie 2014 [22], Arbour and Currie 2016 [165]. The distal 

spine is situated furthest from the parasagittal plane of the half ring, adjacent to the lateral spine, 

which is itself adjacent to the medial spine. This character is variable throughout Ankylosauria.  

321. Cervical half rings, distal spines projection direction: dorsoposteriorly (0), dorsally (1), 

dorsoanteriorly (2). 
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See also: Carpenter 2001 [83], Burns and Currie 2014 [22], Arbour and Currie 2016 [165]. 

Modified from Arbour and Currie (2016) [165] to more accurately describe the potential projection 

direction – this is only used to describe the projection in an anteroposterior direction; lateromedial 

projection is not accounted for. 

322. Cervical half rings, median osteoderms of the cervical half rings: flat (0), tall with a moderately 

developed keel (1). 

See also: Burns and Currie 2014 [24], Penkalski 2018 [48, 49]. This character is variable throughout 

Ankylosauria. 

323. Osteoderms on proximal limb segments: absent (0), present (1). 

See also: deBraga and Rieppel 1997 [167], Lee 1997 [127], Heckert and Lucas 1999 [60], Hill 2005 

[306], Burns and Currie 2014 [3], Arbour and Currie 2016 [166]. Some ankylosaurs, such as 

Ahshislepelta, have osteoderms fused to their proximal limb bones, although most ankylosaurs do 

not and so score ‘0’.  

324. Triangular osteoderms that abruptly narrow distally into a spike (i.e. splates): absent (0), present 

(1). 

See also: Carpenter 2001 [48], Arbour and Currie 2016 [168]. 

According to Blows (2015), the anatomical location is unknown but possibly from the cervico-

pectoral region. There appears to be a continuum between plates, splates and spines in some 

ankylosaurs, although for this character only those that can convincingly classed as splates are 

considered. 

325. Ossicles: absent (0), present (1). NEW CHARACTER. These refer to small, circular osteoderms, but 

excluding gular osteoderms found in the cervical region and those in the sacral shield. These are 

similar to type 6 osteoderms of Maryańska (1969).  
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Figure A71. Osteoderms of: Polacanthus (NHMUK PV R175; A, B), Scelidosaurus (NHMUK PV R1111; C), 

Ahshislepelta (Burns and Sullivan 2011). Characters and character states (in brackets) shown.  

326. Pectoral osteoderms: absent (0), present (1). 

See also: Sereno and Dong 1992 [19], Kirkland 1998 [40], Sereno 1999 [47], Galton and Upchurch 

2004 [51], Parish 2005 [153], Maidment et al. 2008 [82], Maidment 2010 [86], Thompson et al. 2012 

[164], Raven and Maidment 2017 [112]. 

This character refers to the absence or presence of elongate osteoderms in the pectoral region, and 

includes either parascapular spines of stegosaurs or pectoral spikes of ankylosaurs. The non-

eurypodan Scelidosaurus does not have either pectoral spikes nor parascapular spines, and it is 

likely these features evolved independently in the two lineages of Eurypoda. However, more 

specimens of early-diverging thyreophorans would give more information on this, as would an 

understanding of the evolutionary development of thyreophoran osteoderms. 
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Figure A72. Mounts of: A, Kentrosaurus (MFN MB.R.4800.1-37); B, Edmontonia rugosidens (AMNH 11868). Characters 

and character states (in brackets) shown.  

327. Form of pectoral osteoderms: pectoral spikes (0), parascapular spines (1). 

This character describes the pectoral spikes as in the articulated specimen of Edmontonia 

rugosidens (AMNH 5381), which has three anterolaterally projecting spikes on each side of the 

body, and the parascapular spines seen in stegosaurs, which are comma-shaped. According to 

Maidment et al. (2008), the parascapular spine is a long, rounded, posteriorly projecting spine 

whose base is a transversely compressed and dorsoventrally deep plate of bone. The spine projects 

from the lower part of the plate so that it looks comma-shaped in lateral view. An articulated 

specimen of Gigantspinosaurus suggested the spine was located over the scapulae and these spines 

have been identified in several genera of stegosaur. As both pectoral spikes and parascapular spines 

are in the same anatomical location, positional homology suggests they might be homologous, and 

the distribution of this and the above character will help to decipher this. 

328. Projection of pectoral spikes: anterolaterally (0), laterally (1), posterolaterally (2). 

See also: Kirkland 1998 [39], Burns 2015 [36]. 

This character describes the pectoral spikes as in the articulated specimen of Edmontonia (AMNH 

5381), which has three anterolaterally projecting spikes on each side of the body. 

329. Form of pectoral spikes: solid base (0), hollow base (1). 
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See also: Parish 2005 [154], Thompson et al. 2012 [165], Arbour et al. 2014a [140], Arbour and 

Currie 2016 [172]. 

This character has been modified as previously it described the presence and absence of both 

grooves on the spike and a solid/hollow base – these features are correlated, and so this has been 

reflected here. 

330. Form of pelvic (sacral) osteoderms: unfused (0), coossified osteoderm rosettes (1), coossified evenly-

sized polygons (2). 

See also: Kirkland 1998 [42], Carpenter 2001 [38], Parish 2005 [155, 156], Thompson et al. 2012 

[166, 167], Burns and Currie 2014 [16], Arbour et al. 2014a [139, 140], Arbour et al. 2014b [134]. 

According to Arbour et al. (2011), there are three types of sacral osteoderms, and these refer to the 

three character states here.  

 

Figure A73. Pelvic osteoderms of: A, Sauropelta (AMNH 3036); B, Polacanthus (NHMUK PV R175; Arbour et al. 2011); 

C, Stegopelta (FMNH UR88). Characters and character states (in brackets) shown.  

331. Caudal osteoderms: absent (0), present (1). 
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See also: Hill 2005 [307], Burns and Currie 2014 [4], Arbour and Currie 2016 [173]. These are 

triangular osteoderms that are found in the caudal region, posterior to the sacral vertebrae, and this 

character does not refer to tail spikes such as those found in stegosaurs.  

332. Caudal osteoderms, morphology in dorsal view: triangular with round/ blunt apex (0), triangular 

with pointed apex (1). 

See also: Hill 2005 [342], Arbour and Currie 2013 [174], Arbour et al. 2014a [145], Arbour et al. 

2014b [138], Burns and Currie 2014 [12], Arbour and Currie 2016 [174]. Several ankylosaurs such 

as Dyoplosaurus, as well as the early-diverging thyreophoran Scelidosaurus, score ‘1’ for this 

character, although Hungarosaurus scores ‘0’.  

333. Tail club knob: absent (0), present (1).  

See also: Kirkland 1998 [44], Carpenter 2001 [39], Vickaryous et al. 2004 [51], Thompson et al. 

2012 [170], Arbour and Currie 2013 [175], Burns and Currie 2014 [27], Arbour et al. 2014a [141, 

146], Arbour et al. 2014b [139], Arbour and Currie 2016 [176]. This consists of tightly interlocking 

distal caudal vertebrae (the handle) and large terminal osteoderms (the knob) according to Arbour 

(2009), and is only present in ankylosaurids.  

334. Tail club knob shape: major knob osteoderms semicircular in dorsal view (0), triangular in dorsal 

view (1). 

See also: Arbour and Currie 2013 [175], Arbour et al. 2014a [146], Arbour et al. 2014b [139], 

Arbour and Currie 2016 [176], Penkalski 2018 [55]. Most ankylosaurids score ‘0’ although both 

Anodontosaurus and Ankylosaurus score ‘1’.  

335. Tail club knob proportions: anteroposterior length greater than transverse width (0), length equal 

to width (1), width greater than length (2). 

See also: Arbour and Currie 2013 [176], Arbour et al. 2014a [147], Arbour et al. 2014b [140], 

Arbour and Currie 2016 [177]. Most ankylosaurids score ‘0’, although Akainacephalus and 

Anodontosaurus score ‘2’ for this character.  
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Figure A74. Tail of Dyoplosaurus (ROM 784), from Arbour et al. (2011). Characters and character states (in brackets) 

shown.  

336. Tail spikes: absent (0), present (1).  

NEW CHARACTER. This character refers to spikes that are found at the terminal end of the tail in 

stegosaurs. The use of ‘thagomizer’ (e.g. Costa and Mateus 2019) is redundant and should be treated 

as a colloquialism; there is no need to describe spikes on the tail as anything other than tail spikes.  

337. Tail spikes: are wider transversely than axially with gently convex anterior and posterior faces (0), 

are transversely compressed with well-defined sharp anterior and posterior margins (1). 

See also: Galton and Upchurch 2004 [54]. 

This character is variable throughout Stegosauria, with some taxa such as Alcovasaurus scoring ‘0’ 

and others such as Dacentrurus scoring ‘1’.  

338. Tail spikes length, relative to femur: less than 50% (0), equal to or above 50% (1). NEW 

CHARACTER. Autapomorphic for Alcovasaurus according to Galton and Carpenter (2016). No 

other thyreophoran taxa score ‘1’ for this character.  

For this character, the measurement is taken as the maximum length of the tail spikes and the 

maximum length of the femur. For non-stegosaurian taxa, this character is inapplicable and scored 

as ‘?’.  
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Tendons  

339. Ossified tendons in distal region of tail: absent (0), present (1). 

See also: Sereno 1999 [97], Vickaryous et al. 2004 [59], Parish 2005 [105], Thompson et al. 2012 

[115], Arbour et al. 2014a [97], Arbour et al. 2014b [92], Arbour and Currie 2016 [112]. 

Ossified tendons in the distal region of the tail have been identified in many species of ankylosaur, 

although none have been found in stegosaur taxa. It is likely these evolved in order to produce a 

stiffened tail (Arbour and Currie 2015), which most likely functioned as weapons of either 

intraspecific combat or interspecific defence (Arbour and Zanno 2019).  

340. Ossified epaxial tendons on dorsal and/or sacral vertebrae: present (0), absent (1). 

See also: Sereno and Dong 1992 [8], Sereno 1999 [36], Galton and Upchurch 2004 [55], Maidment 

et al. 2008 [85], Maidment 2010 [89], Raven and Maidment 2017 [115]. 

According to Maidment et al. (2008) ossified epaxial tendons, which are located on the neural 

spines of dorsal vertebrae, are present in many ornithischian taxa but were lost by several genera of 

stegosaur. These homologous with ‘paravertebrae’ (Arbour and Currie 2016), which have been 

identified in the ankylosaurs ‘Minmi paravertebra’ and Hungarosaurus and so any characters 

specifying paravertebrae have been removed.  
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A3.3. Appendix Seven: List of synapomorphies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wuerhosaurus homheni 
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Spearpoint ankylosaur 
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The numbers on the above tree (which itself is the topology of the ‘preferred tree’ of Chapter Three) 

indicate the nodes of the tree that correspond to the below apomorphy lists.  

Delayed transformation is an optimization strategy which says if there is any uncertainty about where a 

character changes on a tree, places the changes as late as possible. Accelerated transformation places the 

changes as early in the tree as possible.  

The consistency index (CI) is listed, which shows homoplasy i.e. 0.5 = changes twice, 0.33 changes three 

times. 

Single arrow means the change is ambiguous – only applies under current optimization strategy. Double 

arrow (i.e. for character 124) means it is unambigious apomorphy, because the change definitely occurs on 

that branch no matter what optimization strategy is used.  

DELTRAN Apomorphy lists: 

 

       Branch                              Character                          Steps      CI   Change 

---------------------------------------------------------------------------------------------------- 

node_170 --> node_169                      233 (Ilium, perforation of the a)      1   0.500  0 --> 1 

node_169 --> node_168                      31 (Maxilla: does not contact pr)      1   0.250  0 --> 1 

                                           34 (External nares, in dorsal vi)      1   0.125  0 --> 1 

                                           59 (Jugal, proportions of anteri)      1   0.167  0 --> 1 

                                           99 (Dentary, tooth row in latera)      1   0.500  0 --> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  0 --> 1 

                                           124 (Maxilla or dentary, tooth r)      1   0.500  0 ==> 1 

                                           266 (Skull roof, cortical remode)      1   1.000  0 --> 1 

                                           309 (Postcranial osteoderms: abs)      1   1.000  0 ==> 1 

node_168 --> node_167                      10 (Skull roof, highest point: p)      1   0.118  1 ==> 0 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  0 ==> 1 

                                           40 (Nasal, transverse curvature )      1   0.500  0 --> 1 

                                           66 (Quadrate, shape in lateral v)      1   0.125  0 --> 1 

                                           69 (Quadrate, axis extending thr)      1   0.167  0 --> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  0 ==> 1 

node_167 --> node_166                      23 (Premaxillary foramina, conne)      1   0.500  1 ==> 0 

                                           44 (Palpebral: free and rod-like)      1   1.000  0 --> 1 

                                           60 (Jugal, anterior process, rel)      1   0.167  0 --> 1 

                                           64 (Quadratojugal, orientation o)      1   0.400  1 --> 0 
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                                           110 (Surangular, medial inflecti)      1   0.500  1 --> 0 

                                           125 (Maxilla or dentary, shape o)      1   0.111  0 ==> 1 

                                           129 (Axis, ventral margin: in la)      1   0.200  1 --> 0 

                                           130 (Cervical vertebrae, number:)      1   0.750  2 ==> 1 

                                           148 (Dorsal vertebrae, number (i)      1   0.750  3 ==> 4 

                                           161 (Number of sacral vertebrae:)      1   0.143  1 --> 2 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  0 --> 1 

                                           192 (Scapula, ventral process at)      1   0.125  0 --> 1 

                                           219 (Phalanges, shape of manual )      1   0.500  0 ==> 1 

                                           257 (Tibia, maximum distal width)      1   0.111  0 ==> 1 

                                           261 (Metatarsal IV: ratio of max)      1   0.500  0 ==> 1 

                                           314 (Maximum length of largest o)      1   1.000  0 --> 1 

node_166 --> node_165                      145 (Dorsal vertebrae, neural ar)      1   0.200  0 ==> 1 

                                           146 (Dorsal vertebrae, centrum h)      1   0.167  1 ==> 0 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  0 ==> 1 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  0 ==> 1 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  0 ==> 1 

                                           158 (Dorsal ribs, shape of the p)      1   0.250  0 ==> 1 

node_165 --> node_164                      8 (Skull, overall shape in poste)      1   0.333  0 --> 1 

                                           11 (Posterior displacement of or)      1   0.143  0 --> 1 

                                           45 (Number of palpebral/supraorb)      1   0.286  0 --> 2 

                                           61 (Jugal, posterior ramus, fork)      1   1.000  1 --> 0 

                                           65 (Quadrate, lateral ramus: pre)      1   1.000  0 --> 1 

                                           77 (Occipital condyle, direction)      1   0.111  0 --> 1 

                                           89 (Pterygoid, contact with basi)      1   0.143  0 --> 1 

                                           91 (Vomerine septum, length:  eq)      1   1.000  0 --> 1 

                                           98 (Dentary, depth of the symphy)      1   0.200  0 --> 1 

                                           107 (Predentary, contact with de)      1   1.000  0 --> 1 

                                           123 (Maxilla or dentary, tooth r)      1   0.200  0 --> 1 

                                           126 (Atlas, type of contact betw)      1   0.500  0 --> 1 

                                           138 (Posterior cervical vertebra)      1   0.200  0 --> 1 
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                                           168 (Anterior caudal vertebrae, )      1   0.500  0 --> 2 

                                           173 (Anterior caudal vertebrae, )      1   0.333  0 --> 2 

                                           206 (Humerus, anterior iliac pro)      1   0.500  1 --> 0 

                                           209 (Ulna, ratio of length to hu)      1   0.143  0 --> 1 

                                           213 (Radius, ratio of transverse)      1   0.250  0 --> 1 

                                           220 (Ilium, anterior iliac proce)      1   1.000  0 ==> 1 

                                           223 (Ilium, anterior iliac proce)      1   0.333  0 --> 1 

                                           228 (Ilium, ratio of maximum tra)      1   0.667  0 --> 2 

                                           236 (Pubis, prepubis to postpubi)      1   0.500  0 --> 1 

                                           249 (Femur, anterior trochanter )      1   0.500  0 --> 1 

                                           251 (Femur, fourth trochanter: p)      1   0.250  0 --> 1 

                                           253 (Femur, shape in medial/late)      1   0.500  0 --> 1 

                                           255 (Femur, length to tibia leng)      1   0.333  0 --> 1 

                                           259 (Astralagus, deep, broad U-s)      1   1.000  1 --> 0 

                                           263 (Pedal digit IV: has five ph)      1   0.667  0 --> 2 

                                           316 (Gular osteoderms: absent (0)      1   1.000  0 --> 1 

node_164 --> node_106                      20 (Premaxilla, maxillary proces)      1   0.500  0 ==> 1 

                                           58 (Parietal, dorsal surface: co)      1   0.286  0 --> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  1 --> 2 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  1 ==> 0 

                                           172 (Anterior caudal vertebrae, )      1   0.167  0 --> 1 

                                           193 (Scapula, form of the acromi)      1   0.556  0 --> 4 

                                           204 (Humerus, ratio of width of )      1   0.100  0 --> 1 

                                           207 (Humerus, triceps tubercle a)      1   1.000  0 ==> 1 

                                           218 (Metacarpal V, ratio of leng)      1   0.500  1 ==> 0 

                                           221 (Ilium, anterior iliac proce)      1   0.200  0 ==> 2 

                                           310 (Postcranial osteoderm distr)      1   1.000  0 ==> 1 

                                           336 (Tail spikes: absent (0), pr)      1   1.000  0 ==> 1 

node_106 --> node_104                      156 (Sacral rod vertebrae (i.e. )      1   0.294  0 ==> 1 

                                           162 (Ilio?sacral block, posterio)      1   0.286  0 ==> 1 
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                                           229 (Ilium, supra?acetabular fla)      1   0.500  0 ==> 1 

                                           239 (Pubis, obturator notch is b)      1   0.333  0 --> 1 

                                           240 (Pubis, acetabular portion e)      1   0.500  0 --> 1 

                                           244 (Ischium, anterior and poste)      1   0.500  0 --> 1 

                                           262 (Number of pedal digits: fiv)      1   0.667  1 --> 2 

node_104 --> node_103                      174 (Anterior caudal vertebrae, )      1   0.200  0 ==> 1 

                                           238 (Pubis, anterior end of prep)      1   0.500  0 --> 1 

node_103 --> node_102                      12 (Posterior margin of skull, t)      1   0.182  2 --> 0 

                                           72 (Quadrate: fossa/fenestra abs)      1   0.250  0 --> 1 

                                           73 (Quadrate: proximal head stro)      1   1.000  0 --> 1 

                                           108 (Predentary, size of ventral)      1   1.000  0 --> 1 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  0 ==> 1 

                                           196 (Scapular blade: distally ex)      1   0.143  0 --> 1 

                                           311 (Parasagittal rows of dorsal)      1   0.333  0 ==> 1 

node_102 --> node_100                      66 (Quadrate, shape in lateral v)      1   0.125  1 ==> 0 

                                           85 (Pterygoids: separate postero)      1   0.100  0 ==> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 1 

                                           122 (Premaxillary teeth, number:)      1   0.500  0 ==> 6 

                                           130 (Cervical vertebrae, number:)      1   0.750  1 --> 4 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  1 ==> 2 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  0 ==> 1 

                                           170 (Anterior caudal vertebrae, )      1   0.500  0 --> 1 

                                           175 (Anterior and mid caudal ver)      1   0.250  0 --> 1 

                                           211 (Ulna, development of anteri)      1   0.500  0 --> 1 

                                           241 (Pubis, kink on dorsal edge )      1   0.500  0 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 --> 2 

                                           251 (Femur, fourth trochanter: p)      1   0.250  1 ==> 2 

node_100 --> node_98                       101 (Dentary, thin lateral lamin)      1   1.000  0 ==> 1 

                                           181 (Posterior caudal vertebrae:)      1   0.667  0 --> 2 
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                                           191 (Scapula, glenoid orientatio)      1   0.125  0 --> 1 

                                           194 (Scapulocoracoid, lateral bu)      1   0.500  0 --> 1 

                                           197 (Scapula, proximal plate are)      1   1.000  0 --> 1 

                                           230 (Ilium, supra?acetabular fla)      1   1.000  0 ==> 1 

                                           258 (Contact between tibia and a)      1   0.125  0 ==> 1 

                                           264 (Pedal digit III: has four o)      1   1.000  0 --> 2 

 node_98 --> node_95                       135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 ==> 0 

                                           239 (Pubis, obturator notch is b)      1   0.333  1 ==> 0 

                                           337 (Tail spikes: are wider tran)      1   1.000  1 ==> 0 

 node_95 --> node_93                       163 (Ilio?sacral block: dorsal s)      1   0.333  0 --> 1 

                                           177 (Mid-caudal vertebrae, neura)      1   1.000  0 ==> 1 

 node_93 --> node_92                       141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 2 

                                           203 (Humerus, orientation of del)      1   0.143  0 ==> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  1 --> 0 

 node_92 --> Adratiklit                    135 (Anterior cervical vertebrae)      1   0.100  0 ==> 1 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  0 ==> 1 

                                           149 (Dorsal vertebrae, anterior )      1   0.500  0 ==> 2 

                                           151 (Dorsal vertebrae, small, tr)      1   1.000  0 ==> 1 

                                           152 (Dorsal vertebrae, anterior )      1   1.000  0 ==> 1 

 node_92 --> Miragaia                      133 (Anterior cervical vertebrae)      1   0.200  0 ==> 1 

                                           136 (Anterior cervical vertebrae)      1   0.500  0 ==> 1 

                                           137 (Mid-cervical vertebrae, not)      1   1.000  0 --> 1 

                                           140 (Cervical ribs, fused to cer)      1   0.200  0 ==> 1 

                                           174 (Anterior caudal vertebrae, )      1   0.200  1 --> 0 

                                           179 (Mid and posterior caudal ve)      1   0.200  0 --> 1 

                                           193 (Scapula, form of the acromi)      1   0.556  4 --> 5 

                                           200 (Humerus, separation of hume)      1   0.111  0 ==> 1 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 --> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 
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                                           243 (Ischium, shape of the proxi)      1   0.167  1 --> 2 

                                           251 (Femur, fourth trochanter: p)      1   0.250  2 --> 1 

                                           257 (Tibia, maximum distal width)      1   0.111  1 --> 0 

 node_93 --> Kentrosaurus                  132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           145 (Dorsal vertebrae, neural ar)      1   0.200  1 ==> 0 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  1 ==> 0 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  1 --> 0 

                                           162 (Ilio?sacral block, posterio)      1   0.286  1 --> 0 

                                           186 (Coracoid, size: subequal in)      1   0.143  0 ==> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           205 (Humerus, ratio of transvers)      1   0.143  0 ==> 1 

                                           212 (Radius, ratio of length to )      1   0.333  1 --> 0 

                                           223 (Ilium, anterior iliac proce)      1   0.333  1 --> 0 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           258 (Contact between tibia and a)      1   0.125  1 ==> 0 

                                           311 (Parasagittal rows of dorsal)      1   0.333  1 ==> 0 

                                           326 (Pectoral osteoderms: absent)      1   0.250  0 --> 1 

                                           327 (Form of pectoral osteoderms)      1   0.333  0 --> 1 

                                           340 (Ossified epaxial tendons on)      1   0.200  0 --> 1 

 node_95 --> node_94                       171 (Anterior caudal vertebrae, )      1   1.000  0 ==> 1 

 node_94 --> Alcovasaurus                  176 (Anterior and mid- caudal ve)      1   0.500  0 ==> 1 

                                           183 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           231 (Ilium, posterior iliac proc)      1   0.143  0 --> 1 

                                           244 (Ischium, anterior and poste)      1   0.500  1 ==> 0 

                                           338 (Tail spikes length, relativ)      1   1.000  0 --> 1 

 node_94 --> Loricatosaurus                132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  1 --> 0 

                                           166 (First or second caudal vert)      1   1.000  0 --> 1 

                                           174 (Anterior caudal vertebrae, )      1   0.200  1 ==> 0 

                                           178 (Mid-caudal vertebrae, anter)      1   1.000  0 ==> 1 

                                           200 (Humerus, separation of hume)      1   0.111  0 --> 1 
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                                           201 (Humerus, separation of hume)      1   0.125  0 --> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  1 --> 0 

                                           327 (Form of pectoral osteoderms)      1   0.333  0 --> 1 

 node_98 --> node_97                       7 (Posterior margin of the skull)      1   0.182  0 --> 2 

                                           63 (Quadratojugal: possesses dor)      1   0.500  0 --> 1 

                                           74 (Quadrate-squamosal-paroccipi)      1   0.500  0 --> 1 

                                           98 (Dentary, depth of the symphy)      1   0.200  1 --> 0 

                                           102 (Dentary, tooth alveoli face)      1   0.250  0 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           148 (Dorsal vertebrae, number (i)      1   0.750  4 --> 1 

                                           162 (Ilio?sacral block, posterio)      1   0.286  1 --> 0 

                                           163 (Ilio?sacral block: dorsal s)      1   0.333  0 --> 1 

                                           193 (Scapula, form of the acromi)      1   0.556  4 --> 5 

                                           203 (Humerus, orientation of del)      1   0.143  0 ==> 1 

                                           232 (Ilium, medial processes on )      1   0.500  0 ==> 1 

                                           238 (Pubis, anterior end of prep)      1   0.500  1 ==> 0 

                                           313 (Parasagittal rows of dorsal)      1   1.000  0 ==> 1 

 node_97 --> node_96                       312 (Parasagittal rows of dorsal)      1   1.000  0 ==> 1 

 node_96 --> Hesperosaurus                 10 (Skull roof, highest point: p)      1   0.118  0 --> 1 

                                           31 (Maxilla: does not contact pr)      1   0.250  1 --> 0 

                                           51 (Lacrimal: contacts prefronta)      1   0.250  0 --> 1 

                                           52 (Lacrimal: long axis of main )      1   0.333  0 --> 1 

                                           59 (Jugal, proportions of anteri)      1   0.167  1 --> 0 

                                           79 (Foramen magnum, cross-sectio)      1   0.333  0 --> 1 

                                           81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           84 (Form of cranial nerve XII: t)      1   0.400  0 --> 1 

                                           99 (Dentary, tooth row in latera)      1   0.500  1 --> 0 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           129 (Axis, ventral margin: in la)      1   0.200  0 --> 1 

                                           145 (Dorsal vertebrae, neural ar)      1   0.200  1 ==> 0 
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                                           146 (Dorsal vertebrae, centrum h)      1   0.167  0 ==> 1 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           205 (Humerus, ratio of transvers)      1   0.143  0 --> 1 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           241 (Pubis, kink on dorsal edge )      1   0.500  1 ==> 0 

                                           246 (Ischium, posterior end of i)      1   0.143  2 --> 1 

 node_96 --> Wuerhosaurus homheni           144 (Dorsal vertebrae, deep exca)      1   0.500  0 ==> 1 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 --> 0 

                                           186 (Coracoid, size: subequal in)      1   0.143  0 --> 1 

                                           189 (Coracoid, foramen in latera)      1   0.333  0 --> 1 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 --> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 ==> 1 

                                           231 (Ilium, posterior iliac proc)      1   0.143  0 --> 1 

                                           237 (Pubis, postpubis to acetabu)      1   0.400  1 ==> 2 

                                           239 (Pubis, obturator notch is b)      1   0.333  1 ==> 0 

 node_97 --> Stegosaurus stenops           1 (Antorbital fenestra: present )      1   0.500  0 ==> 1 

                                           8 (Skull, overall shape in poste)      1   0.333  1 ==> 0 

                                           12 (Posterior margin of skull, t)      1   0.182  0 ==> 2 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  1 --> 0 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 ==> 1 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           60 (Jugal, anterior process, rel)      1   0.167  1 ==> 0 

                                           67 (Quadrate, inclination in lat)      1   0.200  0 ==> 3 

                                           82 (Basipterygoid processes, siz)      1   0.143  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 ==> 1 

                                           103 (Dentary, ventral profile: t)      1   0.200  0 --> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 ==> 0 

                                           126 (Atlas, type of contact betw)      1   0.500  1 --> 0 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 
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                                           147 (Dorsal vertebrae, centrum h)      1   0.091  1 ==> 0 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 --> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  2 ==> 1 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 ==> 1 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 ==> 1 

                                           176 (Anterior and mid- caudal ve)      1   0.500  0 ==> 1 

                                           179 (Mid and posterior caudal ve)      1   0.200  0 ==> 1 

                                           189 (Coracoid, foramen in latera)      1   0.333  0 --> 1 

                                           192 (Scapula, ventral process at)      1   0.125  1 ==> 0 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  1 --> 0 

                                           231 (Ilium, posterior iliac proc)      1   0.143  0 --> 1 

                                           243 (Ischium, shape of the proxi)      1   0.167  1 ==> 0 

                                           256 (Femur, fibula epicondyle me)      1   0.333  0 --> 1 

                                           257 (Tibia, maximum distal width)      1   0.111  1 ==> 0 

                                           260 (Metatarsal arrangement: com)      1   0.200  0 --> 1 

                                           340 (Ossified epaxial tendons on)      1   0.200  0 --> 1 

node_100 --> node_99                       133 (Anterior cervical vertebrae)      1   0.200  0 ==> 1 

 node_99 --> Dacentrurus                   131 (Cervical vertebrae, centra:)      1   0.143  0 ==> 1 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 ==> 2 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 --> 2 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 --> 1 

                                           200 (Humerus, separation of hume)      1   0.111  0 --> 1 

                                           206 (Humerus, anterior iliac pro)      1   0.500  0 --> 1 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 --> 0 

                                           225 (Ilium, lateral edge in dors)      1   0.167  0 --> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  0 --> 1 

                                           237 (Pubis, postpubis to acetabu)      1   0.400  1 --> 2 

                                           311 (Parasagittal rows of dorsal)      1   0.333  1 ==> 0 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 
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                                           340 (Ossified epaxial tendons on)      1   0.200  0 --> 1 

 node_99 --> Jiangjunosaurus               77 (Occipital condyle, direction)      1   0.111  1 --> 0 

                                           81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 2 

                                           88 (Pterygoid, position of poste)      1   0.222  0 --> 1 

                                           102 (Dentary, tooth alveoli face)      1   0.250  0 --> 1 

                                           117 (Maxillary/ dentary tooth, t)      1   0.250  0 --> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           128 (Axis, neural spine in later)      1   0.333  0 --> 1 

                                           129 (Axis, ventral margin: in la)      1   0.200  0 --> 1 

node_102 --> node_101                      24 (Premaxilla-maxilla suture, o)      1   1.000  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 ==> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 ==> 0 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 2 

                                           123 (Maxilla or dentary, tooth r)      1   0.200  1 ==> 0 

node_101 --> Huayangosaurus                3 (Lateral temporal fenestra, an)      1   0.250  0 ==> 1 

                                           25 (Maxilla, dorsoventral depth )      1   0.200  0 ==> 1 

                                           57 (Postorbital, small projectio)      1   1.000  0 ==> 1 

                                           82 (Basipterygoid processes, siz)      1   0.143  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 

                                           97 (Jaw, position of articulatio)      1   0.200  0 --> 1 

                                           111 (Surangular, foramen ventral)      1   0.143  0 --> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 ==> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 --> 0 

                                           127 (Contact between atlas and a)      1   0.333  0 --> 1 

                                           128 (Axis, neural spine in later)      1   0.333  0 --> 1 

                                           130 (Cervical vertebrae, number:)      1   0.750  1 --> 2 

                                           145 (Dorsal vertebrae, neural ar)      1   0.200  1 --> 0 

                                           146 (Dorsal vertebrae, centrum h)      1   0.167  0 --> 1 
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                                           147 (Dorsal vertebrae, centrum h)      1   0.091  1 --> 0 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 --> 0 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  1 --> 0 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 --> 0 

                                           157 (Sacral rod vertebrae (i.e. )      1   0.333  1 --> 0 

                                           182 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           203 (Humerus, orientation of del)      1   0.143  0 --> 1 

                                           205 (Humerus, ratio of transvers)      1   0.143  0 --> 1 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 --> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           261 (Metatarsal IV: ratio of max)      1   0.500  1 --> 0 

                                           263 (Pedal digit IV: has five ph)      1   0.667  2 --> 1 

node_101 --> Isaberrysaura                 20 (Premaxilla, maxillary proces)      1   0.500  1 ==> 0 

                                           31 (Maxilla: does not contact pr)      1   0.250  1 ==> 0 

                                           45 (Number of palpebral/supraorb)      1   0.286  2 ==> 1 

                                           51 (Lacrimal: contacts prefronta)      1   0.250  0 ==> 1 

                                           60 (Jugal, anterior process, rel)      1   0.167  1 ==> 0 

                                           62 (Jugal, posterior process, le)      1   1.000  0 ==> 1 

                                           64 (Quadratojugal, orientation o)      1   0.400  0 ==> 1 

node_103 --> Gigantspinosaurus             103 (Dentary, ventral profile: t)      1   0.200  0 --> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 3 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 --> 0 

                                           154 (Anterior dorsal vertebrae, )      1   0.500  1 ==> 0 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 --> 0 

                                           326 (Pectoral osteoderms: absent)      1   0.250  0 --> 1 

                                           327 (Form of pectoral osteoderms)      1   0.333  0 --> 1 

node_104 --> Chungkingosaurus              141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 2 

                                           149 (Dorsal vertebrae, anterior )      1   0.500  0 ==> 1 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 
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                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  0 ==> 1 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 ==> 1 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 ==> 1 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           232 (Ilium, medial processes on )      1   0.500  0 ==> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  0 --> 1 

node_106 --> node_105                      124 (Maxilla or dentary, tooth r)      1   0.500  1 ==> 0 

node_105 --> Paranthodon                   25 (Maxilla, dorsoventral depth )      1   0.200  0 --> 1 

                                           27 (Maxilla, anteroventral secon)      1   0.500  0 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 ==> 1 

node_105 --> Tuojiangosaurus               81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 ==> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 ==> 0 

                                           175 (Anterior and mid caudal ver)      1   0.250  0 --> 1 

                                           188 (Coracoid, anteroventral (st)      1   0.143  0 --> 1 

                                           195 (Scapulacoracoid, medial but)      1   0.167  0 --> 1 

                                           201 (Humerus, separation of hume)      1   0.125  0 --> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           248 (Femur, separation of femora)      1   0.143  0 --> 1 

node_164 --> node_163                      96 (Jaw, position of articulatio)      1   0.333  0 ==> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 --> 1 

                                           267 (Skull roof, cortical remode)      1   1.000  0 ==> 1 

                                           305 (Mandibular caputegulum : ab)      1   0.250  0 --> 1 

node_163 --> node_162                      27 (Maxilla, anteroventral secon)      1   0.500  0 --> 1 

                                           28 (Maxilla, anteroventral secon)      1   0.500  0 --> 1 

                                           48 (Orbit, completely separated )      1   0.500  0 --> 1 

                                           71 (Quadrate: contact with paroc)      1   0.111  0 --> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  0 --> 1 

                                           117 (Maxillary/ dentary tooth, t)      1   0.250  0 ==> 1 

                                           293 (Squamosal/ postorbital horn)      1   0.250  0 --> 1 
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node_162 --> node_161                      12 (Posterior margin of skull, t)      1   0.182  2 --> 0 

                                           63 (Quadratojugal: possesses dor)      1   0.500  0 --> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  0 --> 2 

                                           104 (Lower jaw, sinuous ventral )      1   0.200  0 --> 1 

                                           105 (Coronoid process: low and r)      1   0.200  0 --> 1 

                                           131 (Cervical vertebrae, centra:)      1   0.143  0 --> 1 

                                           186 (Coracoid, size: subequal in)      1   0.143  0 --> 1 

                                           191 (Scapula, glenoid orientatio)      1   0.125  0 --> 1 

                                           193 (Scapula, form of the acromi)      1   0.556  0 --> 3 

                                           195 (Scapulacoracoid, medial but)      1   0.167  0 --> 1 

                                           198 (Scapula, blade: dorsal surf)      1   0.500  0 --> 1 

                                           203 (Humerus, orientation of del)      1   0.143  0 --> 1 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 --> 1 

                                           231 (Ilium, posterior iliac proc)      1   0.143  0 --> 1 

                                           233 (Ilium, perforation of the a)      1   0.500  1 --> 2 

                                           243 (Ischium, shape of the proxi)      1   0.167  1 --> 2 

                                           248 (Femur, separation of femora)      1   0.143  0 --> 1 

node_161 --> node_160                      13 (Premaxilla, shape of premaxi)      1   0.667  0 --> 1 

                                           14 (Premaxillary palate, ratio o)      1   0.600  0 --> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  0 ==> 1 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  0 --> 1 

                                           205 (Humerus, ratio of transvers)      1   0.143  0 ==> 1 

                                           288 (Supraorbital caputegulae: a)      1   0.500  0 --> 1 

                                           299 (Jugal/ quadratojugal horn: )      1   0.250  0 --> 1 

node_160 --> node_159                      7 (Posterior margin of the skull)      1   0.182  0 ==> 2 

                                           17 (Premaxillary tomium (=subnar)      1   0.250  0 --> 1 

                                           40 (Nasal, transverse curvature )      1   0.500  1 --> 0 

                                           74 (Quadrate-squamosal-paroccipi)      1   0.500  0 --> 1 

                                           82 (Basipterygoid processes, siz)      1   0.143  0 --> 1 

                                           92 (Vomerine septum, position of)      1   0.333  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  0 --> 3 
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                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  0 --> 1 

                                           188 (Coracoid, anteroventral (st)      1   0.143  0 --> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  0 --> 1 

                                           221 (Ilium, anterior iliac proce)      1   0.200  0 --> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  0 --> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  0 ==> 1 

                                           297 (Squamosal/postorbital horn:)      1   0.300  3 --> 4 

                                           317 (Cervical half rings, number)      1   0.333  0 --> 2 

                                           326 (Pectoral osteoderms: absent)      1   0.250  0 --> 1 

                                           331 (Caudal osteoderms: absent ()      1   0.500  0 --> 1 

node_159 --> node_158                      3 (Lateral temporal fenestra, an)      1   0.250  0 ==> 1 

                                           4 (Supratemporal fenestra, in do)      1   1.000  0 --> 1 

                                           39 (Respiratory passage, nasal s)      1   0.500  0 --> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  1 --> 2 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  1 ==> 0 

                                           122 (Premaxillary teeth, number:)      1   0.500  0 ==> 6 

                                           129 (Axis, ventral margin: in la)      1   0.200  0 ==> 1 

                                           133 (Anterior cervical vertebrae)      1   0.200  0 --> 1 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  1 --> 0 

                                           175 (Anterior and mid caudal ver)      1   0.250  0 ==> 1 

                                           200 (Humerus, separation of hume)      1   0.111  0 ==> 1 

                                           201 (Humerus, separation of hume)      1   0.125  0 ==> 1 

                                           211 (Ulna, development of anteri)      1   0.500  0 --> 1 

                                           242 (Ischium, distinct angle at )      1   0.250  0 --> 1 

                                           243 (Ischium, shape of the proxi)      1   0.167  2 --> 0 

                                           325 (Ossicles: absent (0), prese)      1   0.200  0 --> 1 

                                           339 (Ossified tendons in distal )      1   0.500  0 --> 1 

node_158 --> node_151                      22 (Premaxilla, ventral margin i)      1   1.000  0 --> 1 

                                           49 (Development of the postocula)      1   0.250  0 ==> 1 

                                           103 (Dentary, ventral profile: t)      1   0.200  0 --> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  1 --> 0 
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                                           221 (Ilium, anterior iliac proce)      1   0.200  1 ==> 2 

                                           225 (Ilium, lateral edge in dors)      1   0.167  0 ==> 1 

node_151 --> node_149                      18 (Premaxillary tomium, postero)      1   0.500  0 --> 1 

                                           25 (Maxilla, dorsoventral depth )      1   0.200  0 --> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  0 --> 1 

                                           115 (Maxillary/ dentary tooth, c)      1   0.167  0 ==> 1 

                                           134 (Anterior cervical vertebrae)      1   1.000  0 ==> 1 

                                           196 (Scapular blade: distally ex)      1   0.143  0 ==> 1 

                                           212 (Radius, ratio of length to )      1   0.333  1 ==> 0 

                                           224 (Ilium, anterior iliac proce)      1   0.143  1 --> 0 

                                           236 (Pubis, prepubis to postpubi)      1   0.500  1 --> 0 

                                           258 (Contact between tibia and a)      1   0.125  0 ==> 1 

                                           262 (Number of pedal digits: fiv)      1   0.667  1 ==> 2 

                                           322 (Cervical half rings, median)      1   0.200  0 --> 1 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  0 ==> 2 

node_149 --> node_135                      7 (Posterior margin of the skull)      1   0.182  2 ==> 0 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 ==> 1 

                                           184 (Posterior caudal vertebrae,)      1   1.000  0 ==> 1 

                                           193 (Scapula, form of the acromi)      1   0.556  3 ==> 2 

                                           201 (Humerus, separation of hume)      1   0.125  1 ==> 0 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           302 (Jugal/ quadratojugal horn, )      1   0.333  0 ==> 1 

                                           304 (Jugal/ quadratojugal horn, )      1   1.000  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  0 ==> 1 

                                           320 (Cervical half rings, distal)      1   0.200  0 --> 1 

node_135 --> node_134                      138 (Posterior cervical vertebra)      1   0.200  1 --> 0 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           235 (Pubis: present as separate )      1   0.125  0 --> 1 

                                           332 (Caudal osteoderms, morpholo)      1   0.500  0 ==> 1 

node_134 --> node_131                      186 (Coracoid, size: subequal in)      1   0.143  1 --> 0 

                                           193 (Scapula, form of the acromi)      1   0.556  2 ==> 1 
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                                           200 (Humerus, separation of hume)      1   0.111  1 --> 0 

node_131 --> Ahshislepelta                 195 (Scapulacoracoid, medial but)      1   0.167  1 ==> 0 

                                           323 (Osteoderms on proximal limb)      1   0.250  0 ==> 1 

node_131 --> node_130                      9 (Skull dorsal surface, antorbi)      1   0.167  0 --> 1 

                                           58 (Parietal, dorsal surface: co)      1   0.286  0 --> 2 

                                           80 (Paroccipital processes, dire)      1   0.167  0 --> 1 

                                           172 (Anterior caudal vertebrae, )      1   0.167  0 --> 1 

                                           180 (Posterior caudal vertebrae,)      1   0.333  0 --> 1 

                                           225 (Ilium, lateral edge in dors)      1   0.167  1 --> 0 

                                           242 (Ischium, distinct angle at )      1   0.250  1 --> 0 

                                           248 (Femur, separation of femora)      1   0.143  1 --> 0 

                                           271 (Skull roof, number of caput)      1   0.333  0 --> 1 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  1 ==> 0 

                                           325 (Ossicles: absent (0), prese)      1   0.200  1 ==> 0 

node_130 --> node_129                      2 (Lateral temporal fenestra: pr)      1   1.000  0 --> 1 

                                           33 (Narial embayment, defined as)      1   0.300  0 --> 1 

                                           37 (Shape of respiratory passage)      1   0.500  0 --> 1 

                                           84 (Form of cranial nerve XII: t)      1   0.400  0 ==> 1 

                                           96 (Jaw, position of articulatio)      1   0.333  1 --> 0 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 ==> 0 

                                           198 (Scapula, blade: dorsal surf)      1   0.500  1 ==> 0 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

                                           258 (Contact between tibia and a)      1   0.125  1 ==> 0 

                                           265 (Pedal digit I: metatarsal I)      1   1.000  0 ==> 2 

node_129 --> node_125                      104 (Lower jaw, sinuous ventral )      1   0.200  1 --> 0 

                                           112 (Predentary, foramina on lat)      1   1.000  0 --> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 ==> 1 

                                           333 (Tail club knob: absent (0),)      1   1.000  0 ==> 1 

node_125 --> node_124                      11 (Posterior displacement of or)      1   0.143  1 ==> 0 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  1 ==> 0 
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                                           26 (Maxilla, transverse distance)      1   0.200  0 --> 2 

                                           77 (Occipital condyle, direction)      1   0.111  1 --> 0 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           279 (Supranarial caputegulae: ab)      1   0.250  0 ==> 1 

                                           283 (Lateral skull caputegulae, )      1   0.375  0 ==> 2 

                                           289 (Supraorbital caputegulae: c)      1   0.250  0 ==> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 --> 2 

                                           300 (Jugal/ quadratojugal horn, )      1   0.250  0 ==> 1 

node_124 --> node_121                      6 (Maximum skull dimensions, inc)      1   0.200  0 ==> 1 

                                           21 (Premaxilla, posterodorsally-)      1   0.250  0 ==> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 2 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  1 --> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  1 --> 0 

                                           251 (Femur, fourth trochanter: p)      1   0.250  1 --> 2 

                                           271 (Skull roof, number of caput)      1   0.333  1 --> 3 

                                           273 (Skull roof caputegulae: rou)      1   1.000  0 ==> 1 

                                           280 (Supranarial caputegulae , n)      1   0.500  0 ==> 1 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 

node_121 --> Akainacephalus                10 (Skull roof, highest point: p)      1   0.118  0 --> 2 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 ==> 1 

                                           33 (Narial embayment, defined as)      1   0.300  1 ==> 0 

                                           35 (External nares, in anterior )      1   0.333  1 ==> 0 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 ==> 1 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 --> 0 

                                           92 (Vomerine septum, position of)      1   0.333  1 --> 0 

                                           131 (Cervical vertebrae, centra:)      1   0.143  1 ==> 0 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 
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                                           138 (Posterior cervical vertebra)      1   0.200  0 ==> 1 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 ==> 4 

                                           191 (Scapula, glenoid orientatio)      1   0.125  1 ==> 0 

                                           195 (Scapulacoracoid, medial but)      1   0.167  1 ==> 0 

                                           204 (Humerus, ratio of width of )      1   0.100  1 ==> 0 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 ==> 1 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 --> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 2 

                                           257 (Tibia, maximum distal width)      1   0.111  1 ==> 0 

                                           269 (Skull roof, distribution of)      1   0.333  0 ==> 1 

                                           270 (Skull roof, form of caputeg)      1   0.500  0 ==> 2 

                                           276 (Skull roof caputugulae, lar)      1   1.000  0 ==> 1 

                                           283 (Lateral skull caputegulae, )      1   0.375  2 ==> 1 

                                           297 (Squamosal/postorbital horn:)      1   0.300  4 ==> 2 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 

                                           320 (Cervical half rings, distal)      1   0.200  1 ==> 0 

                                           322 (Cervical half rings, median)      1   0.200  1 --> 0 

                                           335 (Tail club knob proportions:)      1   0.500  0 ==> 2 

node_121 --> node_120                      31 (Maxilla: does not contact pr)      1   0.250  1 --> 0 

                                           46 (Form of supraorbitals: boss-)      1   1.000  0 --> 1 

                                           50 (Lacrimal incisure (transvers)      1   0.091  0 --> 1 

                                           54 (Frontal: anteroposteriorly l)      1   1.000  0 --> 1 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  1 ==> 0 

                                           196 (Scapular blade: distally ex)      1   0.143  1 --> 0 

                                           217 (Metacarpal I, ratio of leng)      1   0.500  0 --> 1 

                                           298 (Squamosal/postorbital horn,)      1   0.167  0 ==> 1 

node_120 --> node_119                      10 (Skull roof, highest point: p)      1   0.118  0 --> 2 

                                           12 (Posterior margin of skull, t)      1   0.182  0 --> 2 

                                           81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 
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                                           85 (Pterygoids: separate postero)      1   0.100  0 --> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  1 --> 0 

                                           181 (Posterior caudal vertebrae:)      1   0.667  0 ==> 1 

                                           199 (Sternal plates: separate (0)      1   1.000  0 --> 1 

                                           208 (Humerus, circular bulge on )      1   1.000  0 --> 1 

                                           263 (Pedal digit IV: has five ph)      1   0.667  2 --> 1 

node_119 --> node_118                      14 (Premaxillary palate, ratio o)      1   0.600  2 ==> 3 

                                           33 (Narial embayment, defined as)      1   0.300  1 ==> 2 

                                           45 (Number of palpebral/supraorb)      1   0.286  2 --> 1 

                                           194 (Scapulocoracoid, lateral bu)      1   0.500  0 ==> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  1 ==> 0 

                                           291 (Nuchal caputegulae, number:)      1   0.231  2 ==> 3 

                                           297 (Squamosal/postorbital horn:)      1   0.300  4 ==> 3 

                                           318 (Cervical half rings, forms:)      1   0.500  0 --> 2 

node_118 --> node_116                      38 (Posterior nasal passage (air)      1   0.500  0 --> 1 

                                           105 (Coronoid process: low and r)      1   0.200  1 --> 0 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  0 --> 1 

                                           191 (Scapula, glenoid orientatio)      1   0.125  1 --> 0 

                                           200 (Humerus, separation of hume)      1   0.111  0 --> 1 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 --> 2 

                                           254 (Femur, maximum length to hu)      1   0.200  1 --> 0 

                                           258 (Contact between tibia and a)      1   0.125  0 --> 1 

                                           280 (Supranarial caputegulae , n)      1   0.500  1 ==> 0 

                                           289 (Supraorbital caputegulae: c)      1   0.250  1 ==> 0 

                                           303 (Jugal/ quadratojugal horn: )      1   0.200  1 --> 0 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 

                                           326 (Pectoral osteoderms: absent)      1   0.250  1 --> 0 

node_116 --> node_111                      87 (Pterygoid, anterior margin a)      1   0.200  2 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 ==> 1 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 ==> 1 

                                           334 (Tail club knob shape: major)      1   1.000  0 ==> 1 
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node_111 --> Ankylosaurus                  32 (Internal nares, bone borderi)      1   0.333  0 ==> 1 

                                           33 (Narial embayment, defined as)      1   0.300  2 ==> 3 

                                           35 (External nares, in anterior )      1   0.333  1 ==> 0 

                                           47 (Angle of orbital axis: less )      1   0.167  0 ==> 1 

                                           50 (Lacrimal incisure (transvers)      1   0.091  1 ==> 0 

                                           59 (Jugal, proportions of anteri)      1   0.167  1 ==> 0 

                                           70 (Quadrate, dorsoventral heigh)      1   0.333  1 ==> 0 

                                           77 (Occipital condyle, direction)      1   0.111  0 --> 1 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 ==> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  0 ==> 1 

                                           92 (Vomerine septum, position of)      1   0.333  1 ==> 0 

                                           106 (Lower jaw, retroarticular p)      1   0.250  0 ==> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 ==> 0 

                                           115 (Maxillary/ dentary tooth, c)      1   0.167  1 --> 0 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 ==> 3 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 1 

                                           159 (Dorsal ribs, attachment to )      1   0.083  1 ==> 0 

                                           185 (Tail club handle vertebrae,)      1   0.500  0 --> 1 

                                           196 (Scapular blade: distally ex)      1   0.143  0 ==> 1 

                                           251 (Femur, fourth trochanter: p)      1   0.250  2 --> 1 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 --> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 ==> 0 

                                           291 (Nuchal caputegulae, number:)      1   0.231  3 ==> 2 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           306 (Mandibular caputegulum, len)      1   0.333  0 ==> 1 

                                           320 (Cervical half rings, distal)      1   0.200  1 --> 0 

node_111 --> node_110                      16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           319 (Cervical half rings, compos)      1   1.000  1 ==> 2 

node_110 --> Anodontosaurus                6 (Maximum skull dimensions, inc)      1   0.200  1 ==> 0 

                                           95 (Palate, posterior foramen: a)      1   0.250  0 ==> 1 
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                                           97 (Jaw, position of articulatio)      1   0.200  0 ==> 1 

                                           287 (Postocular caputegulae: abs)      1   0.333  0 ==> 1 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           297 (Squamosal/postorbital horn:)      1   0.300  3 ==> 1 

                                           298 (Squamosal/postorbital horn,)      1   0.167  1 ==> 0 

                                           320 (Cervical half rings, distal)      1   0.200  1 --> 0 

                                           322 (Cervical half rings, median)      1   0.200  1 ==> 0 

                                           335 (Tail club knob proportions:)      1   0.500  0 --> 2 

node_110 --> node_109                      270 (Skull roof, form of caputeg)      1   0.500  0 ==> 2 

                                           294 (Squamosal/ postorbital horn)      1   1.000  0 ==> 1 

node_109 --> node_108                      26 (Maxilla, transverse distance)      1   0.200  2 --> 0 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 --> 0 

                                           85 (Pterygoids: separate postero)      1   0.100  1 --> 0 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 --> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  3 ==> 2 

node_108 --> node_107                      33 (Narial embayment, defined as)      1   0.300  2 ==> 1 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 ==> 0 

                                           271 (Skull roof, number of caput)      1   0.333  3 --> 2 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  1 ==> 0 

                                           301 (Jugal/quadratojugal horn: l)      1   0.250  0 ==> 1 

node_107 --> Minotaurasaurus               16 (Premaxilla, broad ?V? or ?U?)      1   0.111  1 ==> 0 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  0 ==> 1 

                                           36 (Paranasal apertures/fossae: )      1   0.200  0 --> 1 

                                           77 (Occipital condyle, direction)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  1 ==> 0 

                                           87 (Pterygoid, anterior margin a)      1   0.200  1 ==> 2 

                                           97 (Jaw, position of articulatio)      1   0.200  0 ==> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  1 ==> 0 

                                           281 (Internarial caputegulae, nu)      1   0.286  1 ==> 2 

                                           283 (Lateral skull caputegulae, )      1   0.375  2 --> 1 

                                           286 (Accessory postorbital osteo)      1   1.000  0 ==> 1 
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                                           306 (Mandibular caputegulum, len)      1   0.333  0 ==> 2 

node_107 --> Tarchia teresae               11 (Posterior displacement of or)      1   0.143  0 ==> 1 

                                           47 (Angle of orbital axis: less )      1   0.167  0 ==> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  0 ==> 1 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 --> 0 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 --> 0 

                                           90 (Pterygoid foramen: absent (0)      1   0.250  0 --> 1 

                                           94 (Vomer, groove on ventral mar)      1   0.250  0 --> 1 

                                           105 (Coronoid process: low and r)      1   0.200  0 --> 1 

                                           106 (Lower jaw, retroarticular p)      1   0.250  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  0 ==> 1 

                                           123 (Maxilla or dentary, tooth r)      1   0.200  1 ==> 0 

                                           297 (Squamosal/postorbital horn:)      1   0.300  3 ==> 1 

                                           307 (Mandibular caputegulum, dor)      1   0.143  1 ==> 0 

node_108 --> Saichania                     10 (Skull roof, highest point: p)      1   0.118  2 ==> 1 

                                           36 (Paranasal apertures/fossae: )      1   0.200  0 --> 1 

                                           50 (Lacrimal incisure (transvers)      1   0.091  1 ==> 0 

                                           82 (Basipterygoid processes, siz)      1   0.143  1 ==> 0 

                                           105 (Coronoid process: low and r)      1   0.200  0 --> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 ==> 0 

                                           127 (Contact between atlas and a)      1   0.333  0 --> 1 

                                           129 (Axis, ventral margin: in la)      1   0.200  1 --> 0 

                                           130 (Cervical vertebrae, number:)      1   0.750  1 --> 0 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 

                                           140 (Cervical ribs, fused to cer)      1   0.200  0 --> 1 

                                           187 (Coracoid, form of the anter)      1   0.333  0 --> 1 

                                           271 (Skull roof, number of caput)      1   0.333  3 --> 1 

                                           297 (Squamosal/postorbital horn:)      1   0.300  3 ==> 4 

                                           317 (Cervical half rings, number)      1   0.333  2 --> 1 

node_109 --> Tarchia kielanae              10 (Skull roof, highest point: p)      1   0.118  2 ==> 0 

                                           48 (Orbit, completely separated )      1   0.500  1 ==> 0 
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                                           83 (Basioccipital-basisphenoid, )      1   0.105  1 ==> 2 

node_116 --> node_115                      115 (Maxillary/ dentary tooth, c)      1   0.167  1 --> 0 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           133 (Anterior cervical vertebrae)      1   0.200  1 ==> 0 

                                           183 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

node_115 --> Antarctopelta                 118 (Maxillary/ dentary tooth, t)      1   0.111  0 ==> 1 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 ==> 2 

                                           181 (Posterior caudal vertebrae:)      1   0.667  1 ==> 2 

                                           325 (Ossicles: absent (0), prese)      1   0.200  0 ==> 1 

node_115 --> node_114                      34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 --> 0 

                                           77 (Occipital condyle, direction)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  1 --> 0 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  0 ==> 1 

                                           285 (Ciliary osteoderm (eyelid o)      1   0.500  0 --> 1 

                                           297 (Squamosal/postorbital horn:)      1   0.300  3 --> 1 

node_114 --> node_113                      67 (Quadrate, inclination in lat)      1   0.200  2 ==> 3 

                                           87 (Pterygoid, anterior margin a)      1   0.200  2 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 ==> 1 

                                           173 (Anterior caudal vertebrae, )      1   0.333  2 --> 0 

                                           201 (Humerus, separation of hume)      1   0.125  0 --> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  1 --> 0 

                                           300 (Jugal/ quadratojugal horn, )      1   0.250  1 ==> 0 

node_113 --> node_112                      115 (Maxillary/ dentary tooth, c)      1   0.167  0 ==> 1 

node_112 --> Dyoplosaurus                  12 (Posterior margin of skull, t)      1   0.182  2 ==> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 --> 0 

                                           162 (Ilio?sacral block, posterio)      1   0.286  0 ==> 2 

                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  1 --> 3 

                                           179 (Mid and posterior caudal ve)      1   0.200  0 ==> 1 
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                                           219 (Phalanges, shape of manual )      1   0.500  1 --> 2 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 --> 1 

node_112 --> Scolosaurus                   7 (Posterior margin of the skull)      1   0.182  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  1 --> 0 

                                           140 (Cervical ribs, fused to cer)      1   0.200  0 --> 1 

                                           158 (Dorsal ribs, shape of the p)      1   0.250  1 --> 0 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 ==> 1 

                                           260 (Metatarsal arrangement: com)      1   0.200  0 ==> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  3 ==> 2 

                                           301 (Jugal/quadratojugal horn: l)      1   0.250  0 --> 1 

                                           322 (Cervical half rings, median)      1   0.200  1 --> 0 

                                           323 (Osteoderms on proximal limb)      1   0.250  0 --> 1 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  2 --> 0 

node_113 --> Euoplocephalus                6 (Maximum skull dimensions, inc)      1   0.200  1 --> 0 

                                           10 (Skull roof, highest point: p)      1   0.118  2 ==> 1 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           21 (Premaxilla, posterodorsally-)      1   0.250  1 --> 0 

                                           33 (Narial embayment, defined as)      1   0.300  2 --> 1 

                                           84 (Form of cranial nerve XII: t)      1   0.400  1 --> 0 

                                           85 (Pterygoids: separate postero)      1   0.100  1 --> 0 

                                           95 (Palate, posterior foramen: a)      1   0.250  0 --> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 --> 0 

                                           138 (Posterior cervical vertebra)      1   0.200  0 --> 1 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 1 

                                           157 (Sacral rod vertebrae (i.e. )      1   0.333  1 ==> 0 

                                           186 (Coracoid, size: subequal in)      1   0.143  0 --> 1 

                                           195 (Scapulacoracoid, medial but)      1   0.167  1 --> 0 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 ==> 1 

                                           277 (Premaxillary beak, caputegu)      1   0.200  0 --> 1 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 --> 1 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 --> 1 
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                                           298 (Squamosal/postorbital horn,)      1   0.167  1 ==> 0 

                                           303 (Jugal/ quadratojugal horn: )      1   0.200  0 ==> 1 

node_114 --> Zuul                          10 (Skull roof, highest point: p)      1   0.118  2 ==> 0 

                                           47 (Angle of orbital axis: less )      1   0.167  0 ==> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  0 ==> 1 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 ==> 0 

                                           111 (Surangular, foramen ventral)      1   0.143  0 ==> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 --> 0 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 1 

                                           272 (Skull roof caputegulae: dir)      1   1.000  0 ==> 1 

                                           287 (Postocular caputegulae: abs)      1   0.333  0 ==> 1 

                                           296 (Squamosal/ postorbital horn)      1   1.000  0 ==> 1 

                                           306 (Mandibular caputegulum, len)      1   0.333  0 ==> 1 

node_118 --> node_117                      6 (Maximum skull dimensions, inc)      1   0.200  1 ==> 0 

                                           50 (Lacrimal incisure (transvers)      1   0.091  1 ==> 0 

node_117 --> Crichtonpelta                 10 (Skull roof, highest point: p)      1   0.118  2 ==> 0 

                                           60 (Jugal, anterior process, rel)      1   0.167  1 --> 0 

                                           85 (Pterygoids: separate postero)      1   0.100  1 ==> 0 

                                           87 (Pterygoid, anterior margin a)      1   0.200  2 --> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  0 ==> 2 

                                           301 (Jugal/quadratojugal horn: l)      1   0.250  0 --> 1 

node_117 --> Ziapelta                      17 (Premaxillary tomium (=subnar)      1   0.250  1 --> 0 

                                           21 (Premaxilla, posterodorsally-)      1   0.250  1 --> 0 

                                           26 (Maxilla, transverse distance)      1   0.200  2 --> 0 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 --> 1 

                                           49 (Development of the postocula)      1   0.250  1 ==> 0 

                                           66 (Quadrate, shape in lateral v)      1   0.125  1 ==> 0 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 ==> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 --> 0 

                                           270 (Skull roof, form of caputeg)      1   0.500  0 ==> 1 
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                                           282 (Median nasal caputegulum: a)      1   0.143  0 --> 1 

                                           321 (Cervical half rings, distal)      1   0.333  0 --> 1 

node_119 --> Pinacosaurus grangeri         7 (Posterior margin of the skull)      1   0.182  0 --> 2 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           36 (Paranasal apertures/fossae: )      1   0.200  0 --> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 ==> 3 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 ==> 1 

                                           82 (Basipterygoid processes, siz)      1   0.143  1 ==> 0 

                                           95 (Palate, posterior foramen: a)      1   0.250  0 ==> 1 

                                           110 (Surangular, medial inflecti)      1   0.500  0 ==> 1 

                                           111 (Surangular, foramen ventral)      1   0.143  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  0 ==> 1 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 

                                           159 (Dorsal ribs, attachment to )      1   0.083  1 ==> 0 

                                           168 (Anterior caudal vertebrae, )      1   0.500  2 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 0 

                                           258 (Contact between tibia and a)      1   0.125  0 --> 1 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 ==> 2 

                                           283 (Lateral skull caputegulae, )      1   0.375  2 ==> 3 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

                                           300 (Jugal/ quadratojugal horn, )      1   0.250  1 ==> 0 

                                           303 (Jugal/ quadratojugal horn: )      1   0.200  1 --> 0 

node_120 --> Pinacosaurus mephistocephalus 7 (Posterior margin of the skull)      1   0.182  0 --> 2 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           36 (Paranasal apertures/fossae: )      1   0.200  0 --> 1 

                                           161 (Number of sacral vertebrae:)      1   0.143  1 ==> 2 

                                           162 (Ilio?sacral block, posterio)      1   0.286  0 ==> 2 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

                                           322 (Cervical half rings, median)      1   0.200  1 --> 0 

node_124 --> node_123                      60 (Jugal, anterior process, rel)      1   0.167  1 ==> 0 
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                                           67 (Quadrate, inclination in lat)      1   0.200  2 --> 0 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 --> 0 

                                           92 (Vomerine septum, position of)      1   0.333  1 --> 0 

node_123 --> node_122                      83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 ==> 0 

                                           270 (Skull roof, form of caputeg)      1   0.500  0 ==> 2 

                                           297 (Squamosal/postorbital horn:)      1   0.300  4 ==> 3 

node_122 --> Nodocephalosaurus             10 (Skull roof, highest point: p)      1   0.118  0 ==> 1 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 --> 1 

                                           32 (Internal nares, bone borderi)      1   0.333  0 --> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  1 --> 2 

                                           283 (Lateral skull caputegulae, )      1   0.375  2 ==> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 ==> 0 

                                           289 (Supraorbital caputegulae: c)      1   0.250  1 ==> 0 

                                           298 (Squamosal/postorbital horn,)      1   0.167  0 ==> 1 

node_122 --> Zaraapelta                    50 (Lacrimal incisure (transvers)      1   0.091  0 --> 1 

                                           53 (Frontal, scroll-like descend)      1   1.000  0 --> 1 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 --> 0 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 --> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  1 --> 0 

                                           287 (Postocular caputegulae: abs)      1   0.333  0 ==> 1 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  1 --> 0 

                                           303 (Jugal/ quadratojugal horn: )      1   0.200  1 --> 0 

node_123 --> Tsagantegia                   33 (Narial embayment, defined as)      1   0.300  1 ==> 2 

                                           69 (Quadrate, axis extending thr)      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           81 (Basal tubera: medially separ)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 2 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 
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                                           269 (Skull roof, distribution of)      1   0.333  0 ==> 1 

                                           271 (Skull roof, number of caput)      1   0.333  1 --> 2 

                                           275 (Skull roof caputegulae, rho)      1   1.000  0 ==> 1 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 --> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  2 ==> 1 

node_125 --> Jinyunpelta                   9 (Skull dorsal surface, antorbi)      1   0.167  1 ==> 0 

                                           10 (Skull roof, highest point: p)      1   0.118  0 ==> 1 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           30 (Maxilla, triangular fossa on)      1   1.000  0 ==> 1 

                                           36 (Paranasal apertures/fossae: )      1   0.200  0 ==> 1 

                                           45 (Number of palpebral/supraorb)      1   0.286  2 --> 1 

                                           52 (Lacrimal: long axis of main )      1   0.333  0 --> 1 

                                           56 (Postorbital, forms posterior)      1   1.000  0 ==> 1 

                                           98 (Dentary, depth of the symphy)      1   0.200  1 ==> 0 

                                           105 (Coronoid process: low and r)      1   0.200  1 --> 0 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 ==> 0 

                                           185 (Tail club handle vertebrae,)      1   0.500  0 ==> 1 

                                           196 (Scapular blade: distally ex)      1   0.143  1 --> 0 

                                           203 (Humerus, orientation of del)      1   0.143  1 ==> 0 

                                           218 (Metacarpal V, ratio of leng)      1   0.500  1 ==> 0 

                                           277 (Premaxillary beak, caputegu)      1   0.200  0 ==> 1 

                                           302 (Jugal/ quadratojugal horn, )      1   0.333  1 ==> 0 

node_129 --> node_128                      15 (Premaxilla, deep longitudina)      1   1.000  0 ==> 1 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 ==> 2 

                                           50 (Lacrimal incisure (transvers)      1   0.091  0 --> 1 

                                           58 (Parietal, dorsal surface: co)      1   0.286  2 ==> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 --> 0 

                                           72 (Quadrate: fossa/fenestra abs)      1   0.250  0 --> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 1 
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                                           88 (Pterygoid, position of poste)      1   0.222  1 ==> 0 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 ==> 1 

                                           235 (Pubis: present as separate )      1   0.125  1 ==> 0 

                                           249 (Femur, anterior trochanter )      1   0.500  1 ==> 0 

                                           297 (Squamosal/postorbital horn:)      1   0.300  4 --> 1 

                                           298 (Squamosal/postorbital horn,)      1   0.167  0 ==> 1 

                                           305 (Mandibular caputegulum : ab)      1   0.250  1 ==> 0 

node_128 --> node_127                      192 (Scapula, ventral process at)      1   0.125  1 --> 0 

                                           215 (Number of manual digits: fi)      1   0.667  0 --> 1 

                                           219 (Phalanges, shape of manual )      1   0.500  1 ==> 2 

                                           254 (Femur, maximum length to hu)      1   0.200  1 --> 0 

                                           255 (Femur, length to tibia leng)      1   0.333  1 --> 0 

node_127 --> node_126                      318 (Cervical half rings, forms:)      1   0.500  0 ==> 2 

node_126 --> Chuanqilong                   106 (Lower jaw, retroarticular p)      1   0.250  0 --> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 --> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 --> 0 

                                           180 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           196 (Scapular blade: distally ex)      1   0.143  1 --> 0 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           214 (Radius, ratio of transverse)      1   0.667  2 --> 1 

                                           235 (Pubis: present as separate )      1   0.125  0 --> 1 

                                           245 (Ischium, constriction at mi)      1   1.000  0 --> 1 

                                           317 (Cervical half rings, number)      1   0.333  2 ==> 1 

node_126 --> Shamosaurus                   6 (Maximum skull dimensions, inc)      1   0.200  0 --> 1 

                                           10 (Skull roof, highest point: p)      1   0.118  0 --> 2 

                                           11 (Posterior displacement of or)      1   0.143  1 --> 0 

                                           12 (Posterior margin of skull, t)      1   0.182  0 --> 2 

                                           47 (Angle of orbital axis: less )      1   0.167  0 --> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 --> 1 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           321 (Cervical half rings, distal)      1   0.333  0 --> 1 



460 
 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  2 --> 1 

node_127 --> Liaoningosaurus               119 (Maxillary and/ or dentary t)      1   0.091  0 ==> 1 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 --> 1 

                                           188 (Coracoid, anteroventral (st)      1   0.143  1 --> 0 

                                           191 (Scapula, glenoid orientatio)      1   0.125  1 ==> 0 

                                           193 (Scapula, form of the acromi)      1   0.556  1 ==> 0 

                                           205 (Humerus, ratio of transvers)      1   0.143  1 ==> 0 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 --> 0 

                                           212 (Radius, ratio of length to )      1   0.333  0 --> 1 

                                           213 (Radius, ratio of transverse)      1   0.250  1 --> 0 

                                           214 (Radius, ratio of transverse)      1   0.667  2 --> 0 

                                           218 (Metacarpal V, ratio of leng)      1   0.500  1 --> 2 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 0 

                                           257 (Tibia, maximum distal width)      1   0.111  1 ==> 0 

                                           339 (Ossified tendons in distal )      1   0.500  1 ==> 0 

                                           340 (Ossified epaxial tendons on)      1   0.200  0 ==> 1 

node_128 --> Gobisaurus                    12 (Posterior margin of skull, t)      1   0.182  0 --> 2 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  2 ==> 1 

                                           59 (Jugal, proportions of anteri)      1   0.167  1 ==> 0 

                                           70 (Quadrate, dorsoventral heigh)      1   0.333  1 --> 0 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 2 

                                           85 (Pterygoids: separate postero)      1   0.100  0 ==> 1 

                                           92 (Vomerine septum, position of)      1   0.333  1 ==> 2 

                                           182 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 ==> 1 

node_128 --> Kunbarrasaurus                1 (Antorbital fenestra: present )      1   0.500  0 ==> 1 

                                           5 (Antorbital, lateral temporal )      1   0.500  1 ==> 0 

                                           7 (Posterior margin of the skull)      1   0.182  0 ==> 2 

                                           9 (Skull dorsal surface, antorbi)      1   0.167  1 ==> 0 

                                           41 (Nasal: contributes to latera)      1   1.000  0 --> 1 
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                                           45 (Number of palpebral/supraorb)      1   0.286  2 --> 0 

                                           51 (Lacrimal: contacts prefronta)      1   0.250  0 --> 1 

                                           52 (Lacrimal: long axis of main )      1   0.333  0 --> 1 

                                           69 (Quadrate, axis extending thr)      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           77 (Occipital condyle, direction)      1   0.111  1 ==> 0 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 ==> 1 

                                           80 (Paroccipital processes, dire)      1   0.167  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 ==> 2 

                                           90 (Pterygoid foramen: absent (0)      1   0.250  0 --> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 --> 0 

                                           115 (Maxillary/ dentary tooth, c)      1   0.167  1 ==> 0 

                                           163 (Ilio?sacral block: dorsal s)      1   0.333  0 --> 1 

                                           203 (Humerus, orientation of del)      1   0.143  1 ==> 0 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           248 (Femur, separation of femora)      1   0.143  0 ==> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 ==> 0 

                                           293 (Squamosal/ postorbital horn)      1   0.250  1 ==> 0 

                                           317 (Cervical half rings, number)      1   0.333  2 ==> 1 

                                           325 (Ossicles: absent (0), prese)      1   0.200  0 ==> 1 

node_130 --> Aletopelta                    156 (Sacral rod vertebrae (i.e. )      1   0.294  3 ==> 2 

                                           204 (Humerus, ratio of width of )      1   0.100  1 ==> 0 

                                           224 (Ilium, anterior iliac proce)      1   0.143  0 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 2 

node_130 --> Talarurus                     10 (Skull roof, highest point: p)      1   0.118  0 ==> 1 

                                           47 (Angle of orbital axis: less )      1   0.167  0 ==> 1 

                                           55 (Frontal, V-shaped upraised a)      1   1.000  0 ==> 1 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 2 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 
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                                           140 (Cervical ribs, fused to cer)      1   0.200  0 --> 1 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 ==> 1 

                                           161 (Number of sacral vertebrae:)      1   0.143  1 ==> 2 

                                           168 (Anterior caudal vertebrae, )      1   0.500  2 ==> 0 

                                           174 (Anterior caudal vertebrae, )      1   0.200  0 ==> 1 

                                           182 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           187 (Coracoid, form of the anter)      1   0.333  0 ==> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 ==> 1 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 --> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           237 (Pubis, postpubis to acetabu)      1   0.400  1 --> 0 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 ==> 2 

                                           251 (Femur, fourth trochanter: p)      1   0.250  1 ==> 2 

                                           260 (Metatarsal arrangement: com)      1   0.200  0 ==> 1 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           289 (Supraorbital caputegulae: c)      1   0.250  0 ==> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 ==> 3 

                                           297 (Squamosal/postorbital horn:)      1   0.300  4 --> 1 

                                           340 (Ossified epaxial tendons on)      1   0.200  0 ==> 1 

node_134 --> node_133                      156 (Sacral rod vertebrae (i.e. )      1   0.294  3 ==> 5 

                                           179 (Mid and posterior caudal ve)      1   0.200  0 ==> 1 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  2 ==> 1 

node_133 --> node_132                      160 (Sacral vertebrae, longitudi)      1   0.143  1 ==> 0 

node_132 --> Dongyangopelta                156 (Sacral rod vertebrae (i.e. )      1   0.294  5 ==> 2 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

node_132 --> Zhejiangosaurus               164 (Caudosacrals (i.e. caudal v)      1   0.429  1 --> 0 

                                           257 (Tibia, maximum distal width)      1   0.111  1 --> 0 

node_133 --> Spearpoint ankylosaur             132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           140 (Cervical ribs, fused to cer)      1   0.200  0 --> 1 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 ==> 1 
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                                           246 (Ischium, posterior end of i)      1   0.143  1 --> 0 

node_135 --> Borealopelta                  19 (Premaxilla, dorsoventral hei)      1   0.125  1 ==> 0 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           271 (Skull roof, number of caput)      1   0.333  0 --> 3 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 ==> 1 

                                           290 (A single large medial polyg)      1   0.200  0 ==> 1 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           303 (Jugal/ quadratojugal horn: )      1   0.200  1 --> 0 

node_135 --> Mymoorapelta                  142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 ==> 0 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 ==> 0 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  1 ==> 0 

                                           158 (Dorsal ribs, shape of the p)      1   0.250  1 --> 0 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 ==> 1 

                                           200 (Humerus, separation of hume)      1   0.111  1 --> 0 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 ==> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           233 (Ilium, perforation of the a)      1   0.500  2 ==> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  1 ==> 0 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  2 ==> 1 

node_135 --> Stegopelta                    131 (Cervical vertebrae, centra:)      1   0.143  1 ==> 0 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  0 ==> 1 

                                           158 (Dorsal ribs, shape of the p)      1   0.250  1 --> 0 

                                           225 (Ilium, lateral edge in dors)      1   0.167  1 ==> 0 

node_149 --> node_148                      13 (Premaxilla, shape of premaxi)      1   0.667  1 ==> 2 

                                           66 (Quadrate, shape in lateral v)      1   0.125  1 --> 0 

                                           76 (Occipital condyle, offset fr)      1   0.143  0 ==> 1 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 ==> 1 

                                           172 (Anterior caudal vertebrae, )      1   0.167  0 --> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  1 ==> 0 
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node_148 --> node_140                      127 (Contact between atlas and a)      1   0.333  0 ==> 1 

node_140 --> node_139                      19 (Premaxilla, dorsoventral hei)      1   0.125  1 --> 0 

                                           33 (Narial embayment, defined as)      1   0.300  0 --> 1 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 --> 0 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 --> 1 

                                           80 (Paroccipital processes, dire)      1   0.167  0 --> 1 

                                           81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           85 (Pterygoids: separate postero)      1   0.100  0 --> 1 

                                           102 (Dentary, tooth alveoli face)      1   0.250  0 --> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           133 (Anterior cervical vertebrae)      1   0.200  1 --> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 --> 4 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  1 ==> 2 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 ==> 1 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 --> 0 

                                           215 (Number of manual digits: fi)      1   0.667  0 --> 2 

                                           246 (Ischium, posterior end of i)      1   0.143  1 --> 2 

                                           293 (Squamosal/ postorbital horn)      1   0.250  1 --> 0 

node_139 --> node_136                      148 (Dorsal vertebrae, number (i)      1   0.750  4 --> 1 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 ==> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           225 (Ilium, lateral edge in dors)      1   0.167  1 ==> 0 

                                           258 (Contact between tibia and a)      1   0.125  1 ==> 0 

node_136 --> Anoplosaurus                  96 (Jaw, position of articulatio)      1   0.333  1 ==> 0 

                                           161 (Number of sacral vertebrae:)      1   0.143  1 ==> 2 

                                           188 (Coracoid, anteroventral (st)      1   0.143  1 --> 0 

                                           189 (Coracoid, foramen in latera)      1   0.333  0 --> 1 

                                           192 (Scapula, ventral process at)      1   0.125  1 --> 0 
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node_136 --> Dracopelta                    7 (Posterior margin of the skull)      1   0.182  2 ==> 0 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 ==> 0 

                                           252 (Femur, location of the four)      1   0.143  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 

node_136 --> Edmontonia rugosidens         50 (Lacrimal incisure (transvers)      1   0.091  0 ==> 1 

                                           82 (Basipterygoid processes, siz)      1   0.143  1 --> 0 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  1 --> 2 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 --> 0 

                                           95 (Palate, posterior foramen: a)      1   0.250  0 --> 1 

                                           136 (Anterior cervical vertebrae)      1   0.500  0 --> 1 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 2 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 ==> 0 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  1 --> 0 

                                           162 (Ilio?sacral block, posterio)      1   0.286  0 ==> 1 

                                           173 (Anterior caudal vertebrae, )      1   0.333  2 ==> 1 

                                           274 (Skull roof, anterior portio)      1   0.250  0 --> 2 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

                                           299 (Jugal/ quadratojugal horn: )      1   0.250  1 --> 0 

                                           306 (Mandibular caputegulum, len)      1   0.333  0 --> 1 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 

                                           328 (Projection of pectoral spik)      1   1.000  2 --> 0 

node_136 --> Nodosaurus                    142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 1 

                                           145 (Dorsal vertebrae, neural ar)      1   0.200  1 ==> 0 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 --> 0 

                                           231 (Ilium, posterior iliac proc)      1   0.143  1 --> 0 

                                           235 (Pubis: present as separate )      1   0.125  0 ==> 1 

                                           251 (Femur, fourth trochanter: p)      1   0.250  1 ==> 2 

node_139 --> node_138                      49 (Development of the postocula)      1   0.250  1 ==> 0 
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                                           67 (Quadrate, inclination in lat)      1   0.200  2 ==> 3 

                                           104 (Lower jaw, sinuous ventral )      1   0.200  1 ==> 0 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 2 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           269 (Skull roof, distribution of)      1   0.333  0 --> 1 

                                           271 (Skull roof, number of caput)      1   0.333  0 --> 1 

                                           283 (Lateral skull caputegulae, )      1   0.375  0 ==> 2 

                                           290 (A single large medial polyg)      1   0.200  0 ==> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 ==> 1 

                                           306 (Mandibular caputegulum, len)      1   0.333  0 --> 2 

node_138 --> node_137                      26 (Maxilla, transverse distance)      1   0.200  0 ==> 2 

                                           50 (Lacrimal incisure (transvers)      1   0.091  0 ==> 1 

                                           66 (Quadrate, shape in lateral v)      1   0.125  0 ==> 1 

                                           93 (Vomer, oval-shaped prevomer )      1   0.500  0 ==> 1 

                                           279 (Supranarial caputegulae: ab)      1   0.250  0 ==> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

node_137 --> Denversaurus                  11 (Posterior displacement of or)      1   0.143  1 ==> 0 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  0 ==> 1 

                                           47 (Angle of orbital axis: less )      1   0.167  0 ==> 1 

                                           64 (Quadratojugal, orientation o)      1   0.400  0 --> 1 

                                           85 (Pterygoids: separate postero)      1   0.100  1 ==> 0 

                                           277 (Premaxillary beak, caputegu)      1   0.200  0 ==> 1 

                                           278 (Premaxillary beak, caputegu)      1   0.500  0 --> 1 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 --> 1 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 --> 1 

                                           283 (Lateral skull caputegulae, )      1   0.375  2 ==> 3 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  0 --> 1 

node_137 --> Edmontonia longiceps          9 (Skull dorsal surface, antorbi)      1   0.167  0 --> 1 

                                           76 (Occipital condyle, offset fr)      1   0.143  1 ==> 0 

                                           78 (Occipital condyle, morpholog)      1   0.143  1 ==> 0 
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                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           146 (Dorsal vertebrae, centrum h)      1   0.167  0 --> 1 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  0 --> 1 

                                           148 (Dorsal vertebrae, number (i)      1   0.750  4 --> 2 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           172 (Anterior caudal vertebrae, )      1   0.167  1 --> 0 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  1 --> 0 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 --> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           248 (Femur, separation of femora)      1   0.143  1 --> 0 

                                           274 (Skull roof, anterior portio)      1   0.250  0 ==> 1 

node_138 --> Panoplosaurus                 3 (Lateral temporal fenestra, an)      1   0.250  1 ==> 0 

                                           9 (Skull dorsal surface, antorbi)      1   0.167  0 --> 1 

                                           10 (Skull roof, highest point: p)      1   0.118  0 ==> 1 

                                           12 (Posterior margin of skull, t)      1   0.182  0 ==> 2 

                                           37 (Shape of respiratory passage)      1   0.500  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  1 --> 2 

                                           94 (Vomer, groove on ventral mar)      1   0.250  0 ==> 1 

                                           97 (Jaw, position of articulatio)      1   0.200  0 ==> 1 

                                           170 (Anterior caudal vertebrae, )      1   0.500  0 ==> 1 

                                           216 (Metacarpal II to humerus le)      1   0.333  0 --> 1 

                                           281 (Internarial caputegulae, nu)      1   0.286  0 --> 1 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 --> 1 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  0 --> 1 

                                           299 (Jugal/ quadratojugal horn: )      1   0.250  1 --> 0 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 

node_140 --> Tianchisaurus                 135 (Anterior cervical vertebrae)      1   0.100  1 ==> 0 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  0 ==> 1 
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                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 ==> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 --> 2 

                                           173 (Anterior caudal vertebrae, )      1   0.333  2 ==> 0 

                                           260 (Metatarsal arrangement: com)      1   0.200  0 ==> 1 

                                           317 (Cervical half rings, number)      1   0.333  2 ==> 1 

                                           318 (Cervical half rings, forms:)      1   0.500  0 ==> 1 

node_148 --> node_147                      14 (Premaxillary palate, ratio o)      1   0.600  2 ==> 1 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  3 --> 5 

                                           319 (Cervical half rings, compos)      1   1.000  1 ==> 0 

                                           320 (Cervical half rings, distal)      1   0.200  0 --> 1 

node_147 --> node_145                      50 (Lacrimal incisure (transvers)      1   0.091  0 ==> 1 

                                           81 (Basal tubera: medially separ)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 --> 2 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  1 ==> 0 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 ==> 1 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 ==> 1 

                                           203 (Humerus, orientation of del)      1   0.143  1 --> 0 

                                           242 (Ischium, distinct angle at )      1   0.250  1 --> 0 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 --> 1 

                                           290 (A single large medial polyg)      1   0.200  0 ==> 1 

node_145 --> Europelta                     132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 

                                           153 (Anterior dorsal vertebrae, )      1   0.167  1 ==> 0 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 --> 1 

                                           186 (Coracoid, size: subequal in)      1   0.143  1 --> 0 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 --> 1 

                                           231 (Ilium, posterior iliac proc)      1   0.143  1 ==> 0 

                                           235 (Pubis: present as separate )      1   0.125  0 ==> 1 

                                           255 (Femur, length to tibia leng)      1   0.333  1 --> 0 

                                           257 (Tibia, maximum distal width)      1   0.111  1 --> 0 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 
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                                           298 (Squamosal/postorbital horn,)      1   0.167  0 ==> 1 

                                           328 (Projection of pectoral spik)      1   1.000  2 --> 1 

node_145 --> node_144                      12 (Posterior margin of skull, t)      1   0.182  0 ==> 1 

                                           66 (Quadrate, shape in lateral v)      1   0.125  0 ==> 1 

                                           76 (Occipital condyle, offset fr)      1   0.143  1 ==> 0 

                                           80 (Paroccipital processes, dire)      1   0.167  0 --> 1 

                                           150 (Dorsal vertebrae, transvers)      1   0.143  1 ==> 0 

                                           173 (Anterior caudal vertebrae, )      1   0.333  2 ==> 1 

                                           195 (Scapulacoracoid, medial but)      1   0.167  1 --> 0 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 ==> 2 

node_143 --> node_142                      147 (Dorsal vertebrae, centrum h)      1   0.091  0 --> 1 

node_142 --> node_141                      204 (Humerus, ratio of width of )      1   0.100  1 --> 0 

                                           205 (Humerus, ratio of transvers)      1   0.143  1 --> 0 

                                           225 (Ilium, lateral edge in dors)      1   0.167  1 --> 0 

node_141 --> Hungarosaurus                 16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           17 (Premaxillary tomium (=subnar)      1   0.250  1 --> 0 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           60 (Jugal, anterior process, rel)      1   0.167  1 --> 0 

                                           64 (Quadratojugal, orientation o)      1   0.400  0 --> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 --> 1 

                                           69 (Quadrate, axis extending thr)      1   0.167  1 ==> 0 

                                           94 (Vomer, groove on ventral mar)      1   0.250  0 --> 1 

                                           98 (Dentary, depth of the symphy)      1   0.200  1 --> 0 

                                           103 (Dentary, ventral profile: t)      1   0.200  1 --> 0 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  0 ==> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  1 ==> 0 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 ==> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 ==> 0 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 2 

                                           138 (Posterior cervical vertebra)      1   0.200  1 --> 0 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 --> 2 
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                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           149 (Dorsal vertebrae, anterior )      1   0.500  0 --> 2 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 --> 0 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 --> 1 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 --> 1 

                                           215 (Number of manual digits: fi)      1   0.667  0 --> 1 

                                           254 (Femur, maximum length to hu)      1   0.200  1 --> 0 

                                           277 (Premaxillary beak, caputegu)      1   0.200  0 --> 1 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

                                           317 (Cervical half rings, number)      1   0.333  2 --> 1 

node_141 --> Paw Paw juvenile              76 (Occipital condyle, offset fr)      1   0.143  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 --> 1 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           186 (Coracoid, size: subequal in)      1   0.143  1 --> 0 

                                           188 (Coracoid, anteroventral (st)      1   0.143  1 ==> 0 

                                           200 (Humerus, separation of hume)      1   0.111  1 ==> 0 

                                           201 (Humerus, separation of hume)      1   0.125  1 --> 0 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 ==> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           228 (Ilium, ratio of maximum tra)      1   0.667  2 --> 1 

                                           233 (Ilium, perforation of the a)      1   0.500  2 --> 1 

node_142 --> Struthiosaurus austriacus     79 (Foramen magnum, cross-sectio)      1   0.333  0 --> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  2 ==> 1 

                                           102 (Dentary, tooth alveoli face)      1   0.250  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 --> 1 

                                           117 (Maxillary/ dentary tooth, t)      1   0.250  1 ==> 0 

                                           131 (Cervical vertebrae, centra:)      1   0.143  1 --> 0 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 ==> 1 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 1 
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                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 1 

                                           146 (Dorsal vertebrae, centrum h)      1   0.167  0 ==> 1 

                                           149 (Dorsal vertebrae, anterior )      1   0.500  0 --> 2 

                                           167 (Anterior caudal vertebrae, )      1   0.111  0 --> 1 

                                           179 (Mid and posterior caudal ve)      1   0.200  0 ==> 1 

                                           256 (Femur, fibula epicondyle me)      1   0.333  0 ==> 1 

                                           305 (Mandibular caputegulum : ab)      1   0.250  1 ==> 0 

                                           315 (Basal surface of osteoderms)      1   0.182  0 ==> 1 

                                           318 (Cervical half rings, forms:)      1   0.500  0 ==> 2 

                                           321 (Cervical half rings, distal)      1   0.333  0 ==> 1 

node_143 --> Struthiosaurus languedocensis 141 (Dorsal vertebrae, centra: l)      1   0.222  0 --> 2 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 --> 1 

                                           221 (Ilium, anterior iliac proce)      1   0.200  2 --> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  1 --> 0 

node_144 --> Struthiosaurus transylvanicus 131 (Cervical vertebrae, centra:)      1   0.143  1 --> 0 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 --> 0 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 ==> 0 

node_147 --> node_146                      174 (Anterior caudal vertebrae, )      1   0.200  0 ==> 1 

node_146 --> Silvisaurus                   10 (Skull roof, highest point: p)      1   0.118  0 --> 1 

                                           12 (Posterior margin of skull, t)      1   0.182  0 --> 2 

                                           28 (Maxilla, anteroventral secon)      1   0.500  1 --> 0 

                                           35 (External nares, in anterior )      1   0.333  1 --> 0 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 --> 1 

                                           85 (Pterygoids: separate postero)      1   0.100  0 --> 1 

                                           92 (Vomerine septum, position of)      1   0.333  1 --> 0 

                                           97 (Jaw, position of articulatio)      1   0.200  0 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 1 
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                                           122 (Premaxillary teeth, number:)      1   0.500  6 --> 0 

                                           123 (Maxilla or dentary, tooth r)      1   0.200  1 --> 0 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  1 --> 0 

                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  1 --> 2 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           279 (Supranarial caputegulae: ab)      1   0.250  0 --> 1 

                                           293 (Squamosal/ postorbital horn)      1   0.250  1 --> 0 

                                           302 (Jugal/ quadratojugal horn, )      1   0.333  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  0 --> 1 

node_149 --> Invictarx                     144 (Dorsal vertebrae, deep exca)      1   0.500  0 ==> 1 

node_151 --> node_150                      58 (Parietal, dorsal surface: co)      1   0.286  0 ==> 2 

                                           66 (Quadrate, shape in lateral v)      1   0.125  1 --> 0 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 ==> 3 

node_150 --> Sauropelta                    109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 --> 1 

                                           132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 --> 2 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 --> 1 

                                           173 (Anterior caudal vertebrae, )      1   0.333  2 --> 0 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 --> 2 

                                           205 (Humerus, ratio of transvers)      1   0.143  1 --> 0 

                                           213 (Radius, ratio of transverse)      1   0.250  1 --> 0 

                                           216 (Metacarpal II to humerus le)      1   0.333  0 --> 1 

                                           217 (Metacarpal I, ratio of leng)      1   0.500  0 --> 1 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 --> 0 

                                           246 (Ischium, posterior end of i)      1   0.143  1 --> 0 

                                           306 (Mandibular caputegulum, len)      1   0.333  0 --> 2 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 

                                           329 (Form of pectoral spikes: so)      1   0.500  1 --> 0 

node_150 --> Tatankacephalus               10 (Skull roof, highest point: p)      1   0.118  0 --> 1 
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                                           12 (Posterior margin of skull, t)      1   0.182  0 --> 2 

                                           45 (Number of palpebral/supraorb)      1   0.286  2 --> 0 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 ==> 1 

                                           114 (Maxillary/ dentary tooth, c)      1   0.100  0 --> 1 

node_158 --> node_157                      167 (Anterior caudal vertebrae, )      1   0.111  0 ==> 1 

                                           192 (Scapula, ventral process at)      1   0.125  1 ==> 0 

                                           193 (Scapula, form of the acromi)      1   0.556  3 ==> 2 

                                           324 (Triangular osteoderms that )      1   1.000  0 ==> 1 

node_157 --> node_156                      156 (Sacral rod vertebrae (i.e. )      1   0.294  3 --> 4 

                                           330 (Form of pelvic (sacral) ost)      1   0.286  0 ==> 1 

node_156 --> node_154                      132 (Cervical vertebrae, anterio)      1   0.125  0 --> 1 

                                           250 (Femur, oblique ridge on lat)      1   0.500  0 ==> 1 

node_154 --> node_153                      5 (Antorbital, lateral temporal )      1   0.500  1 --> 0 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 --> 0 

                                           69 (Quadrate, axis extending thr)      1   0.167  1 --> 0 

                                           72 (Quadrate: fossa/fenestra abs)      1   0.250  0 --> 1 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 --> 0 

                                           193 (Scapula, form of the acromi)      1   0.556  2 ==> 1 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

node_153 --> Gastonia burgei               9 (Skull dorsal surface, antorbi)      1   0.167  0 --> 1 

                                           10 (Skull roof, highest point: p)      1   0.118  0 ==> 1 

                                           26 (Maxilla, transverse distance)      1   0.200  0 --> 2 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 --> 1 

                                           32 (Internal nares, bone borderi)      1   0.333  0 --> 1 

                                           33 (Narial embayment, defined as)      1   0.300  0 --> 2 

                                           34 (External nares, in dorsal vi)      1   0.125  1 --> 0 

                                           59 (Jugal, proportions of anteri)      1   0.167  1 --> 0 

                                           64 (Quadratojugal, orientation o)      1   0.400  0 --> 2 

                                           70 (Quadrate, dorsoventral heigh)      1   0.333  1 ==> 0 

                                           76 (Occipital condyle, offset fr)      1   0.143  0 --> 1 



474 
 

                                           84 (Form of cranial nerve XII: t)      1   0.400  0 --> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 1 

                                           88 (Pterygoid, position of poste)      1   0.222  1 --> 2 

                                           89 (Pterygoid, contact with basi)      1   0.143  1 --> 0 

                                           90 (Pterygoid foramen: absent (0)      1   0.250  0 --> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 --> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 --> 1 

                                           125 (Maxilla or dentary, shape o)      1   0.111  1 --> 0 

                                           141 (Dorsal vertebrae, centra: l)      1   0.222  0 ==> 1 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 1 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           155 (Posterior dorsal vertebrae,)      1   0.125  1 ==> 0 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 --> 1 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 --> 1 

                                           175 (Anterior and mid caudal ver)      1   0.250  1 ==> 0 

                                           191 (Scapula, glenoid orientatio)      1   0.125  1 --> 0 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           218 (Metacarpal V, ratio of leng)      1   0.500  1 ==> 0 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           235 (Pubis: present as separate )      1   0.125  0 --> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 2 

                                           248 (Femur, separation of femora)      1   0.143  1 --> 0 

                                           257 (Tibia, maximum distal width)      1   0.111  1 --> 0 

                                           300 (Jugal/ quadratojugal horn, )      1   0.250  0 --> 1 

                                           301 (Jugal/quadratojugal horn: l)      1   0.250  0 --> 1 

                                           332 (Caudal osteoderms, morpholo)      1   0.500  0 --> 1 

node_153 --> node_152                      119 (Maxillary and/ or dentary t)      1   0.091  0 ==> 1 

                                           200 (Humerus, separation of hume)      1   0.111  1 ==> 0 

                                           201 (Humerus, separation of hume)      1   0.125  1 ==> 0 

                                           209 (Ulna, ratio of length to hu)      1   0.143  1 ==> 0 
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                                           210 (Ulna, proximal width to len)      1   1.000  0 ==> 1 

                                           254 (Femur, maximum length to hu)      1   0.200  1 ==> 0 

node_152 --> Gastonia lorriemcwhinnyae     58 (Parietal, dorsal surface: co)      1   0.286  0 ==> 1 

                                           71 (Quadrate: contact with paroc)      1   0.111  1 ==> 0 

                                           82 (Basipterygoid processes, siz)      1   0.143  1 --> 0 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  2 --> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  1 --> 0 

                                           128 (Axis, neural spine in later)      1   0.333  0 --> 1 

                                           191 (Scapula, glenoid orientatio)      1   0.125  1 --> 0 

                                           221 (Ilium, anterior iliac proce)      1   0.200  1 ==> 2 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 ==> 1 

                                           248 (Femur, separation of femora)      1   0.143  1 --> 0 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 --> 1 

node_152 --> Peloroplites                  50 (Lacrimal incisure (transvers)      1   0.091  0 --> 1 

                                           51 (Lacrimal: contacts prefronta)      1   0.250  0 --> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 --> 1 

                                           80 (Paroccipital processes, dire)      1   0.167  0 ==> 1 

                                           104 (Lower jaw, sinuous ventral )      1   0.200  1 --> 0 

                                           132 (Cervical vertebrae, anterio)      1   0.125  1 ==> 0 

                                           146 (Dorsal vertebrae, centrum h)      1   0.167  0 --> 1 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  0 --> 1 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 ==> 1 

                                           160 (Sacral vertebrae, longitudi)      1   0.143  1 ==> 0 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           165 (Caudal vertebrae, attachmen)      1   0.143  0 --> 1 

                                           187 (Coracoid, form of the anter)      1   0.333  0 --> 1 

                                           188 (Coracoid, anteroventral (st)      1   0.143  1 --> 0 

                                           192 (Scapula, ventral process at)      1   0.125  0 ==> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 --> 1 

                                           213 (Radius, ratio of transverse)      1   0.250  1 --> 0 
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                                           223 (Ilium, anterior iliac proce)      1   0.333  1 --> 0 

                                           242 (Ischium, distinct angle at )      1   0.250  1 ==> 0 

                                           243 (Ischium, shape of the proxi)      1   0.167  0 --> 1 

                                           257 (Tibia, maximum distal width)      1   0.111  1 --> 0 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  1 --> 0 

                                           329 (Form of pectoral spikes: so)      1   0.500  1 --> 0 

node_154 --> Hylaeosaurus                  131 (Cervical vertebrae, centra:)      1   0.143  1 ==> 0 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  1 --> 0 

                                           190 (Coracoid, ratio of coracoid)      1   0.286  1 --> 0 

node_154 --> Texasetes                     161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           192 (Scapula, ventral process at)      1   0.125  0 ==> 1 

node_156 --> node_155                      169 (Anterior caudal vertebrae, )      1   0.143  0 --> 1 

                                           315 (Basal surface of osteoderms)      1   0.182  0 ==> 1 

node_155 --> Niobrarasaurus                76 (Occipital condyle, offset fr)      1   0.143  0 --> 1 

                                           77 (Occipital condyle, direction)      1   0.111  1 --> 0 

                                           78 (Occipital condyle, morpholog)      1   0.143  0 --> 1 

                                           116 (Maxillary/ dentary tooth, c)      1   0.111  1 --> 0 

                                           161 (Number of sacral vertebrae:)      1   0.143  2 ==> 1 

                                           260 (Metatarsal arrangement: com)      1   0.200  0 --> 1 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           323 (Osteoderms on proximal limb)      1   0.250  0 --> 1 

node_155 --> Polacanthus                   156 (Sacral rod vertebrae (i.e. )      1   0.294  4 ==> 5 

                                           157 (Sacral rod vertebrae (i.e. )      1   0.333  1 --> 0 

                                           172 (Anterior caudal vertebrae, )      1   0.167  0 --> 1 

                                           183 (Posterior caudal vertebrae,)      1   0.333  1 --> 0 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           234 (Ilium, anteroposteriorly ex)      1   0.143  1 --> 0 

                                           235 (Pubis: present as separate )      1   0.125  0 --> 1 

                                           251 (Femur, fourth trochanter: p)      1   0.250  1 ==> 0 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

                                           258 (Contact between tibia and a)      1   0.125  0 ==> 1 
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node_157 --> Hoplitosaurus                 315 (Basal surface of osteoderms)      1   0.182  0 ==> 2 

node_159 --> Gargoyleosaurus               14 (Premaxillary palate, ratio o)      1   0.600  2 --> 1 

                                           16 (Premaxilla, broad ?V? or ?U?)      1   0.111  0 --> 1 

                                           19 (Premaxilla, dorsoventral hei)      1   0.125  1 ==> 0 

                                           38 (Posterior nasal passage (air)      1   0.500  0 ==> 1 

                                           58 (Parietal, dorsal surface: co)      1   0.286  0 ==> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  2 ==> 1 

                                           81 (Basal tubera: medially separ)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 ==> 2 

                                           106 (Lower jaw, retroarticular p)      1   0.250  0 ==> 1 

                                           111 (Surangular, foramen ventral)      1   0.143  0 --> 1 

                                           117 (Maxillary/ dentary tooth, t)      1   0.250  1 ==> 0 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 ==> 1 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 ==> 2 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 ==> 0 

                                           169 (Anterior caudal vertebrae, )      1   0.143  0 --> 1 

                                           172 (Anterior caudal vertebrae, )      1   0.167  0 --> 1 

                                           219 (Phalanges, shape of manual )      1   0.500  1 ==> 0 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           237 (Pubis, postpubis to acetabu)      1   0.400  1 --> 0 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

                                           253 (Femur, shape in medial/late)      1   0.500  1 ==> 0 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 --> 1 

                                           271 (Skull roof, number of caput)      1   0.333  0 ==> 2 

                                           274 (Skull roof, anterior portio)      1   0.250  1 ==> 0 

                                           279 (Supranarial caputegulae: ab)      1   0.250  0 ==> 1 

                                           291 (Nuchal caputegulae, number:)      1   0.231  0 ==> 3 

                                           292 (Nuchal caputegulae, posteri)      1   0.167  0 --> 1 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 
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                                           330 (Form of pelvic (sacral) ost)      1   0.286  0 ==> 1 

node_160 --> Cedarpelta                    11 (Posterior displacement of or)      1   0.143  1 ==> 0 

                                           25 (Maxilla, dorsoventral depth )      1   0.200  0 ==> 1 

                                           29 (Maxilla, anterior tooth rows)      1   0.250  0 ==> 1 

                                           76 (Occipital condyle, offset fr)      1   0.143  0 ==> 1 

                                           77 (Occipital condyle, direction)      1   0.111  1 ==> 0 

                                           109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           123 (Maxilla or dentary, tooth r)      1   0.200  1 ==> 0 

                                           142 (Dorsal vertebrae, centra: l)      1   0.143  0 ==> 1 

                                           162 (Ilio?sacral block, posterio)      1   0.286  0 ==> 1 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 0 

                                           247 (Ischium, large knob on medi)      1   1.000  0 ==> 1 

                                           277 (Premaxillary beak, caputegu)      1   0.200  0 ==> 1 

                                           278 (Premaxillary beak, caputegu)      1   0.500  0 --> 1 

node_161 --> Animantarx                    59 (Jugal, proportions of anteri)      1   0.167  1 ==> 0 

                                           68 (Quadrate, anterior surface: )      1   0.167  1 --> 0 

                                           69 (Quadrate, axis extending thr)      1   0.167  1 --> 0 

                                           72 (Quadrate: fossa/fenestra abs)      1   0.250  0 --> 1 

                                           119 (Maxillary and/ or dentary t)      1   0.091  0 --> 1 

                                           139 (Posterior cervical vertebra)      1   1.000  0 ==> 1 

                                           159 (Dorsal ribs, attachment to )      1   0.083  0 ==> 1 

                                           188 (Coracoid, anteroventral (st)      1   0.143  0 --> 1 

                                           196 (Scapular blade: distally ex)      1   0.143  0 ==> 1 

                                           202 (Humerus, ratio of deltopect)      1   0.083  0 ==> 1 

                                           222 (Ilium, anterior iliac proce)      1   0.071  0 --> 1 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           227 (Ilium, ratio of acetabular )      1   0.167  0 --> 1 

                                           228 (Ilium, ratio of maximum tra)      1   0.667  2 ==> 1 

                                           235 (Pubis: present as separate )      1   0.125  0 ==> 1 

                                           250 (Femur, oblique ridge on lat)      1   0.500  0 ==> 1 

                                           290 (A single large medial polyg)      1   0.200  0 --> 1 
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node_162 --> Pawpawsaurus                  7 (Posterior margin of the skull)      1   0.182  0 ==> 2 

                                           13 (Premaxilla, shape of premaxi)      1   0.667  0 --> 2 

                                           14 (Premaxillary palate, ratio o)      1   0.600  0 --> 1 

                                           17 (Premaxillary tomium (=subnar)      1   0.250  0 --> 1 

                                           18 (Premaxillary tomium, postero)      1   0.500  0 --> 1 

                                           23 (Premaxillary foramina, conne)      1   0.500  0 ==> 1 

                                           39 (Respiratory passage, nasal s)      1   0.500  0 --> 1 

                                           49 (Development of the postocula)      1   0.250  0 ==> 1 

                                           50 (Lacrimal incisure (transvers)      1   0.091  0 ==> 1 

                                           66 (Quadrate, shape in lateral v)      1   0.125  1 ==> 0 

                                           67 (Quadrate, inclination in lat)      1   0.200  0 --> 3 

                                           79 (Foramen magnum, cross-sectio)      1   0.333  0 ==> 1 

                                           80 (Paroccipital processes, dire)      1   0.167  0 ==> 1 

                                           81 (Basal tubera: medially separ)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, )      1   0.105  0 ==> 2 

                                           84 (Form of cranial nerve XII: t)      1   0.400  0 ==> 2 

                                           85 (Pterygoids: separate postero)      1   0.100  0 ==> 1 

                                           86 (Pterygoid, orientation of pt)      1   0.333  0 ==> 1 

                                           90 (Pterygoid foramen: absent (0)      1   0.250  0 --> 1 

                                           93 (Vomer, oval-shaped prevomer )      1   0.500  0 ==> 1 

                                           94 (Vomer, groove on ventral mar)      1   0.250  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  1 --> 2 

                                           122 (Premaxillary teeth, number:)      1   0.500  0 ==> 3 

                                           268 (Cranial ornamentation: rugo)      1   0.125  0 ==> 1 

                                           271 (Skull roof, number of caput)      1   0.333  0 ==> 3 

                                           282 (Median nasal caputegulum: a)      1   0.143  0 ==> 1 

                                           283 (Lateral skull caputegulae, )      1   0.375  0 ==> 2 

                                           284 (Orbit, enclosed by ring-lik)      1   0.091  0 ==> 1 

                                           285 (Ciliary osteoderm (eyelid o)      1   0.500  0 ==> 1 

                                           288 (Supraorbital caputegulae: a)      1   0.500  0 --> 1 

                                           290 (A single large medial polyg)      1   0.200  0 --> 1 
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                                           291 (Nuchal caputegulae, number:)      1   0.231  0 ==> 1 

                                           295 (Squamosal/ postorbital horn)      1   0.143  0 --> 1 

                                           299 (Jugal/ quadratojugal horn: )      1   0.250  0 --> 1 

node_163 --> Sarcolestes                   103 (Dentary, ventral profile: t)      1   0.200  0 --> 1 

                                           109 (Surangular, ridge on latera)      1   0.125  1 --> 0 

                                           111 (Surangular, foramen ventral)      1   0.143  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 ==> 1 

                                           307 (Mandibular caputegulum, dor)      1   0.143  0 --> 1 

node_165 --> Minmi                         143 (Dorsal vertebrae, longitudi)      1   0.063  0 ==> 1 

                                           147 (Dorsal vertebrae, centrum h)      1   0.091  1 ==> 0 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  0 ==> 2 

                                           325 (Ossicles: absent (0), prese)      1   0.200  0 --> 1 

node_166 --> Scelidosaurus                 3 (Lateral temporal fenestra, an)      1   0.250  0 ==> 1 

                                           45 (Number of palpebral/supraorb)      1   0.286  0 --> 1 

                                           58 (Parietal, dorsal surface: co)      1   0.286  0 --> 1 

                                           67 (Quadrate, inclination in lat)      1   0.200  0 ==> 1 

                                           111 (Surangular, foramen ventral)      1   0.143  0 --> 1 

                                           118 (Maxillary/ dentary tooth, t)      1   0.111  0 --> 1 

                                           120 (Maxillary and/ or dentary t)      1   0.077  0 ==> 1 

                                           122 (Premaxillary teeth, number:)      1   0.500  0 ==> 1 

                                           135 (Anterior cervical vertebrae)      1   0.100  1 ==> 0 

                                           168 (Anterior caudal vertebrae, )      1   0.500  0 --> 1 

                                           204 (Humerus, ratio of width of )      1   0.100  0 --> 1 

                                           226 (Ilium, ratio of postacetabu)      1   0.125  1 ==> 0 

                                           229 (Ilium, supra?acetabular fla)      1   0.500  0 ==> 1 

                                           231 (Ilium, posterior iliac proc)      1   0.143  0 --> 1 

                                           252 (Femur, location of the four)      1   0.143  0 ==> 1 

                                           265 (Pedal digit I: metatarsal I)      1   1.000  0 --> 1 

                                           305 (Mandibular caputegulum : ab)      1   0.250  0 --> 1 

                                           323 (Osteoderms on proximal limb)      1   0.250  0 ==> 1 

                                           331 (Caudal osteoderms: absent ()      1   0.500  0 --> 1 
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node_167 --> Scutellosaurus                115 (Maxillary/ dentary tooth, c)      1   0.167  0 ==> 1 

                                           143 (Dorsal vertebrae, longitudi)      1   0.063  0 ==> 1 

                                           154 (Anterior dorsal vertebrae, )      1   0.500  1 ==> 0 

                                           161 (Number of sacral vertebrae:)      1   0.143  1 --> 3 

                                           201 (Humerus, separation of hume)      1   0.125  0 ==> 1 

                                           214 (Radius, ratio of transverse)      1   0.667  2 ==> 0 

                                           216 (Metacarpal II to humerus le)      1   0.333  0 --> 1 

                                           240 (Pubis, acetabular portion e)      1   0.500  0 ==> 1 

                                           243 (Ischium, shape of the proxi)      1   0.167  1 ==> 2 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 0 

                                           254 (Femur, maximum length to hu)      1   0.200  1 ==> 0 

                                           262 (Number of pedal digits: fiv)      1   0.667  1 ==> 0 

node_168 --> Emausaurus                    7 (Posterior margin of the skull)      1   0.182  0 --> 1 

                                           11 (Posterior displacement of or)      1   0.143  0 ==> 1 

                                           21 (Premaxilla, posterodorsally-)      1   0.250  0 ==> 1 

                                           33 (Narial embayment, defined as)      1   0.300  0 ==> 1 

                                           98 (Dentary, depth of the symphy)      1   0.200  0 ==> 1 

                                           104 (Lower jaw, sinuous ventral )      1   0.200  0 ==> 1 

                                           111 (Surangular, foramen ventral)      1   0.143  0 --> 1 

                                           113 (Maxillary/ dentary teeth, a)      1   0.091  1 ==> 2 

                                           121 (Dentary teeth, number in ad)      1   0.300  0 ==> 1 

                                           122 (Premaxillary teeth, number:)      1   0.500  0 ==> 1 

node_169 --> Laquintasaura                 243 (Ischium, shape of the proxi)      1   0.167  1 ==> 0 

                                           246 (Ischium, posterior end of i)      1   0.143  1 ==> 2 

                                           256 (Femur, fibula epicondyle me)      1   0.333  0 ==> 1 

node_170 --> Lesothosaurus                 7 (Posterior margin of the skull)      1   0.182  0 --> 2 

                                           8 (Skull, overall shape in poste)      1   0.333  0 --> 1 

                                           25 (Maxilla, dorsoventral depth )      1   0.200  0 --> 1 

                                           87 (Pterygoid, anterior margin a)      1   0.200  0 --> 2 

                                           156 (Sacral rod vertebrae (i.e. )      1   0.294  0 --> 1 

                                           164 (Caudosacrals (i.e. caudal v)      1   0.429  0 --> 1 
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                                           180 (Posterior caudal vertebrae,)      1   0.333  0 --> 1 

                                           191 (Scapula, glenoid orientatio)      1   0.125  0 --> 1 

                                           192 (Scapula, ventral process at)      1   0.125  0 --> 1 

                                           237 (Pubis, postpubis to acetabu)      1   0.400  1 --> 2 

 

 

ACCTRAN Apomorphy lists: 

 

       Branch                              Character                                                  Steps      CI   Change 

-----------------------------------------------------------------------------------------------------------------------

----- 

node_170 --> node_169                      31 (Maxilla: does not contact prefrontal (0), does conta)      1   0.250  0 -

-> 1 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  0 --> 1 

                                           40 (Nasal, transverse curvature of dorsal surface: flat )      1   0.500  0 --> 1 

                                           59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  0 --> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  0 --> 1 

                                           69 (Quadrate, axis extending through condyles in posteri)      1   0.167  0 --> 1 

                                           91 (Vomerine septum, length:  equal to or less than 50% )      1   1.000  0 --> 1 

                                           99 (Dentary, tooth row in lateral view: straight (0), si)      1   0.500  0 --> 1 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  0 --> 1 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 --> 1 

                                           138 (Posterior cervical vertebrae, postzygapophyses: not)      1   0.200  0 --> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  1 --> 2 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  0 --> 1 

                                           211 (Ulna, development of anterior process in proximal v)      1   0.500  0 --> 1 

                                           213 (Radius, ratio of transverse width of distal end to )      1   0.250  0 --> 1 

                                           216 (Metacarpal II to humerus length ratio, 0.2 or below)      1   0.333  0 --> 1 

                                           228 (Ilium, ratio of maximum transverse width in dorsal )      1   0.667  0 --> 2 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  0 --> 1 

                                           233 (Ilium, perforation of the acetabulum: open acetabul)      1   0.500  0 --> 1 

                                           266 (Skull roof, cortical remodelling: absent (0), prese)      1   1.000  0 --> 1 
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node_169 --> node_168                      124 (Maxilla or dentary, tooth row inset medially from t)      1   0.500  

0 ==> 1 

                                           129 (Axis, ventral margin: in lateral view flat (0), upw)      1   0.200  1 --> 0 

                                           309 (Postcranial osteoderms: absent (0), present (1).)         1   1.000  0 ==> 1 

node_168 --> node_167                      10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  1 ==> 

0 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  0 ==> 1 

                                           44 (Palpebral: free and rod-like (0), incorporated into )      1   1.000  0 --> 1 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  0 --> 1 

                                           60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  0 --> 1 

                                           64 (Quadratojugal, orientation of external surface: late)      1   0.400  1 --> 0 

                                           110 (Surangular, medial inflection of dorsal margin form)      1   0.500  1 --> 0 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 ==> 1 

                                           168 (Anterior caudal vertebrae, centra:  anteroposterior)      1   0.500  0 --> 1 

node_167 --> node_166                      23 (Premaxillary foramina, connected by anteroventrally-)      1   0.500  

1 ==> 0 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  0 --> 1 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  0 --> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  0 ==> 1 

                                           126 (Atlas, type of contact between the neural arches: n)      1   0.500  0 --> 1 

                                           130 (Cervical vertebrae, number: seven (0), eight (1), n)      1   0.750  2 ==> 1 

                                           148 (Dorsal vertebrae, number (including sacral rod vert)      1   0.750  3 ==> 4 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  0 --> 1 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  0 --> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  0 --> 1 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  0 --> 1 

                                           206 (Humerus, anterior iliac process length to humerus l)      1   0.500  1 --> 0 

                                           219 (Phalanges, shape of manual and pedal unguals in dor)      1   0.500  0 ==> 1 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  0 ==> 

1 

                                           259 (Astralagus, deep, broad U-shaped notch in anterior )      1   1.000  1 --> 0 

                                           261 (Metatarsal IV: ratio of maximum length to maximum w)      1   0.500  0 ==> 1 

                                           305 (Mandibular caputegulum : absent (0), present (1).)        1   0.250  0 --> 1 
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                                           314 (Maximum length of largest osteoderm (excluding plat)      1   1.000  0 --> 1 

                                           316 (Gular osteoderms: absent (0), present (1 ).)              1   1.000  0 --> 1 

                                           331 (Caudal osteoderms: absent (0), present (1 ).)             1   0.500  0 --> 1 

node_166 --> node_165                      8 (Skull, overall shape in posterior view: dorsoventrall)      1   0.333  0 -

-> 1 

                                           11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  0 --> 1 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  2 --> 0 

                                           27 (Maxilla, anteroventral secondary palate: absent (0),)      1   0.500  0 --> 1 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  1 --> 2 

                                           61 (Jugal, posterior ramus, forked: absent (0), present )      1   1.000  1 --> 0 

                                           65 (Quadrate, lateral ramus: present (0), absent (1).)         1   1.000  0 --> 1 

                                           72 (Quadrate: fossa/fenestra absent (0), present (1).)         1   0.250  0 --> 1 

                                           74 (Quadrate-squamosal-paroccipital process articulation)      1   0.500  0 --> 1 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  0 --> 1 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  0 --> 1 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  0 --> 1 

                                           90 (Pterygoid foramen: absent (0), present (1).)               1   0.250  0 --> 1 

                                           98 (Dentary, depth of the symphysial ramus relative to h)      1   0.200  0 --> 1 

                                           103 (Dentary, ventral profile: tapers to a V-shaped apex)      1   0.200  0 --> 1 

                                           107 (Predentary, contact with dentary: dorsoventrally ta)      1   1.000  0 --> 1 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  1 --> 0 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  1 --> 0 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  1 --> 2 

                                           123 (Maxilla or dentary, tooth row: starts level with pr)      1   0.200  0 --> 1 

                                           145 (Dorsal vertebrae, neural arch pedicle to neural can)      1   0.200  0 ==> 1 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  1 ==> 0 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  0 ==> 1 

                                           153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  0 ==> 1 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  0 ==> 1 

                                           158 (Dorsal ribs, shape of the proximal cross-section : )      1   0.250  0 ==> 1 

                                           168 (Anterior caudal vertebrae, centra:  anteroposterior)      1   0.500  1 --> 2 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  0 --> 2 
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                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  0 --> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  0 --> 1 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  0 --> 3 

                                           195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  0 --> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 --> 1 

                                           223 (Ilium, anterior iliac process: tranversely compress)      1   0.333  0 --> 1 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  0 --> 1 

                                           236 (Pubis, prepubis to postpubis length ratio: less tha)      1   0.500  0 --> 1 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  0 --> 1 

                                           249 (Femur, anterior trochanter fusion to greater trocha)      1   0.500  0 --> 1 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  0 --> 1 

                                           253 (Femur, shape in medial/lateral view: bowed anterior)      1   0.500  0 --> 1 

                                           255 (Femur, length to tibia length ratio: 1.2 or below ()      1   0.333  0 --> 1 

                                           263 (Pedal digit IV: has five phalanges (0), has four ph)      1   0.667  0 --> 2 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  0 --> 1 

                                           325 (Ossicles: absent (0), present (1).)                       1   0.200  0 --> 1 

                                           326 (Pectoral osteoderms: absent (0), present (1 ).)           1   0.250  0 --> 1 

node_165 --> node_164                      220 (Ilium, anterior iliac process to acetabular length:)      1   1.000  0 

==> 1 

node_164 --> node_106                      20 (Premaxilla, maxillary process projecting posterodors)      1   0.500  0 

==> 1 

                                           73 (Quadrate: proximal head strongly transversely compre)      1   1.000  0 --> 1 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  0 --> 1 

                                           108 (Predentary, size of ventral process: rudimentary em)      1   1.000  0 --> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  1 ==> 0 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  1 --> 0 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 --> 1 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  3 --> 4 

                                           207 (Humerus, triceps tubercle and descending ridge post)      1   1.000  0 ==> 1 

                                           218 (Metacarpal V, ratio of length to metacarpal III: le)      1   0.500  1 ==> 0 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  0 ==> 2 
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                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  1 --> 0 

                                           238 (Pubis, anterior end of prepubis expanded dorsally: )      1   0.500  0 --> 1 

                                           239 (Pubis, obturator notch is backed medially by poster)      1   0.333  0 --> 1 

                                           240 (Pubis, acetabular portion enlarged into transversel)      1   0.500  0 --> 1 

                                           244 (Ischium, anterior and posterior surfaces of shaft: )      1   0.500  0 --> 1 

                                           262 (Number of pedal digits: five (0), four (1), three ()      1   0.667  1 --> 2 

                                           264 (Pedal digit III: has four or more phalanges (0), ha)      1   1.000  0 --> 2 

                                           305 (Mandibular caputegulum : absent (0), present (1).)        1   0.250  1 --> 0 

                                           310 (Postcranial osteoderm distribution: arranged in mul)      1   1.000  0 ==> 1 

                                           325 (Ossicles: absent (0), present (1).)                       1   0.200  1 --> 0 

                                           327 (Form of pectoral osteoderms: pectoral spikes (0), p)      1   0.333  0 --> 1 

                                           331 (Caudal osteoderms: absent (0), present (1 ).)             1   0.500  1 --> 0 

                                           336 (Tail spikes: absent (0), present (1).)                    1   1.000  0 ==> 1 

node_106 --> node_104                      27 (Maxilla, anteroventral secondary palate: absent (0),)      1   0.500  1 

--> 0 

                                           102 (Dentary, tooth alveoli face: dorsally (0), dorsomed)      1   0.250  0 --> 1 

                                           128 (Axis, neural spine in lateral view: triangular (0),)      1   0.333  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  0 ==> 1 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 ==> 1 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 --> 0 

                                           195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  1 --> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 --> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  1 --> 0 

                                           229 (Ilium, supra?acetabular flange diverges from the an)      1   0.500  0 ==> 1 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  0 --> 1 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  1 --> 0 

node_104 --> node_103                      150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  1 

--> 0 

                                           174 (Anterior caudal vertebrae, direction of the transve)      1   0.200  0 ==> 1 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  1 --> 0 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 --> 0 
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node_103 --> node_102                      103 (Dentary, ventral profile: tapers to a V-shaped apex)      1   0.200  1 

--> 0 

                                           130 (Cervical vertebrae, number: seven (0), eight (1), n)      1   0.750  1 --> 2 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 ==> 1 

                                           170 (Anterior caudal vertebrae, dorsal process on transv)      1   0.500  0 --> 1 

                                           175 (Anterior and mid caudal vertebrae, bulbous swelling)      1   0.250  0 --> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  0 --> 2 

                                           311 (Parasagittal rows of dorsal plates : have a thick c)      1   0.333  0 ==> 1 

                                           326 (Pectoral osteoderms: absent (0), present (1 ).)           1   0.250  1 --> 0 

node_102 --> node_100                      59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  1 -

-> 0 

                                           63 (Quadratojugal: possesses dorsal process that extends)      1   0.500  0 --> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  1 ==> 0 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  1 --> 0 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  0 ==> 1 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 --> 1 

                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  0 ==> 6 

                                           130 (Cervical vertebrae, number: seven (0), eight (1), n)      1   0.750  2 --> 4 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  1 ==> 2 

                                           160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  0 ==> 1 

                                           181 (Posterior caudal vertebrae: centra are elongate (0))      1   0.667  0 --> 2 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  4 --> 5 

                                           194 (Scapulocoracoid, lateral buttress: absent (0), pres)      1   0.500  0 --> 1 

                                           197 (Scapula, proximal plate area to coracoid area ratio)      1   1.000  0 --> 1 

                                           241 (Pubis, kink on dorsal edge of postpubis: absent (0))      1   0.500  0 ==> 1 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  1 ==> 2 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 --> 1 

                                           340 (Ossified epaxial tendons on dorsal and/or sacral ve)      1   0.200  0 --> 1 

node_100 --> node_98                       7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 -

-> 2 

                                           98 (Dentary, depth of the symphysial ramus relative to h)      1   0.200  1 --> 0 
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                                           101 (Dentary, thin lateral lamina obscuring tooth row in)      1   1.000  0 ==> 1 

                                           103 (Dentary, ventral profile: tapers to a V-shaped apex)      1   0.200  0 --> 1 

                                           128 (Axis, neural spine in lateral view: triangular (0),)      1   0.333  1 --> 0 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  1 --> 0 

                                           148 (Dorsal vertebrae, number (including sacral rod vert)      1   0.750  4 --> 1 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  1 --> 0 

                                           163 (Ilio?sacral block: dorsal shield of sacrum is perfo)      1   0.333  0 --> 1 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 --> 1 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 --> 0 

                                           230 (Ilium, supra?acetabular flange projects at 90 degre)      1   1.000  0 ==> 1 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  0 --> 1 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  1 --> 0 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  0 ==> 1 

 node_98 --> node_95                       102 (Dentary, tooth alveoli face: dorsally (0), dorsomed)      1   0.250  1 -

-> 0 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  1 --> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 1 

                                           137 (Mid-cervical vertebrae, notch at base of neural spi)      1   1.000  0 --> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 ==> 0 

                                           212 (Radius, ratio of length to humerus length, less tha)      1   0.333  1 --> 0 

                                           223 (Ilium, anterior iliac process: tranversely compress)      1   0.333  1 --> 0 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  0 --> 1 

                                           239 (Pubis, obturator notch is backed medially by poster)      1   0.333  1 ==> 0 

                                           337 (Tail spikes: are wider transversely than axially wi)      1   1.000  1 ==> 0 

 node_95 --> node_93                       160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  1 -

-> 0 

                                           177 (Mid-caudal vertebrae, neural spines hook-shaped wit)      1   1.000  0 ==> 1 

                                           179 (Mid and posterior caudal vertebrae, longitudinal ri)      1   0.200  0 --> 1 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  1 --> 0 

 node_93 --> node_92                       132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  1 --

> 0 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 ==> 2 
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                                           174 (Anterior caudal vertebrae, direction of the transve)      1   0.200  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  1 --> 0 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  0 ==> 1 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  1 --> 0 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 --> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  1 --> 2 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  2 --> 1 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 --> 0 

                                           340 (Ossified epaxial tendons on dorsal and/or sacral ve)      1   0.200  1 --> 0 

 node_92 --> Adratiklit                    135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  0 

==> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 ==> 2 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 ==> 1 

                                           149 (Dorsal vertebrae, anterior articular facet on centr)      1   0.500  0 ==> 2 

                                           151 (Dorsal vertebrae, small, triangular, rugose protube)      1   1.000  0 ==> 1 

                                           152 (Dorsal vertebrae, anterior centraparapophyseal lami)      1   1.000  0 ==> 1 

 node_92 --> Miragaia                      133 (Anterior cervical vertebrae, position of neural spi)      1   0.200  0 

==> 1 

                                           136 (Anterior cervical vertebrae, epipophyses : present )      1   0.500  0 ==> 1 

                                           140 (Cervical ribs, fused to cervical vertebrae: absent )      1   0.200  0 ==> 1 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 ==> 1 

 node_93 --> Kentrosaurus                  145 (Dorsal vertebrae, neural arch pedicle to neural can)      1   0.200  

1 ==> 0 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  1 ==> 0 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 ==> 1 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  5 --> 4 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  0 --> 1 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  0 ==> 1 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  1 ==> 0 

                                           311 (Parasagittal rows of dorsal plates : have a thick c)      1   0.333  1 ==> 0 

                                           326 (Pectoral osteoderms: absent (0), present (1 ).)           1   0.250  0 --> 1 

 node_95 --> node_94                       153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  1 

--> 0 
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                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 --> 1 

                                           163 (Ilio?sacral block: dorsal shield of sacrum is perfo)      1   0.333  1 --> 0 

                                           166 (First or second caudal vertebrae, bifurcated transv)      1   1.000  0 --> 1 

                                           171 (Anterior caudal vertebrae, dorsal process on transv)      1   1.000  0 ==> 1 

                                           183 (Posterior caudal vertebrae, transverse processes on)      1   0.333  1 --> 0 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 --> 1 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  0 --> 1 

                                           338 (Tail spikes length, relative to femur: less than 50)      1   1.000  0 --> 1 

 node_94 --> Alcovasaurus                  176 (Anterior and mid- caudal vertebrae, neural spines: )      1   0.500  

0 ==> 1 

                                           244 (Ischium, anterior and posterior surfaces of shaft: )      1   0.500  1 ==> 0 

                                           327 (Form of pectoral osteoderms: pectoral spikes (0), p)      1   0.333  1 --> 0 

 node_94 --> Loricatosaurus                174 (Anterior caudal vertebrae, direction of the transve)      1   0.200  1 

==> 0 

                                           178 (Mid-caudal vertebrae, anterior and posterior chevro)      1   1.000  0 ==> 1 

 node_98 --> node_97                       16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  

0 --> 1 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  1 --> 0 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  1 --> 0 

                                           84 (Form of cranial nerve XII: two foramina (0), three ()      1   0.400  0 --> 1 

                                           126 (Atlas, type of contact between the neural arches: n)      1   0.500  1 --> 0 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  1 --> 0 

                                           189 (Coracoid, foramen in lateral view: present (0), not)      1   0.333  0 --> 1 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  0 ==> 1 

                                           232 (Ilium, medial processes on posterior iliac processe)      1   0.500  0 ==> 1 

                                           238 (Pubis, anterior end of prepubis expanded dorsally: )      1   0.500  1 ==> 0 

                                           256 (Femur, fibula epicondyle medially inset: absent (0))      1   0.333  0 --> 1 

                                           260 (Metatarsal arrangement: compact, closely appressed )      1   0.200  0 --> 1 

                                           313 (Parasagittal rows of dorsal plates: paired (0), alt)      1   1.000  0 ==> 1 

                                           327 (Form of pectoral osteoderms: pectoral spikes (0), p)      1   0.333  1 --> 0 

 node_97 --> node_96                       10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 --> 1 

                                           31 (Maxilla: does not contact prefrontal (0), does conta)      1   0.250  1 --> 0 
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                                           51 (Lacrimal: contacts prefrontal (0), does not contact )      1   0.250  0 --> 1 

                                           52 (Lacrimal: long axis of main body orientated posterov)      1   0.333  0 --> 1 

                                           79 (Foramen magnum, cross-sectional area, relative to oc)      1   0.333  0 --> 1 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 --> 1 

                                           99 (Dentary, tooth row in lateral view: straight (0), si)      1   0.500  1 --> 0 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           129 (Axis, ventral margin: in lateral view flat (0), upw)      1   0.200  0 --> 1 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  0 --> 1 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 --> 1 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  1 --> 0 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  0 --> 1 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  0 --> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  2 --> 1 

                                           312 (Parasagittal rows of dorsal plates: taller dorsoven)      1   1.000  0 ==> 1 

                                           340 (Ossified epaxial tendons on dorsal and/or sacral ve)      1   0.200  1 --> 0 

 node_96 --> Hesperosaurus                 145 (Dorsal vertebrae, neural arch pedicle to neural can)      1   0.200  

1 ==> 0 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  0 ==> 1 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  0 --> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 ==> 1 

                                           189 (Coracoid, foramen in lateral view: present (0), not)      1   0.333  1 --> 0 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  1 --> 0 

                                           241 (Pubis, kink on dorsal edge of postpubis: absent (0))      1   0.500  1 ==> 0 

 node_96 --> Wuerhosaurus homheni           144 (Dorsal vertebrae, deep excavations between neural a)      1   

0.500  0 ==> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 ==> 1 

                                           237 (Pubis, postpubis to acetabular length ratio: less t)      1   0.400  1 ==> 2 

                                           239 (Pubis, obturator notch is backed medially by poster)      1   0.333  1 ==> 0 
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 node_97 --> Stegosaurus stenops           1 (Antorbital fenestra: present (0), absent (1).)              1   0.500  0 

==> 1 

                                           8 (Skull, overall shape in posterior view: dorsoventrall)      1   0.333  1 ==> 0 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 ==> 2 

                                           29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 ==> 1 

                                           60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  1 ==> 0 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  0 ==> 3 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  0 --> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 ==> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 ==> 0 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  1 ==> 0 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  2 ==> 1 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 ==> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  0 ==> 1 

                                           176 (Anterior and mid- caudal vertebrae, neural spines: )      1   0.500  0 ==> 1 

                                           179 (Mid and posterior caudal vertebrae, longitudinal ri)      1   0.200  0 ==> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  1 ==> 0 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  1 ==> 0 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 ==> 

0 

node_100 --> node_99                       77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 -

-> 0 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 --> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 --> 2 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  0 --> 1 

                                           117 (Maxillary/ dentary tooth, tooth crown striations: n)      1   0.250  0 --> 1 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  0 --> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           129 (Axis, ventral margin: in lateral view flat (0), upw)      1   0.200  0 --> 1 

                                           133 (Anterior cervical vertebrae, position of neural spi)      1   0.200  0 ==> 1 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 --> 2 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 --> 2 
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                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 --> 1 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 --> 1 

                                           206 (Humerus, anterior iliac process length to humerus l)      1   0.500  0 --> 1 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  1 --> 0 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  0 --> 1 

                                           237 (Pubis, postpubis to acetabular length ratio: less t)      1   0.400  1 --> 2 

 node_99 --> Dacentrurus                   131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  0 

==> 1 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 ==> 2 

                                           311 (Parasagittal rows of dorsal plates : have a thick c)      1   0.333  1 ==> 0 

node_102 --> node_101                      24 (Premaxilla-maxilla suture, oval depression: absent ()      1   1.000  0 

==> 1 

                                           74 (Quadrate-squamosal-paroccipital process articulation)      1   0.500  1 --> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 --> 1 

                                           97 (Jaw, position of articulation relative to dentary to)      1   0.200  0 --> 1 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  0 --> 1 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 --> 1 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 ==> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  1 ==> 0 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  1 --> 2 

                                           123 (Maxilla or dentary, tooth row: starts level with pr)      1   0.200  1 ==> 0 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 --> 0 

                                           127 (Contact between atlas and axis: articulated (0), fu)      1   0.333  0 --> 1 

                                           145 (Dorsal vertebrae, neural arch pedicle to neural can)      1   0.200  1 --> 0 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  0 --> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  1 --> 0 

                                           153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  1 --> 0 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  1 --> 0 

                                           157 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.333  1 --> 0 

                                           182 (Posterior caudal vertebrae, shape of postzygapophys)      1   0.333  1 --> 0 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  0 --> 1 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  0 --> 1 
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                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  2 --> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 --> 1 

                                           261 (Metatarsal IV: ratio of maximum length to maximum w)      1   0.500  1 --> 0 

                                           263 (Pedal digit IV: has five phalanges (0), has four ph)      1   0.667  2 --> 1 

node_101 --> Huayangosaurus                3 (Lateral temporal fenestra, anteroposterior length: mo)      1   

0.250  0 ==> 1 

                                           25 (Maxilla, dorsoventral depth to anteroposterior lengt)      1   0.200  0 ==> 1 

                                           57 (Postorbital, small projection on dorsal surface: abs)      1   1.000  0 ==> 1 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  0 ==> 1 

node_101 --> Isaberrysaura                 20 (Premaxilla, maxillary process projecting posterodors)      1   0.500  

1 ==> 0 

                                           31 (Maxilla: does not contact prefrontal (0), does conta)      1   0.250  1 ==> 0 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  2 ==> 1 

                                           51 (Lacrimal: contacts prefrontal (0), does not contact )      1   0.250  0 ==> 1 

                                           60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  1 ==> 0 

                                           62 (Jugal, posterior process, length relative to anterio)      1   1.000  0 ==> 1 

                                           64 (Quadratojugal, orientation of external surface: late)      1   0.400  0 ==> 1 

node_103 --> Gigantspinosaurus             121 (Dentary teeth, number in adult individuals: less th)      1   

0.300  1 --> 3 

                                           154 (Anterior dorsal vertebrae, prezygapophyses: face do)      1   0.500  1 ==> 0 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 ==> 1 

node_104 --> Chungkingosaurus              141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  

0 ==> 2 

                                           149 (Dorsal vertebrae, anterior articular facet on centr)      1   0.500  0 ==> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 ==> 1 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  0 ==> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  0 ==> 1 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  2 ==> 1 

                                           232 (Ilium, medial processes on posterior iliac processe)      1   0.500  0 ==> 1 

node_106 --> node_105                      25 (Maxilla, dorsoventral depth to anteroposterior lengt)      1   0.200  0 

--> 1 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 --> 1 

                                           124 (Maxilla or dentary, tooth row inset medially from t)      1   0.500  1 ==> 0 
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                                           175 (Anterior and mid caudal vertebrae, bulbous swelling)      1   0.250  0 --> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  1 --> 0 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  0 --> 1 

node_105 --> Paranthodon                   119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  

0 ==> 1 

node_105 --> Tuojiangosaurus               120 (Maxillary and/ or dentary teeth, number of denticle)      1   

0.077  0 ==> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 ==> 0 

node_164 --> node_163                      4 (Supratemporal fenestra, in dorsal view: open (0), clo)      1   1.000  0 

--> 1 

                                           13 (Premaxilla, shape of premaxillary palate in ventral )      1   0.667  0 --> 1 

                                           14 (Premaxillary palate, ratio of transverse width to an)      1   0.600  0 --> 1 

                                           17 (Premaxillary tomium (=subnarial portion of the prema)      1   0.250  0 --> 1 

                                           22 (Premaxilla, ventral margin in lateral view: flat (0))      1   1.000  0 --> 1 

                                           28 (Maxilla, anteroventral secondary palate: incomplete/)      1   0.500  0 --> 1 

                                           39 (Respiratory passage, nasal septum dividing the respi)      1   0.500  0 --> 1 

                                           40 (Nasal, transverse curvature of dorsal surface: flat )      1   0.500  1 --> 0 

                                           48 (Orbit, completely separated from the antorbital cavi)      1   0.500  0 --> 1 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  1 --> 0 

                                           63 (Quadratojugal: possesses dorsal process that extends)      1   0.500  0 --> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  0 --> 2 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  1 --> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  0 --> 1 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  0 --> 1 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  0 --> 1 

                                           96 (Jaw, position of articulation  relative to adductor )      1   0.333  0 ==> 1 

                                           131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  0 --> 3 

                                           160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  0 --> 1 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  0 --> 1 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 --> 1 

                                           198 (Scapula, blade: dorsal surface straight (0), dorsal)      1   0.500  0 --> 1 
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                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  0 --> 1 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 --> 0 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 --> 1 

                                           233 (Ilium, perforation of the acetabulum: open acetabul)      1   0.500  1 --> 2 

                                           237 (Pubis, postpubis to acetabular length ratio: less t)      1   0.400  1 --> 0 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  1 --> 2 

                                           267 (Skull roof, cortical remodelling: present in only s)      1   1.000  0 ==> 1 

                                           288 (Supraorbital caputegulae: absent (0), present (1).)       1   0.500  0 --> 1 

                                           290 (A single large medial polygon of ornamentation in t)      1   0.200  0 --> 1 

                                           293 (Squamosal/ postorbital horn: absent (0), present (1)      1   0.250  0 --> 1 

                                           299 (Jugal/ quadratojugal horn: absent (0), present (1 ))      1   0.250  0 --> 1 

                                           317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  0 --> 2 

                                           339 (Ossified tendons in distal region of tail: absent ()      1   0.500  0 --> 1 

node_163 --> node_162                      104 (Lower jaw, sinuous ventral margin, which parallels )      1   0.200  

0 --> 1 

                                           105 (Coronoid process: low and rounded, projecting only )      1   0.200  0 --> 1 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  0 --> 1 

                                           117 (Maxillary/ dentary tooth, tooth crown striations: n)      1   0.250  0 ==> 1 

node_162 --> node_161                      14 (Premaxillary palate, ratio of transverse width to an)      1   0.600  1 

--> 2 

                                           69 (Quadrate, axis extending through condyles in posteri)      1   0.167  1 --> 0 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 --> 1 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  0 --> 1 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  3 --> 4 

node_161 --> node_160                      112 (Predentary, foramina on lateral side: absent (0), p)      1   1.000  0 -

-> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 ==> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  1 --> 0 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  0 ==> 1 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  0 --> 1 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  1 --> 0 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  0 --> 1 
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                                           290 (A single large medial polygon of ornamentation in t)      1   0.200  1 --> 0 

node_160 --> node_159                      7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 

==> 2 

                                           16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  0 --> 1 

                                           133 (Anterior cervical vertebrae, position of neural spi)      1   0.200  0 --> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  0 --> 1 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  0 --> 1 

                                           242 (Ischium, distinct angle at approximately midlength:)      1   0.250  0 --> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  2 --> 0 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  0 --> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  0 ==> 1 

node_159 --> node_158                      3 (Lateral temporal fenestra, anteroposterior length: mo)      1   0.250  0 

==> 1 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  1 --> 0 

                                           37 (Shape of respiratory passage: straight or arched (0))      1   0.500  0 --> 1 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  2 --> 0 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  1 --> 0 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  1 ==> 0 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  1 --> 0 

                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  0 ==> 6 

                                           129 (Axis, ventral margin: in lateral view flat (0), upw)      1   0.200  0 ==> 1 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 1 

                                           175 (Anterior and mid caudal vertebrae, bulbous swelling)      1   0.250  0 ==> 1 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 ==> 1 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  0 ==> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  1 --> 0 

                                           320 (Cervical half rings, distal spines : absent (0), pr)      1   0.200  0 --> 1 

                                           322 (Cervical half rings, median osteoderms of the cervi)      1   0.200  0 --> 1 

node_158 --> node_151                      16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  

1 --> 0 

                                           18 (Premaxillary tomium, posteroventral extension in lat)      1   0.500  0 --> 1 

                                           25 (Maxilla, dorsoventral depth to anteroposterior lengt)      1   0.200  0 --> 1 
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                                           49 (Development of the postocular shelf: not developed ()      1   0.250  0 ==> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  1 --> 0 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  0 --> 1 

                                           69 (Quadrate, axis extending through condyles in posteri)      1   0.167  0 --> 1 

                                           72 (Quadrate: fossa/fenestra absent (0), present (1).)         1   0.250  1 --> 0 

                                           90 (Pterygoid foramen: absent (0), present (1).)               1   0.250  1 --> 0 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  0 --> 1 

                                           130 (Cervical vertebrae, number: seven (0), eight (1), n)      1   0.750  1 --> 0 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  1 --> 0 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  1 ==> 2 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  1 --> 0 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  0 ==> 1 

                                           236 (Pubis, prepubis to postpubis length ratio: less tha)      1   0.500  1 --> 0 

                                           304 (Jugal/ quadratojugal horn, maximum length relative )      1   1.000  0 --> 1 

node_151 --> node_149                      80 (Paroccipital processes, direction of extension: post)      1   0.167  0 -

-> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 --> 1 

                                           115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  0 ==> 1 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  1 --> 0 

                                           134 (Anterior cervical vertebrae, ratio of maximum neura)      1   1.000  0 ==> 1 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  1 --> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 ==> 1 

                                           212 (Radius, ratio of length to humerus length, less tha)      1   0.333  1 ==> 0 

                                           215 (Number of manual digits: five (0), four (1), three )      1   0.667  0 --> 1 

                                           254 (Femur, maximum length to humerus length ratio: 1.3 )      1   0.200  1 --> 0 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  0 ==> 1 

                                           262 (Number of pedal digits: five (0), four (1), three ()      1   0.667  1 ==> 2 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  0 --> 1 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  1 --> 0 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  0 ==> 2 

node_149 --> node_135                      2 (Lateral temporal fenestra: present (0), absent (1).)        1   1.000  0 --> 

1 
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                                           7 (Posterior margin of the skull, transverse width (incl)      1   0.182  2 ==> 0 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  0 --> 1 

                                           52 (Lacrimal: long axis of main body orientated posterov)      1   0.333  0 --> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  0 --> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 --> 0 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  0 --> 1 

                                           96 (Jaw, position of articulation  relative to adductor )      1   0.333  1 --> 0 

                                           138 (Posterior cervical vertebrae, postzygapophyses: not)      1   0.200  1 --> 0 

                                           140 (Cervical ribs, fused to cervical vertebrae: absent )      1   0.200  0 --> 1 

                                           158 (Dorsal ribs, shape of the proximal cross-section : )      1   0.250  1 --> 0 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  0 ==> 1 

                                           182 (Posterior caudal vertebrae, shape of postzygapophys)      1   0.333  1 --> 0 

                                           184 (Posterior caudal vertebrae, shape of the haemal arc)      1   1.000  0 ==> 1 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  3 ==> 2 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  1 --> 0 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  1 ==> 0 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  1 --> 0 

                                           216 (Metacarpal II to humerus length ratio, 0.2 or below)      1   0.333  1 --> 0 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  0 --> 1 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 --> 1 

                                           302 (Jugal/ quadratojugal horn, size relative to orbit s)      1   0.333  0 ==> 1 

                                           303 (Jugal/ quadratojugal horn: obscures ventral-most po)      1   0.200  1 --> 0 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 ==> 1 

node_135 --> node_134                      9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  0 --

> 1 

                                           16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  0 --> 1 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  0 --> 1 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  0 --> 2 

                                           104 (Lower jaw, sinuous ventral margin, which parallels )      1   0.200  1 --> 0 

                                           158 (Dorsal ribs, shape of the proximal cross-section : )      1   0.250  0 --> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 ==> 1 

                                           180 (Posterior caudal vertebrae, extent of pre- and post)      1   0.333  0 --> 1 
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                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  4 --> 1 

                                           326 (Pectoral osteoderms: absent (0), present (1 ).)           1   0.250  1 --> 0 

                                           332 (Caudal osteoderms, morphology in dorsal view: trian)      1   0.500  0 ==> 1 

node_134 --> node_131                      193 (Scapula, form of the acromial process: not develope)      1   0.556  

2 ==> 1 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  1 --> 0 

                                           242 (Ischium, distinct angle at approximately midlength:)      1   0.250  1 --> 0 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  1 --> 0 

node_131 --> Ahshislepelta                 195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  1 

==> 0 

                                           323 (Osteoderms on proximal limb segments: absent (0), p)      1   0.250  0 ==> 1 

node_131 --> node_130                      315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  1 

==> 0 

                                           325 (Ossicles: absent (0), present (1).)                       1   0.200  1 ==> 0 

node_130 --> node_129                      50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  0 

--> 1 

                                           84 (Form of cranial nerve XII: two foramina (0), three ()      1   0.400  0 ==> 1 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  1 --> 0 

                                           140 (Cervical ribs, fused to cervical vertebrae: absent )      1   0.200  1 --> 0 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  1 ==> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  1 --> 0 

                                           198 (Scapula, blade: dorsal surface straight (0), dorsal)      1   0.500  1 ==> 0 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  1 ==> 0 

                                           265 (Pedal digit I: metatarsal I robust and well-develop)      1   1.000  0 ==> 2 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  1 --> 0 

node_129 --> node_125                      26 (Maxilla, transverse distance between posterior-most )      1   0.200  

0 --> 2 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  0 --> 1 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 --> 0 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  1 --> 0 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  1 --> 0 

                                           105 (Coronoid process: low and rounded, projecting only )      1   0.200  1 --> 0 
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                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 --> 0 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 --> 1 

                                           160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  1 --> 0 

                                           182 (Posterior caudal vertebrae, shape of postzygapophys)      1   0.333  0 --> 1 

                                           199 (Sternal plates: separate (0), fused (1).)                 1   1.000  0 --> 1 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 ==> 1 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  0 --> 1 

                                           215 (Number of manual digits: five (0), four (1), three )      1   0.667  1 --> 0 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  1 --> 0 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  1 --> 2 

                                           263 (Pedal digit IV: has five phalanges (0), has four ph)      1   0.667  2 --> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 --> 2 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  1 --> 4 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 --> 1 

                                           322 (Cervical half rings, median osteoderms of the cervi)      1   0.200  1 --> 0 

                                           333 (Tail club knob: absent (0), present (1).)                 1   1.000  0 ==> 1 

node_125 --> node_124                      11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  1 

==> 0 

                                           16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  1 --> 0 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  1 ==> 0 

                                           31 (Maxilla: does not contact prefrontal (0), does conta)      1   0.250  1 --> 0 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  1 --> 2 

                                           46 (Form of supraorbitals: boss-like, rounded laterally )      1   1.000  0 --> 1 

                                           52 (Lacrimal: long axis of main body orientated posterov)      1   0.333  1 --> 0 

                                           54 (Frontal: anteroposteriorly longer than wide transver)      1   1.000  0 --> 1 

                                           217 (Metacarpal I, ratio of length to metacarpal III: le)      1   0.500  0 --> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 --> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  0 --> 1 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  0 --> 1 

                                           279 (Supranarial caputegulae: absent (0), present (1 ).)       1   0.250  0 ==> 1 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  0 ==> 2 

                                           289 (Supraorbital caputegulae: combine to form continuou)      1   0.250  0 ==> 1 
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                                           300 (Jugal/ quadratojugal horn, shape in dorsal view: U-)      1   0.250  0 ==> 1 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  0 --> 1 

node_124 --> node_121                      6 (Maximum skull dimensions, including ornamentation: an)      1   

0.200  0 ==> 1 

                                           10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 --> 2 

                                           21 (Premaxilla, posterodorsally-projecting nasal process)      1   0.250  0 ==> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  0 --> 2 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  1 --> 2 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  1 --> 3 

                                           273 (Skull roof caputegulae: rounded cones with circular)      1   1.000  0 ==> 1 

                                           280 (Supranarial caputegulae , notch or embayment dorsal)      1   0.500  0 ==> 1 

node_121 --> Akainacephalus                29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  

0 ==> 1 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  1 ==> 0 

                                           35 (External nares, in anterior view: not visible (0), v)      1   0.333  1 ==> 0 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 0 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 ==> 1 

                                           105 (Coronoid process: low and rounded, projecting only )      1   0.200  0 --> 1 

                                           131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  1 ==> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 2 

                                           138 (Posterior cervical vertebrae, postzygapophyses: not)      1   0.200  0 ==> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 ==> 4 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  1 ==> 0 

                                           195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  1 ==> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 --> 1 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 ==> 0 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 ==> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 2 

                                           254 (Femur, maximum length to humerus length ratio: 1.3 )      1   0.200  0 --> 1 
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                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 ==> 

0 

                                           269 (Skull roof, distribution of caputegulae: random (0))      1   0.333  0 ==> 1 

                                           270 (Skull roof, form of caputegulae: flat (0), raised ()      1   0.500  0 ==> 2 

                                           276 (Skull roof caputugulae, large, flat and centrally p)      1   1.000  0 ==> 1 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  2 ==> 1 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  4 ==> 2 

                                           303 (Jugal/ quadratojugal horn: obscures ventral-most po)      1   0.200  0 --> 1 

                                           320 (Cervical half rings, distal spines : absent (0), pr)      1   0.200  1 ==> 0 

                                           335 (Tail club knob proportions: anteroposterior length )      1   0.500  0 ==> 2 

node_121 --> node_120                      7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 -

-> 2 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 --> 2 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  1 --> 0 

                                           36 (Paranasal apertures/fossae: no fossae or apertures p)      1   0.200  0 --> 1 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 --> 1 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  0 --> 1 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  1 --> 0 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  0 --> 1 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  0 --> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 --> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 --> 1 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  1 ==> 0 

                                           208 (Humerus, circular bulge on posterior surface of del)      1   1.000  0 --> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  1 --> 2 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  0 --> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 --> 0 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  0 ==> 1 

                                           318 (Cervical half rings, forms: composed of osteoderms )      1   0.500  0 --> 2 

node_120 --> node_119                      164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  1 -

-> 3 

                                           181 (Posterior caudal vertebrae: centra are elongate (0))      1   0.667  0 ==> 1 
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                                           183 (Posterior caudal vertebrae, transverse processes on)      1   0.333  1 --> 0 

                                           322 (Cervical half rings, median osteoderms of the cervi)      1   0.200  0 --> 1 

node_119 --> node_118                      7 (Posterior margin of the skull, transverse width (incl)      1   0.182  2 -

-> 0 

                                           14 (Premaxillary palate, ratio of transverse width to an)      1   0.600  2 ==> 3 

                                           21 (Premaxilla, posterodorsally-projecting nasal process)      1   0.250  1 --> 0 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  1 ==> 2 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  0 --> 1 

                                           36 (Paranasal apertures/fossae: no fossae or apertures p)      1   0.200  1 --> 0 

                                           38 (Posterior nasal passage (airway), vascular impressio)      1   0.500  0 --> 1 

                                           45 (Number of palpebral/supraorbitals: one (0), two (1),)      1   0.286  2 --> 1 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  2 --> 1 

                                           115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  1 --> 0 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 --> 1 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 --> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  1 --> 0 

                                           194 (Scapulocoracoid, lateral buttress: absent (0), pres)      1   0.500  0 ==> 1 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 --> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  1 --> 0 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  1 ==> 0 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  0 --> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  0 --> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  2 ==> 3 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  4 ==> 3 

node_118 --> node_116                      16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  

0 --> 1 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  0 --> 1 

                                           280 (Supranarial caputegulae , notch or embayment dorsal)      1   0.500  1 ==> 0 

                                           289 (Supraorbital caputegulae: combine to form continuou)      1   0.250  1 ==> 0 

node_116 --> node_111                      21 (Premaxilla, posterodorsally-projecting nasal process)      1   0.250  0 

--> 1 
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                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 ==> 1 

                                           127 (Contact between atlas and axis: articulated (0), fu)      1   0.333  0 --> 1 

                                           129 (Axis, ventral margin: in lateral view flat (0), upw)      1   0.200  1 --> 0 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  0 ==> 1 

                                           185 (Tail club handle vertebrae, shape of each interlock)      1   0.500  0 --> 1 

                                           187 (Coracoid, form of the anterior margin: convex (0), )      1   0.333  0 --> 1 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  2 --> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

                                           320 (Cervical half rings, distal spines : absent (0), pr)      1   0.200  1 --> 0 

                                           334 (Tail club knob shape: major knob osteoderms semicir)      1   1.000  0 ==> 1 

node_111 --> Ankylosaurus                  32 (Internal nares, bone bordering anterior margin: prem)      1   

0.333  0 ==> 1 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  2 ==> 3 

                                           35 (External nares, in anterior view: not visible (0), v)      1   0.333  1 ==> 0 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 ==> 1 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  1 ==> 0 

                                           59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  1 ==> 0 

                                           70 (Quadrate, dorsoventral height of the pterygoid proce)      1   0.333  1 ==> 0 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  0 ==> 1 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  0 ==> 1 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  1 ==> 0 

                                           106 (Lower jaw, retroarticular process, size and project)      1   0.250  0 ==> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  1 ==> 0 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 ==> 3 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  1 ==> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 ==> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 ==> 0 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  3 ==> 2 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  0 ==> 1 

node_111 --> node_110                      67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 --

> 0 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 --> 0 
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                                           115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  0 --> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  1 --> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 2 

                                           140 (Cervical ribs, fused to cervical vertebrae: absent )      1   0.200  0 --> 1 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  1 --> 0 

                                           317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  2 --> 1 

                                           319 (Cervical half rings, composition of first cervical )      1   1.000  1 ==> 2 

                                           335 (Tail club knob proportions: anteroposterior length )      1   0.500  0 --> 2 

node_110 --> Anodontosaurus                6 (Maximum skull dimensions, including ornamentation: an)      1   

0.200  1 ==> 0 

                                           95 (Palate, posterior foramen: absent (0), present (1).)       1   0.250  0 ==> 1 

                                           97 (Jaw, position of articulation relative to dentary to)      1   0.200  0 ==> 1 

                                           287 (Postocular caputegulae: absent (0), present (1).)         1   0.333  0 ==> 1 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  3 ==> 1 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  1 ==> 0 

                                           322 (Cervical half rings, median osteoderms of the cervi)      1   0.200  1 ==> 0 

node_110 --> node_109                      26 (Maxilla, transverse distance between posterior-most )      1   0.200  

2 --> 0 

                                           36 (Paranasal apertures/fossae: no fossae or apertures p)      1   0.200  0 --> 1 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  1 --> 0 

                                           105 (Coronoid process: low and rounded, projecting only )      1   0.200  0 --> 1 

                                           270 (Skull roof, form of caputegulae: flat (0), raised ()      1   0.500  0 ==> 2 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  3 --> 1 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  0 --> 1 

                                           294 (Squamosal/ postorbital horn, overall shape: pyramid)      1   1.000  0 ==> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  1 --> 0 

                                           320 (Cervical half rings, distal spines : absent (0), pr)      1   0.200  0 --> 1 

node_109 --> node_108                      291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  

3 ==> 2 

node_108 --> node_107                      33 (Narial embayment, defined as the outermost rim of th)      1   0.300  

2 ==> 1 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 --> 0 
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                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  0 --> 1 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  1 --> 0 

                                           90 (Pterygoid foramen: absent (0), present (1).)               1   0.250  0 --> 1 

                                           94 (Vomer, groove on ventral margin: absent (0), present)      1   0.250  0 --> 1 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  1 --> 2 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  2 --> 1 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  1 ==> 0 

                                           301 (Jugal/quadratojugal horn: lacks distinct neck at ba)      1   0.250  0 ==> 1 

node_107 --> Minotaurasaurus               16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   

0.111  1 ==> 0 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 ==> 0 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  1 ==> 2 

                                           97 (Jaw, position of articulation relative to dentary to)      1   0.200  0 ==> 1 

                                           105 (Coronoid process: low and rounded, projecting only )      1   0.200  1 --> 0 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  1 ==> 0 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  1 ==> 2 

                                           286 (Accessory postorbital osteoderm: absent (0), presen)      1   1.000  0 ==> 1 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  0 ==> 2 

node_107 --> Tarchia teresae               11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  0 

==> 1 

                                           36 (Paranasal apertures/fossae: no fossae or apertures p)      1   0.200  1 --> 0 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 ==> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  0 ==> 1 

                                           106 (Lower jaw, retroarticular process, size and project)      1   0.250  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 ==> 1 

                                           123 (Maxilla or dentary, tooth row: starts level with pr)      1   0.200  1 ==> 0 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  3 ==> 1 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  1 ==> 0 

node_108 --> Saichania                     10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  2 ==> 

1 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  1 ==> 0 
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                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  1 ==> 0 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 ==> 0 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  3 ==> 4 

node_109 --> Tarchia kielanae              10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  2 

==> 0 

                                           48 (Orbit, completely separated from the antorbital cavi)      1   0.500  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 ==> 2 

node_116 --> node_115                      34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  1 --> 

0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 --> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 0 

                                           84 (Form of cranial nerve XII: two foramina (0), three ()      1   0.400  1 --> 0 

                                           95 (Palate, posterior foramen: absent (0), present (1).)       1   0.250  0 --> 1 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 --> 1 

                                           133 (Anterior cervical vertebrae, position of neural spi)      1   0.200  1 ==> 0 

                                           195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  1 --> 0 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  0 --> 1 

                                           285 (Ciliary osteoderm (eyelid ossification): absent (0))      1   0.500  0 --> 1 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  3 --> 1 

                                           323 (Osteoderms on proximal limb segments: absent (0), p)      1   0.250  0 --> 1 

node_115 --> Antarctopelta                 118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  

0 ==> 1 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 ==> 2 

                                           181 (Posterior caudal vertebrae: centra are elongate (0))      1   0.667  1 ==> 2 

                                           325 (Ossicles: absent (0), present (1).)                       1   0.200  0 ==> 1 

node_115 --> node_114                      114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  

1 --> 0 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 ==> 1 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  0 --> 1 

                                           138 (Posterior cervical vertebrae, postzygapophyses: not)      1   0.200  0 --> 1 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  2 --> 0 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  2 --> 0 
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node_114 --> node_113                      6 (Maximum skull dimensions, including ornamentation: an)      1   

0.200  1 --> 0 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  2 --> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 ==> 3 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  1 --> 0 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 ==> 1 

                                           277 (Premaxillary beak, caputegulae: absent (0), present)      1   0.200  0 --> 1 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  0 --> 1 

                                           300 (Jugal/ quadratojugal horn, shape in dorsal view: U-)      1   0.250  1 ==> 0 

node_113 --> node_112                      7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 -

-> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  0 --> 1 

                                           115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  0 ==> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  1 --> 0 

                                           140 (Cervical ribs, fused to cervical vertebrae: absent )      1   0.200  0 --> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  1 --> 0 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 --> 0 

                                           158 (Dorsal ribs, shape of the proximal cross-section : )      1   0.250  1 --> 0 

                                           219 (Phalanges, shape of manual and pedal unguals in dor)      1   0.500  1 --> 2 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 --> 1 

                                           301 (Jugal/quadratojugal horn: lacks distinct neck at ba)      1   0.250  0 --> 1 

                                           322 (Cervical half rings, median osteoderms of the cervi)      1   0.200  1 --> 0 

node_112 --> Dyoplosaurus                  12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  2 

==> 0 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 ==> 2 

                                           179 (Mid and posterior caudal vertebrae, longitudinal ri)      1   0.200  0 ==> 1 

node_112 --> Scolosaurus                   165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  

0 ==> 1 

                                           260 (Metatarsal arrangement: compact, closely appressed )      1   0.200  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  3 ==> 2 

node_113 --> Euoplocephalus                10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  2 

==> 1 

                                           157 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.333  1 ==> 0 
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                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  2 ==> 1 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  1 ==> 0 

                                           303 (Jugal/ quadratojugal horn: obscures ventral-most po)      1   0.200  0 ==> 1 

node_114 --> Zuul                          10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  2 ==> 0 

                                           16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  1 --> 0 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 ==> 1 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  1 --> 2 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  0 ==> 1 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  1 ==> 0 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 ==> 1 

                                           272 (Skull roof caputegulae: directed dorsally (0), imbr)      1   1.000  0 ==> 1 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  1 --> 0 

                                           287 (Postocular caputegulae: absent (0), present (1).)         1   0.333  0 ==> 1 

                                           296 (Squamosal/ postorbital horn, longitudinal furrows o)      1   1.000  0 ==> 1 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  0 ==> 1 

node_118 --> node_117                      6 (Maximum skull dimensions, including ornamentation: an)      1   

0.200  1 ==> 0 

                                           17 (Premaxillary tomium (=subnarial portion of the prema)      1   0.250  1 --> 0 

                                           26 (Maxilla, transverse distance between posterior-most )      1   0.200  2 --> 0 

                                           29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 --> 1 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  1 ==> 0 

                                           60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  1 --> 0 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 --> 0 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  1 --> 0 

                                           301 (Jugal/quadratojugal horn: lacks distinct neck at ba)      1   0.250  0 --> 1 

                                           303 (Jugal/ quadratojugal horn: obscures ventral-most po)      1   0.200  0 --> 1 

                                           321 (Cervical half rings, distal spines projection direc)      1   0.333  0 --> 1 

node_117 --> Crichtonpelta                 10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  2 

==> 0 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  1 ==> 0 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  0 ==> 2 
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node_117 --> Ziapelta                      49 (Development of the postocular shelf: not developed ()      1   0.250  1 

==> 0 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  1 ==> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 ==> 1 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  1 --> 2 

                                           270 (Skull roof, form of caputegulae: flat (0), raised ()      1   0.500  0 ==> 1 

node_119 --> Pinacosaurus grangeri         67 (Quadrate, inclination in lateral view: less than or )      1   0.200  

2 ==> 3 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  0 ==> 1 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  1 ==> 0 

                                           95 (Palate, posterior foramen: absent (0), present (1).)       1   0.250  0 ==> 1 

                                           110 (Surangular, medial inflection of dorsal margin form)      1   0.500  0 ==> 1 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 ==> 1 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 ==> 1 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 1 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  1 ==> 0 

                                           168 (Anterior caudal vertebrae, centra:  anteroposterior)      1   0.500  2 ==> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 0 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  0 ==> 2 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  2 ==> 3 

                                           300 (Jugal/ quadratojugal horn, shape in dorsal view: U-)      1   0.250  1 ==> 0 

node_120 --> Pinacosaurus mephistocephalus 10 (Skull roof, highest point: posterior to orbits (0), )      1   

0.118  2 --> 0 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  1 ==> 2 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 ==> 2 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  1 --> 0 

node_124 --> node_123                      60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  1 ==> 

0 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 --> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  0 --> 1 



512 
 

node_123 --> node_122                      29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 

--> 1 

                                           32 (Internal nares, bone bordering anterior margin: prem)      1   0.333  0 --> 1 

                                           53 (Frontal, scroll-like descending process in ventral v)      1   1.000  0 --> 1 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  1 --> 0 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 --> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 ==> 0 

                                           270 (Skull roof, form of caputegulae: flat (0), raised ()      1   0.500  0 ==> 2 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  1 --> 0 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  1 --> 0 

                                           297 (Squamosal/postorbital horn: directed dorsally (0), )      1   0.300  4 ==> 3 

node_122 --> Nodocephalosaurus             10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 

==> 1 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  0 --> 2 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  2 ==> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 ==> 0 

                                           289 (Supraorbital caputegulae: combine to form continuou)      1   0.250  1 ==> 0 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  0 ==> 1 

node_122 --> Zaraapelta                    287 (Postocular caputegulae: absent (0), present (1).)         1   0.333  0 

==> 1 

node_123 --> Tsagantegia                   33 (Narial embayment, defined as the outermost rim of th)      1   0.300  

1 ==> 2 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  1 --> 0 

                                           69 (Quadrate, axis extending through condyles in posteri)      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 2 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  1 --> 0 

                                           269 (Skull roof, distribution of caputegulae: random (0))      1   0.333  0 ==> 1 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  1 --> 2 

                                           275 (Skull roof caputegulae, rhomboidal and trapezoidal )      1   1.000  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  2 ==> 1 
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node_125 --> Jinyunpelta                   9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  1 

==> 0 

                                           10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 ==> 1 

                                           30 (Maxilla, triangular fossa on anterodorsal edge: abse)      1   1.000  0 ==> 1 

                                           36 (Paranasal apertures/fossae: no fossae or apertures p)      1   0.200  0 ==> 1 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  1 --> 0 

                                           56 (Postorbital, forms posterior rim of orbit: present ()      1   1.000  0 ==> 1 

                                           98 (Dentary, depth of the symphysial ramus relative to h)      1   0.200  1 ==> 0 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  1 ==> 0 

                                           185 (Tail club handle vertebrae, shape of each interlock)      1   0.500  0 ==> 1 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  1 ==> 0 

                                           218 (Metacarpal V, ratio of length to metacarpal III: le)      1   0.500  1 ==> 0 

                                           277 (Premaxillary beak, caputegulae: absent (0), present)      1   0.200  0 ==> 1 

                                           302 (Jugal/ quadratojugal horn, size relative to orbit s)      1   0.333  1 ==> 0 

node_129 --> node_128                      12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 -

-> 2 

                                           15 (Premaxilla, deep longitudinal furrow on anterior por)      1   1.000  0 ==> 1 

                                           29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 ==> 2 

                                           41 (Nasal: contributes to lateral surface of skull (0), )      1   1.000  0 --> 1 

                                           51 (Lacrimal: contacts prefrontal (0), does not contact )      1   0.250  0 --> 1 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  2 ==> 1 

                                           70 (Quadrate, dorsoventral height of the pterygoid proce)      1   0.333  1 --> 0 

                                           72 (Quadrate: fossa/fenestra absent (0), present (1).)         1   0.250  0 --> 1 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  1 ==> 0 

                                           90 (Pterygoid foramen: absent (0), present (1).)               1   0.250  0 --> 1 

                                           106 (Lower jaw, retroarticular process, size and project)      1   0.250  0 --> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  1 --> 0 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 ==> 1 

                                           163 (Ilio?sacral block: dorsal shield of sacrum is perfo)      1   0.333  0 --> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  0 --> 1 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 --> 0 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  1 --> 0 
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                                           212 (Radius, ratio of length to humerus length, less tha)      1   0.333  0 --> 1 

                                           213 (Radius, ratio of transverse width of distal end to )      1   0.250  1 --> 0 

                                           214 (Radius, ratio of transverse width at proximal end t)      1   0.667  2 --> 0 

                                           218 (Metacarpal V, ratio of length to metacarpal III: le)      1   0.500  1 --> 2 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  1 ==> 0 

                                           249 (Femur, anterior trochanter fusion to greater trocha)      1   0.500  1 ==> 0 

                                           255 (Femur, length to tibia length ratio: 1.2 or below ()      1   0.333  1 --> 0 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  0 ==> 1 

                                           303 (Jugal/ quadratojugal horn: obscures ventral-most po)      1   0.200  0 --> 1 

                                           305 (Mandibular caputegulum : absent (0), present (1).)        1   0.250  1 ==> 0 

                                           321 (Cervical half rings, distal spines projection direc)      1   0.333  0 --> 1 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  2 --> 1 

node_128 --> node_127                      10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 --> 

2 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 --> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 0 

                                           219 (Phalanges, shape of manual and pedal unguals in dor)      1   0.500  1 ==> 2 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 --> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

node_127 --> node_126                      6 (Maximum skull dimensions, including ornamentation: an)      1   

0.200  0 --> 1 

                                           11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  1 --> 0 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 --> 1 

                                           180 (Posterior caudal vertebrae, extent of pre- and post)      1   0.333  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 --> 1 

                                           214 (Radius, ratio of transverse width at proximal end t)      1   0.667  0 --> 1 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 --> 1 

                                           245 (Ischium, constriction at midlength: absent (0), pre)      1   1.000  0 --> 1 

                                           318 (Cervical half rings, forms: composed of osteoderms )      1   0.500  0 ==> 2 

node_126 --> Chuanqilong                   317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  

2 ==> 1 

node_127 --> Liaoningosaurus               114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   

0.100  0 --> 1 
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                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 ==> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  1 ==> 0 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  1 ==> 0 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 --> 1 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  1 ==> 0 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 ==> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 0 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 ==> 

0 

                                           339 (Ossified tendons in distal region of tail: absent ()      1   0.500  1 ==> 0 

                                           340 (Ossified epaxial tendons on dorsal and/or sacral ve)      1   0.200  0 ==> 1 

node_128 --> Gobisaurus                    29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  2 

==> 1 

                                           59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 2 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  0 ==> 1 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  1 ==> 2 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  0 ==> 1 

node_128 --> Kunbarrasaurus                1 (Antorbital fenestra: present (0), absent (1).)              1   0.500  0 

==> 1 

                                           5 (Antorbital, lateral temporal and supratemporal fenest)      1   0.500  1 ==> 0 

                                           7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 ==> 2 

                                           9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  1 ==> 0 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  2 --> 0 

                                           69 (Quadrate, axis extending through condyles in posteri)      1   0.167  1 ==> 0 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 ==> 0 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  0 ==> 1 

                                           80 (Paroccipital processes, direction of extension: post)      1   0.167  1 ==> 0 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 ==> 2 

                                           115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  1 ==> 0 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  1 ==> 0 
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                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  0 ==> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 ==> 0 

                                           293 (Squamosal/ postorbital horn: absent (0), present (1)      1   0.250  1 ==> 0 

                                           317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  2 ==> 1 

                                           325 (Ossicles: absent (0), present (1).)                       1   0.200  0 ==> 1 

node_130 --> Aletopelta                    156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 

==> 2 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 ==> 0 

                                           224 (Ilium, anterior iliac process: has a blunt rounded )      1   0.143  0 ==> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 2 

node_130 --> Talarurus                     10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 ==> 

1 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 ==> 1 

                                           55 (Frontal, V-shaped upraised area: absent (0), present)      1   1.000  0 ==> 1 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 2 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 2 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 ==> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  1 ==> 2 

                                           168 (Anterior caudal vertebrae, centra:  anteroposterior)      1   0.500  2 ==> 0 

                                           174 (Anterior caudal vertebrae, direction of the transve)      1   0.200  0 ==> 1 

                                           187 (Coracoid, form of the anterior margin: convex (0), )      1   0.333  0 ==> 1 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 ==> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  0 ==> 2 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  1 ==> 2 

                                           260 (Metatarsal arrangement: compact, closely appressed )      1   0.200  0 ==> 1 

                                           289 (Supraorbital caputegulae: combine to form continuou)      1   0.250  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 ==> 3 

                                           340 (Ossified epaxial tendons on dorsal and/or sacral ve)      1   0.200  0 ==> 1 
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node_134 --> node_133                      132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 -

-> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 ==> 5 

                                           179 (Mid and posterior caudal vertebrae, longitudinal ri)      1   0.200  0 ==> 1 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  0 --> 1 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 --> 0 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 --> 0 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  2 ==> 1 

node_133 --> node_132                      160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  1 

==> 0 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  1 --> 0 

node_132 --> Dongyangopelta                156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  

5 ==> 2 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

node_133 --> Spearpoint ankylosaur                    167 (Anterior caudal vertebrae, centra in anterior/poste)      

1   0.111  0 ==> 1 

node_135 --> Borealopelta                  19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  1 

==> 0 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  1 --> 3 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  0 ==> 1 

                                           290 (A single large medial polygon of ornamentation in t)      1   0.200  0 ==> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

node_135 --> Mymoorapelta                  142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  

0 ==> 2 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 ==> 0 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  1 ==> 0 

                                           153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  1 ==> 0 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 ==> 1 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  1 --> 0 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  2 ==> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 
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                                           233 (Ilium, perforation of the acetabulum: open acetabul)      1   0.500  2 ==> 1 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  1 ==> 0 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  2 ==> 1 

node_135 --> Stegopelta                    131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  1 

==> 0 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 ==> 1 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  1 ==> 0 

node_149 --> node_148                      13 (Premaxilla, shape of premaxillary palate in ventral )      1   0.667  1 

==> 2 

                                           64 (Quadratojugal, orientation of external surface: late)      1   0.400  0 --> 1 

                                           76 (Occipital condyle, offset from the ventral braincase)      1   0.143  0 ==> 1 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  0 --> 1 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 --> 1 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  0 --> 1 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 ==> 1 

                                           148 (Dorsal vertebrae, number (including sacral rod vert)      1   0.750  4 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 --> 2 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  1 ==> 0 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 --> 0 

                                           293 (Squamosal/ postorbital horn: absent (0), present (1)      1   0.250  1 --> 0 

                                           328 (Projection of pectoral spikes: anterolaterally (0),)      1   1.000  2 --> 0 

node_148 --> node_140                      19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  1 

--> 0 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  0 --> 1 

                                           68 (Quadrate, anterior surface: transversely concave (0))      1   0.167  1 --> 0 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  1 --> 2 

                                           102 (Dentary, tooth alveoli face: dorsally (0), dorsomed)      1   0.250  0 --> 1 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  1 --> 0 

                                           127 (Contact between atlas and axis: articulated (0), fu)      1   0.333  0 ==> 1 

                                           133 (Anterior cervical vertebrae, position of neural spi)      1   0.200  1 --> 0 

                                           136 (Anterior cervical vertebrae, epipophyses : present )      1   0.500  0 --> 1 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 --> 1 
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                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 --> 1 

                                           215 (Number of manual digits: five (0), four (1), three )      1   0.667  1 --> 2 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 --> 2 

                                           254 (Femur, maximum length to humerus length ratio: 1.3 )      1   0.200  0 --> 1 

                                           269 (Skull roof, distribution of caputegulae: random (0))      1   0.333  0 --> 1 

                                           299 (Jugal/ quadratojugal horn: absent (0), present (1 ))      1   0.250  1 --> 0 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  0 --> 1 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  0 --> 1 

                                           320 (Cervical half rings, distal spines : absent (0), pr)      1   0.200  1 --> 0 

node_140 --> node_139                      142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 

--> 2 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  2 --> 4 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 --> 1 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 ==> 1 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  1 ==> 2 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  0 ==> 1 

node_139 --> node_136                      37 (Shape of respiratory passage: straight or arched (0))      1   0.500  1 -

-> 0 

                                           64 (Quadratojugal, orientation of external surface: late)      1   0.400  1 --> 0 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  1 --> 0 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  1 --> 0 

                                           95 (Palate, posterior foramen: absent (0), present (1).)       1   0.250  0 --> 1 

                                           153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  1 --> 0 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 ==> 1 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 --> 0 

                                           189 (Coracoid, foramen in lateral view: present (0), not)      1   0.333  0 --> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  1 --> 0 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  1 ==> 0 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 --> 0 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  1 --> 0 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 --> 1 
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                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  1 ==> 0 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  1 --> 0 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  1 --> 0 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  0 --> 2 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 --> 1 

node_136 --> Anoplosaurus                  96 (Jaw, position of articulation  relative to adductor )      1   0.333  1 

==> 0 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  2 --> 0 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  1 ==> 2 

node_136 --> Dracopelta                    7 (Posterior margin of the skull, transverse width (incl)      1   0.182  2 

==> 0 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  1 ==> 0 

node_136 --> Edmontonia rugosidens         50 (Lacrimal incisure (transverse constriction behind th)      1   

0.091  0 ==> 1 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 ==> 2 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 ==> 0 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 ==> 1 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  2 ==> 1 

node_136 --> Nodosaurus                    142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  

2 ==> 1 

                                           145 (Dorsal vertebrae, neural arch pedicle to neural can)      1   0.200  1 ==> 0 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 ==> 1 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  1 ==> 2 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  1 --> 0 

node_139 --> node_138                      9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  0 --

> 1 

                                           49 (Development of the postocular shelf: not developed ()      1   0.250  1 ==> 0 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 ==> 3 

                                           104 (Lower jaw, sinuous ventral margin, which parallels )      1   0.200  1 ==> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 2 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 ==> 2 

                                           148 (Dorsal vertebrae, number (including sacral rod vert)      1   0.750  1 --> 2 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 --> 1 
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                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  1 --> 0 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  0 --> 1 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  0 --> 1 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  0 ==> 2 

                                           290 (A single large medial polygon of ornamentation in t)      1   0.200  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 ==> 1 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  1 --> 2 

node_138 --> node_137                      26 (Maxilla, transverse distance between posterior-most )      1   0.200  

0 ==> 2 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  0 ==> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 0 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  2 --> 1 

                                           93 (Vomer, oval-shaped prevomer foramen: absent (0), pre)      1   0.500  0 ==> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 --> 0 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  0 --> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 --> 1 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  1 --> 0 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 --> 0 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  1 --> 0 

                                           278 (Premaxillary beak, caputegulae protrudes to form ho)      1   0.500  0 --> 1 

                                           279 (Supranarial caputegulae: absent (0), present (1 ).)       1   0.250  0 ==> 1 

                                           299 (Jugal/ quadratojugal horn: absent (0), present (1 ))      1   0.250  0 --> 1 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  1 --> 0 

node_137 --> Denversaurus                  9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  1 

--> 0 

                                           11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  1 ==> 0 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  0 ==> 1 

                                           47 (Angle of orbital axis: less than 40? (0), greater th)      1   0.167  0 ==> 1 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  1 ==> 0 

                                           277 (Premaxillary beak, caputegulae: absent (0), present)      1   0.200  0 ==> 1 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  2 ==> 3 
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node_137 --> Edmontonia longiceps          76 (Occipital condyle, offset from the ventral braincase)      1   

0.143  1 ==> 0 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  1 ==> 0 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  0 ==> 1 

                                           281 (Internarial caputegulae, number: none (0), one (1),)      1   0.286  1 --> 0 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  1 --> 0 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  1 --> 0 

node_138 --> Panoplosaurus                 3 (Lateral temporal fenestra, anteroposterior length: mo)      1   0.250  

1 ==> 0 

                                           10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 ==> 1 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 ==> 2 

                                           94 (Vomer, groove on ventral margin: absent (0), present)      1   0.250  0 ==> 1 

                                           97 (Jaw, position of articulation relative to dentary to)      1   0.200  0 ==> 1 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  1 --> 0 

                                           170 (Anterior caudal vertebrae, dorsal process on transv)      1   0.500  0 ==> 1 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  1 --> 0 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  0 --> 1 

node_140 --> Tianchisaurus                 135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  

1 ==> 0 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 ==> 1 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  1 ==> 0 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  2 ==> 0 

                                           260 (Metatarsal arrangement: compact, closely appressed )      1   0.200  0 ==> 1 

                                           317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  2 ==> 1 

                                           318 (Cervical half rings, forms: composed of osteoderms )      1   0.500  0 ==> 1 

node_148 --> node_147                      14 (Premaxillary palate, ratio of transverse width to an)      1   0.600  2 

==> 1 

                                           28 (Maxilla, anteroventral secondary palate: incomplete/)      1   0.500  1 --> 0 

                                           60 (Jugal, anterior process, relative to orbit height: j)      1   0.167  1 --> 0 

                                           80 (Paroccipital processes, direction of extension: post)      1   0.167  1 --> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  1 --> 0 

                                           92 (Vomerine septum, position of ventral margin relative)      1   0.333  1 --> 0 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 --> 1 
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                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  6 --> 0 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  2 --> 5 

                                           195 (Scapulacoracoid, medial buttress: absent (0), prese)      1   0.167  1 --> 0 

                                           203 (Humerus, orientation of deltopectoral crest project)      1   0.143  1 --> 0 

                                           204 (Humerus, ratio of width of distal end to minimum sh)      1   0.100  1 --> 0 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  1 --> 0 

                                           242 (Ischium, distinct angle at approximately midlength:)      1   0.250  1 --> 0 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  0 --> 1 

                                           255 (Femur, length to tibia length ratio: 1.2 or below ()      1   0.333  1 --> 0 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 --> 0 

                                           279 (Supranarial caputegulae: absent (0), present (1 ).)       1   0.250  0 --> 1 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  1 --> 0 

                                           319 (Cervical half rings, composition of first cervical )      1   1.000  1 ==> 0 

                                           328 (Projection of pectoral spikes: anterolaterally (0),)      1   1.000  0 --> 1 

node_147 --> node_145                      16 (Premaxilla, broad ?V? or ?U? shaped notch between pr)      1   0.111  

0 --> 1 

                                           17 (Premaxillary tomium (=subnarial portion of the prema)      1   0.250  1 --> 0 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  0 ==> 1 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  1 --> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 --> 2 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  1 --> 0 

                                           94 (Vomer, groove on ventral margin: absent (0), present)      1   0.250  0 --> 1 

                                           114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  1 ==> 0 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  0 ==> 1 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 --> 1 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 --> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  0 ==> 1 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  2 --> 1 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  1 --> 0 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  1 --> 0 

                                           277 (Premaxillary beak, caputegulae: absent (0), present)      1   0.200  0 --> 1 

                                           290 (A single large medial polygon of ornamentation in t)      1   0.200  0 ==> 1 
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                                           293 (Squamosal/ postorbital horn: absent (0), present (1)      1   0.250  0 --> 1 

                                           317 (Cervical half rings, number: none (0), one (1), two)      1   0.333  2 --> 1 

node_145 --> Europelta                     132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 -

-> 2 

                                           153 (Anterior dorsal vertebrae, prezygapophyses: are sep)      1   0.167  1 ==> 0 

                                           231 (Ilium, posterior iliac process distal shape: tapers)      1   0.143  1 ==> 0 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 ==> 1 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  0 --> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

                                           298 (Squamosal/postorbital horn, projection relative to )      1   0.167  0 ==> 1 

node_145 --> node_144                      12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 

==> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  0 ==> 1 

                                           76 (Occipital condyle, offset from the ventral braincase)      1   0.143  1 ==> 0 

                                           80 (Paroccipital processes, direction of extension: post)      1   0.167  0 --> 1 

                                           98 (Dentary, depth of the symphysial ramus relative to h)      1   0.200  1 --> 0 

                                           103 (Dentary, ventral profile: tapers to a V-shaped apex)      1   0.200  1 --> 0 

                                           131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  1 --> 0 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  1 --> 0 

                                           138 (Posterior cervical vertebrae, postzygapophyses: not)      1   0.200  1 --> 0 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 --> 0 

                                           150 (Dorsal vertebrae, transverse processes project: app)      1   0.143  1 ==> 0 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  2 ==> 1 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  1 --> 0 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 ==> 2 

node_144 --> node_143                      67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 --

> 1 

                                           79 (Foramen magnum, cross-sectional area, relative to oc)      1   0.333  0 --> 1 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 --> 2 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 --> 2 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 --> 1 

node_143 --> node_142                      113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 

--> 1 
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                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 --> 1 

                                           149 (Dorsal vertebrae, anterior articular facet on centr)      1   0.500  0 --> 2 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 --> 1 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  1 --> 2 

                                           225 (Ilium, lateral edge in dorsal view: straight (0), s)      1   0.167  1 --> 0 

                                           228 (Ilium, ratio of maximum transverse width in dorsal )      1   0.667  2 --> 1 

node_142 --> node_141                      131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  0 

--> 1 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  0 --> 1 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  1 --> 0 

                                           233 (Ilium, perforation of the acetabulum: open acetabul)      1   0.500  2 --> 1 

node_141 --> Hungarosaurus                 69 (Quadrate, axis extending through condyles in posteri)      1   

0.167  1 ==> 0 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  1 --> 2 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 ==> 1 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  1 ==> 0 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 ==> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 ==> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 --> 2 

                                           186 (Coracoid, size: subequal in dorsoventral height and)      1   0.143  0 --> 1 

node_141 --> Paw Paw juvenile              76 (Occipital condyle, offset from the ventral braincase)      1   0.143  

0 ==> 1 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  2 --> 0 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  2 --> 0 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 --> 0 

                                           149 (Dorsal vertebrae, anterior articular facet on centr)      1   0.500  2 --> 0 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  1 --> 0 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 ==> 0 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  1 ==> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 ==> 1 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

node_142 --> Struthiosaurus austriacus     83 (Basioccipital-basisphenoid, form of the ventral surf)      1   

0.105  2 ==> 1 
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                                           102 (Dentary, tooth alveoli face: dorsally (0), dorsomed)      1   0.250  0 ==> 1 

                                           117 (Maxillary/ dentary tooth, tooth crown striations: n)      1   0.250  1 ==> 0 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  0 ==> 1 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  2 ==> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  2 ==> 1 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  0 ==> 1 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  1 --> 0 

                                           179 (Mid and posterior caudal vertebrae, longitudinal ri)      1   0.200  0 ==> 1 

                                           256 (Femur, fibula epicondyle medially inset: absent (0))      1   0.333  0 ==> 1 

                                           305 (Mandibular caputegulum : absent (0), present (1).)        1   0.250  1 ==> 0 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 ==> 1 

                                           318 (Cervical half rings, forms: composed of osteoderms )      1   0.500  0 ==> 2 

                                           321 (Cervical half rings, distal spines projection direc)      1   0.333  0 ==> 1 

node_144 --> Struthiosaurus transylvanicus 155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   

0.125  1 ==> 0 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  1 --> 0 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  1 --> 0 

node_147 --> node_146                      10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 --> 

1 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 --> 2 

                                           34 (External nares, in dorsal view: visible (0), not vis)      1   0.125  0 --> 1 

                                           35 (External nares, in anterior view: not visible (0), v)      1   0.333  1 --> 0 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  1 --> 0 

                                           97 (Jaw, position of articulation relative to dentary to)      1   0.200  0 --> 1 

                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 --> 1 

                                           123 (Maxilla or dentary, tooth row: starts level with pr)      1   0.200  1 --> 0 

                                           160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  1 --> 0 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  1 --> 2 

                                           174 (Anterior caudal vertebrae, direction of the transve)      1   0.200  0 ==> 1 

                                           302 (Jugal/ quadratojugal horn, size relative to orbit s)      1   0.333  0 --> 1 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 --> 1 
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node_149 --> Invictarx                     144 (Dorsal vertebrae, deep excavations between neural a)      1   0.500  

0 ==> 1 

node_151 --> node_150                      10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 --> 

1 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 --> 2 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  0 ==> 2 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 ==> 3 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  1 --> 0 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 --> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 --> 2 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 --> 1 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  1 --> 0 

                                           173 (Anterior caudal vertebrae, direction of the transve)      1   0.333  2 --> 0 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  1 --> 2 

                                           205 (Humerus, ratio of transverse width of distal end to)      1   0.143  1 --> 0 

                                           213 (Radius, ratio of transverse width of distal end to )      1   0.250  1 --> 0 

                                           217 (Metacarpal I, ratio of length to metacarpal III: le)      1   0.500  0 --> 1 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 --> 0 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 --> 0 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  1 --> 0 

                                           306 (Mandibular caputegulum, length with respects to the)      1   0.333  0 --> 2 

                                           329 (Form of pectoral spikes: solid base (0), hollow bas)      1   0.500  1 --> 0 

node_150 --> Sauropelta                    114 (Maxillary/ dentary tooth, crown shape: subtriangula)      1   0.100  

1 --> 0 

node_150 --> Tatankacephalus               113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  

2 ==> 1 

node_158 --> node_157                      5 (Antorbital, lateral temporal and supratemporal fenest)      1   0.500  1 

--> 0 

                                           9 (Skull dorsal surface, antorbital region: sloping cont)      1   0.167  0 --> 1 

                                           26 (Maxilla, transverse distance between posterior-most )      1   0.200  0 --> 2 

                                           32 (Internal nares, bone bordering anterior margin: prem)      1   0.333  0 --> 1 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  0 --> 2 
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                                           51 (Lacrimal: contacts prefrontal (0), does not contact )      1   0.250  0 --> 1 

                                           59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  1 --> 0 

                                           64 (Quadratojugal, orientation of external surface: late)      1   0.400  0 --> 2 

                                           76 (Occipital condyle, offset from the ventral braincase)      1   0.143  0 --> 1 

                                           84 (Form of cranial nerve XII: two foramina (0), three ()      1   0.400  0 --> 1 

                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  0 --> 1 

                                           88 (Pterygoid, position of posterior margin relative to )      1   0.222  1 --> 2 

                                           89 (Pterygoid, contact with basipyerygoid processes: sut)      1   0.143  1 --> 0 

                                           104 (Lower jaw, sinuous ventral margin, which parallels )      1   0.200  1 --> 0 

                                           128 (Axis, neural spine in lateral view: triangular (0),)      1   0.333  0 --> 1 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  3 --> 4 

                                           157 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.333  1 --> 0 

                                           167 (Anterior caudal vertebrae, centra in anterior/poste)      1   0.111  0 ==> 1 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  1 --> 0 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  1 ==> 0 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  3 ==> 2 

                                           216 (Metacarpal II to humerus length ratio, 0.2 or below)      1   0.333  1 --> 0 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 --> 1 

                                           237 (Pubis, postpubis to acetabular length ratio: less t)      1   0.400  0 --> 1 

                                           260 (Metatarsal arrangement: compact, closely appressed )      1   0.200  0 --> 1 

                                           292 (Nuchal caputegulae, posterior projection: does not )      1   0.167  1 --> 0 

                                           300 (Jugal/ quadratojugal horn, shape in dorsal view: U-)      1   0.250  0 --> 1 

                                           301 (Jugal/quadratojugal horn: lacks distinct neck at ba)      1   0.250  0 --> 1 

                                           323 (Osteoderms on proximal limb segments: absent (0), p)      1   0.250  0 --> 1 

                                           324 (Triangular osteoderms that abruptly narrow distally)      1   1.000  0 ==> 1 

                                           332 (Caudal osteoderms, morphology in dorsal view: trian)      1   0.500  0 --> 1 

node_157 --> node_156                      330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  0 

==> 1 

node_156 --> node_154                      29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 

--> 1 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  0 --> 1 

                                           125 (Maxilla or dentary, shape of the tooth row in dorsa)      1   0.111  1 --> 0 
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                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  1 --> 0 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 --> 1 

                                           250 (Femur, oblique ridge on lateral femoral shaft dista)      1   0.500  0 ==> 1 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  1 --> 0 

node_154 --> node_153                      113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 

--> 1 

                                           118 (Maxillary/ dentary tooth, tooth crown striations: e)      1   0.111  0 --> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 --> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  0 --> 1 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  0 --> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  1 --> 0 

                                           193 (Scapula, form of the acromial process: not develope)      1   0.556  2 ==> 1 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  1 --> 0 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  1 --> 0 

node_153 --> Gastonia burgei               10 (Skull roof, highest point: posterior to orbits (0), )      1   0.118  0 

==> 1 

                                           70 (Quadrate, dorsoventral height of the pterygoid proce)      1   0.333  1 ==> 0 

                                           141 (Dorsal vertebrae, centra: longer than tall (0), equ)      1   0.222  0 ==> 1 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 ==> 1 

                                           155 (Posterior dorsal vertebrae, cross-sectional shape o)      1   0.125  1 ==> 0 

                                           175 (Anterior and mid caudal vertebrae, bulbous swelling)      1   0.250  1 ==> 0 

                                           218 (Metacarpal V, ratio of length to metacarpal III: le)      1   0.500  1 ==> 0 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 2 

node_153 --> node_152                      50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  0 

--> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 --> 1 

                                           76 (Occipital condyle, offset from the ventral braincase)      1   0.143  1 --> 0 

                                           82 (Basipterygoid processes, size: twice as long as wide)      1   0.143  1 --> 0 

                                           116 (Maxillary/ dentary tooth, central apical ridge: abs)      1   0.111  1 --> 0 
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                                           119 (Maxillary and/ or dentary tooth crowns in labial or)      1   0.091  0 ==> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 --> 1 

                                           146 (Dorsal vertebrae, centrum height to neural arch ped)      1   0.167  0 --> 1 

                                           169 (Anterior caudal vertebrae, prezygapophyses in later)      1   0.143  1 --> 0 

                                           187 (Coracoid, form of the anterior margin: convex (0), )      1   0.333  0 --> 1 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 --> 0 

                                           200 (Humerus, separation of humeral head and deltopector)      1   0.111  1 ==> 0 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  1 ==> 0 

                                           209 (Ulna, ratio of length to humerus length, less than )      1   0.143  1 ==> 0 

                                           210 (Ulna, proximal width to length ratio: less than 0.4)      1   1.000  0 ==> 1 

                                           213 (Radius, ratio of transverse width of distal end to )      1   0.250  1 --> 0 

                                           223 (Ilium, anterior iliac process: tranversely compress)      1   0.333  1 --> 0 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  1 --> 0 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  0 --> 1 

                                           254 (Femur, maximum length to humerus length ratio: 1.3 )      1   0.200  1 ==> 0 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  1 --> 0 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 --> 1 

                                           329 (Form of pectoral spikes: solid base (0), hollow bas)      1   0.500  1 --> 0 

node_152 --> Gastonia lorriemcwhinnyae     58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   

0.286  0 ==> 1 

                                           71 (Quadrate: contact with paroccipital process unfused )      1   0.111  1 ==> 0 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 ==> 1 

                                           165 (Caudal vertebrae, attachment of haemal arches to th)      1   0.143  1 --> 0 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  1 --> 0 

                                           221 (Ilium, anterior iliac process: projects roughly par)      1   0.200  1 ==> 2 

                                           222 (Ilium, anterior iliac process in lateral or medial )      1   0.071  0 ==> 1 

                                           257 (Tibia, maximum distal width compared to the maximum)      1   0.111  0 --> 1 

node_152 --> Peloroplites                  80 (Paroccipital processes, direction of extension: post)      1   0.167  0 

==> 1 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  1 --> 2 

                                           132 (Cervical vertebrae, anterior and posterior facets o)      1   0.125  1 ==> 0 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 ==> 1 
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                                           160 (Sacral vertebrae, longitudinal groove in ventral su)      1   0.143  1 ==> 0 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 ==> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  0 --> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  0 ==> 1 

                                           242 (Ischium, distinct angle at approximately midlength:)      1   0.250  1 ==> 0 

                                           248 (Femur, separation of femoral head from greater troc)      1   0.143  0 --> 1 

node_154 --> Hylaeosaurus                  131 (Cervical vertebrae, centra: longer anteroposteriorl)      1   0.143  

1 ==> 0 

node_154 --> Texasetes                     161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 

==> 1 

                                           190 (Coracoid, ratio of coracoid glenoid length relative)      1   0.286  0 --> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  0 ==> 1 

node_156 --> node_155                      77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 -

-> 0 

                                           78 (Occipital condyle, morphology in posterior  view: re)      1   0.143  0 --> 1 

                                           183 (Posterior caudal vertebrae, transverse processes on)      1   0.333  1 --> 0 

                                           227 (Ilium, ratio of acetabular length to dorsoventral h)      1   0.167  0 --> 1 

                                           234 (Ilium, anteroposteriorly extending ridge on ventral)      1   0.143  1 --> 0 

                                           315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 ==> 1 

node_155 --> Niobrarasaurus                161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  

2 ==> 1 

node_155 --> Polacanthus                   156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  4 

==> 5 

                                           251 (Femur, fourth trochanter: prominent and pendant (0))      1   0.250  1 ==> 0 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

                                           258 (Contact between tibia and astragalus in adults: art)      1   0.125  0 ==> 1 

node_157 --> Hoplitosaurus                 315 (Basal surface of osteoderms : flat or gently concav)      1   0.182  0 

==> 2 

node_159 --> Gargoyleosaurus               14 (Premaxillary palate, ratio of transverse width to an)      1   0.600  

2 --> 1 

                                           19 (Premaxilla, dorsoventral height to anteroposterior l)      1   0.125  1 ==> 0 

                                           38 (Posterior nasal passage (airway), vascular impressio)      1   0.500  0 ==> 1 

                                           39 (Respiratory passage, nasal septum dividing the respi)      1   0.500  1 --> 0 

                                           58 (Parietal, dorsal surface: convex (0), flat (1), conc)      1   0.286  0 ==> 1 
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                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 ==> 1 

                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 ==> 2 

                                           103 (Dentary, ventral profile: tapers to a V-shaped apex)      1   0.200  1 --> 0 

                                           106 (Lower jaw, retroarticular process, size and project)      1   0.250  0 ==> 1 

                                           111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 --> 1 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 --> 1 

                                           117 (Maxillary/ dentary tooth, tooth crown striations: n)      1   0.250  1 ==> 0 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 ==> 1 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 ==> 2 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  1 ==> 0 

                                           219 (Phalanges, shape of manual and pedal unguals in dor)      1   0.500  1 ==> 0 

                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

                                           253 (Femur, shape in medial/lateral view: bowed anterior)      1   0.500  1 ==> 0 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  0 ==> 2 

                                           274 (Skull roof, anterior portion, caputegulae: separate)      1   0.250  1 ==> 0 

                                           279 (Supranarial caputegulae: absent (0), present (1 ).)       1   0.250  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 ==> 3 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

                                           330 (Form of pelvic (sacral) osteoderms: unfused (0), co)      1   0.286  0 ==> 1 

node_160 --> Cedarpelta                    11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  1 

==> 0 

                                           17 (Premaxillary tomium (=subnarial portion of the prema)      1   0.250  1 --> 0 

                                           25 (Maxilla, dorsoventral depth to anteroposterior lengt)      1   0.200  0 ==> 1 

                                           29 (Maxilla, anterior tooth rows in ventral view: nearly)      1   0.250  0 ==> 1 

                                           76 (Occipital condyle, offset from the ventral braincase)      1   0.143  0 ==> 1 

                                           77 (Occipital condyle, direction relative to tooth rows:)      1   0.111  1 ==> 0 

                                           109 (Surangular, ridge on lateral surface, anterior to j)      1   0.125  1 --> 0 

                                           123 (Maxilla or dentary, tooth row: starts level with pr)      1   0.200  1 ==> 0 

                                           142 (Dorsal vertebrae, centra: longer than wide (0), equ)      1   0.143  0 ==> 1 

                                           162 (Ilio?sacral block, posterior sacral rib angle: late)      1   0.286  0 ==> 1 

                                           172 (Anterior caudal vertebrae, neural spine height: les)      1   0.167  1 --> 0 



533 
 

                                           188 (Coracoid, anteroventral (sternal) process : absent )      1   0.143  1 --> 0 

                                           211 (Ulna, development of anterior process in proximal v)      1   0.500  1 --> 0 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 0 

                                           247 (Ischium, large knob on medial side near pubic pedun)      1   1.000  0 ==> 1 

                                           277 (Premaxillary beak, caputegulae: absent (0), present)      1   0.200  0 ==> 1 

                                           278 (Premaxillary beak, caputegulae protrudes to form ho)      1   0.500  0 --> 1 

node_161 --> Animantarx                    59 (Jugal, proportions of anterior process: dorsoventral)      1   0.167  1 

==> 0 

                                           139 (Posterior cervical vertebrae, opening on lateral su)      1   1.000  0 ==> 1 

                                           159 (Dorsal ribs, attachment to posterior dorsal vertebr)      1   0.083  0 ==> 1 

                                           196 (Scapular blade: distally expanded (0), parallel sid)      1   0.143  0 ==> 1 

                                           202 (Humerus, ratio of deltopectoral crest length to hum)      1   0.083  0 ==> 1 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 

                                           228 (Ilium, ratio of maximum transverse width in dorsal )      1   0.667  2 ==> 1 

                                           235 (Pubis: present as separate ossification (0), fused )      1   0.125  0 ==> 1 

                                           250 (Femur, oblique ridge on lateral femoral shaft dista)      1   0.500  0 ==> 1 

                                           288 (Supraorbital caputegulae: absent (0), present (1).)       1   0.500  1 --> 0 

                                           299 (Jugal/ quadratojugal horn: absent (0), present (1 ))      1   0.250  1 --> 0 

                                           307 (Mandibular caputegulum, dorsoventral depth: does no)      1   0.143  1 --> 0 

node_162 --> Pawpawsaurus                  7 (Posterior margin of the skull, transverse width (incl)      1   0.182  

0 ==> 2 

                                           12 (Posterior margin of skull, texture of surface dorsal)      1   0.182  0 --> 2 

                                           13 (Premaxilla, shape of premaxillary palate in ventral )      1   0.667  1 --> 2 

                                           18 (Premaxillary tomium, posteroventral extension in lat)      1   0.500  0 --> 1 

                                           23 (Premaxillary foramina, connected by anteroventrally-)      1   0.500  0 ==> 1 

                                           49 (Development of the postocular shelf: not developed ()      1   0.250  0 ==> 1 

                                           50 (Lacrimal incisure (transverse constriction behind th)      1   0.091  0 ==> 1 

                                           66 (Quadrate, shape in lateral view: curved i.e. anterio)      1   0.125  1 ==> 0 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  2 --> 3 

                                           72 (Quadrate: fossa/fenestra absent (0), present (1).)         1   0.250  1 --> 0 

                                           79 (Foramen magnum, cross-sectional area, relative to oc)      1   0.333  0 ==> 1 

                                           80 (Paroccipital processes, direction of extension: post)      1   0.167  0 ==> 1 
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                                           81 (Basal tubera: medially separated rounded rugose stub)      1   0.111  0 ==> 1 

                                           83 (Basioccipital-basisphenoid, form of the ventral surf)      1   0.105  0 ==> 2 

                                           84 (Form of cranial nerve XII: two foramina (0), three ()      1   0.400  0 ==> 2 

                                           85 (Pterygoids: separate posteromedially, forming an int)      1   0.100  0 ==> 1 

                                           86 (Pterygoid, orientation of pterygoid wing in ventral )      1   0.333  0 ==> 1 

                                           93 (Vomer, oval-shaped prevomer foramen: absent (0), pre)      1   0.500  0 ==> 1 

                                           94 (Vomer, groove on ventral margin: absent (0), present)      1   0.250  0 ==> 1 

                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  0 ==> 3 

                                           268 (Cranial ornamentation: rugose, not differentiated i)      1   0.125  0 ==> 1 

                                           271 (Skull roof, number of caputegulae: no caputegulae ()      1   0.333  0 ==> 3 

                                           282 (Median nasal caputegulum: absent (0), present (1 ).)      1   0.143  0 ==> 1 

                                           283 (Lateral skull caputegulae, number on one side: no c)      1   0.375  0 ==> 2 

                                           284 (Orbit, enclosed by ring-like furrow: absent (0), pr)      1   0.091  0 ==> 1 

                                           285 (Ciliary osteoderm (eyelid ossification): absent (0))      1   0.500  0 ==> 1 

                                           291 (Nuchal caputegulae, number: none (0), one (1), two )      1   0.231  0 ==> 1 

                                           295 (Squamosal/ postorbital horn, continuous  keel with )      1   0.143  0 --> 1 

node_163 --> Sarcolestes                   111 (Surangular, foramen ventral to ridge: absent (0), p)      1   0.143  0 -

-> 1 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  2 --> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 ==> 1 

node_165 --> Minmi                         143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 

==> 1 

                                           147 (Dorsal vertebrae, centrum height to neural canal he)      1   0.091  1 ==> 0 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  0 ==> 2 

node_166 --> Scelidosaurus                 3 (Lateral temporal fenestra, anteroposterior length: mo)      1   0.250  

0 ==> 1 

                                           67 (Quadrate, inclination in lateral view: less than or )      1   0.200  0 ==> 1 

                                           120 (Maxillary and/ or dentary teeth, number of denticle)      1   0.077  0 ==> 1 

                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  0 ==> 1 

                                           135 (Anterior cervical vertebrae: centrum ventral margin)      1   0.100  1 ==> 0 

                                           226 (Ilium, ratio of postacetabular length, relative to )      1   0.125  1 ==> 0 

                                           229 (Ilium, supra?acetabular flange diverges from the an)      1   0.500  0 ==> 1 
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                                           252 (Femur, location of the fourth trochanter on the fem)      1   0.143  0 ==> 1 

                                           265 (Pedal digit I: metatarsal I robust and well-develop)      1   1.000  0 --> 1 

                                           323 (Osteoderms on proximal limb segments: absent (0), p)      1   0.250  0 ==> 1 

node_167 --> Scutellosaurus                115 (Maxillary/ dentary tooth, crown size: taller than w)      1   0.167  

0 ==> 1 

                                           143 (Dorsal vertebrae, longitudinal keel on ventral surf)      1   0.063  0 ==> 1 

                                           154 (Anterior dorsal vertebrae, prezygapophyses: face do)      1   0.500  1 ==> 0 

                                           161 (Number of sacral vertebrae: two (0), three (1), fou)      1   0.143  2 --> 3 

                                           201 (Humerus, separation of humeral head and medial tube)      1   0.125  0 ==> 1 

                                           214 (Radius, ratio of transverse width at proximal end t)      1   0.667  2 ==> 0 

                                           240 (Pubis, acetabular portion enlarged into transversel)      1   0.500  0 ==> 1 

                                           243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  1 ==> 2 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 0 

                                           254 (Femur, maximum length to humerus length ratio: 1.3 )      1   0.200  1 ==> 0 

                                           262 (Number of pedal digits: five (0), four (1), three ()      1   0.667  1 ==> 0 

node_168 --> Emausaurus                    7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 

--> 1 

                                           11 (Posterior displacement of orbit, ratio of antorbital)      1   0.143  0 ==> 1 

                                           21 (Premaxilla, posterodorsally-projecting nasal process)      1   0.250  0 ==> 1 

                                           33 (Narial embayment, defined as the outermost rim of th)      1   0.300  0 ==> 1 

                                           98 (Dentary, depth of the symphysial ramus relative to h)      1   0.200  0 ==> 1 

                                           104 (Lower jaw, sinuous ventral margin, which parallels )      1   0.200  0 ==> 1 

                                           113 (Maxillary/ dentary teeth, apicobasal swelling: abse)      1   0.091  1 ==> 2 

                                           121 (Dentary teeth, number in adult individuals: less th)      1   0.300  0 ==> 1 

                                           122 (Premaxillary teeth, number: six or more (0), five ()      1   0.500  0 ==> 1 

node_169 --> Laquintasaura                 243 (Ischium, shape of the proximal margin: straight (0))      1   0.167  

1 ==> 0 

                                           246 (Ischium, posterior end of ischium: expanded relativ)      1   0.143  1 ==> 2 

                                           256 (Femur, fibula epicondyle medially inset: absent (0))      1   0.333  0 ==> 1 

node_170 --> Lesothosaurus                 7 (Posterior margin of the skull, transverse width (incl)      1   0.182  0 

--> 2 

                                           8 (Skull, overall shape in posterior view: dorsoventrall)      1   0.333  0 --> 1 

                                           25 (Maxilla, dorsoventral depth to anteroposterior lengt)      1   0.200  0 --> 1 
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                                           87 (Pterygoid, anterior margin angle: posteroventral (0))      1   0.200  0 --> 2 

                                           156 (Sacral rod vertebrae (i.e. dorsal vertebrae fused t)      1   0.294  0 --> 1 

                                           164 (Caudosacrals (i.e. caudal vertebrae fused to the sa)      1   0.429  0 --> 1 

                                           180 (Posterior caudal vertebrae, extent of pre- and post)      1   0.333  0 --> 1 

                                           191 (Scapula, glenoid orientation: ventrolateral (0), ve)      1   0.125  0 --> 1 

                                           192 (Scapula, ventral process at the posteroventral marg)      1   0.125  0 --> 1 

                                           237 (Pubis, postpubis to acetabular length ratio: less t)      1   0.400  1 --> 2 
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A4.1. Appendix Eight: Palaeogeographic event-based time-slices 

 

Timeslice 1: end of Norian – middle Sinemurian:  

Timeslices (i.e. Ma- 66.0)       142.5 – 128.999 

Actual ages                             208.5 Ma – 195 Ma 

During the early Mesozoic, the supercontinent Pangaea was present, with the Tethys ocean forming 

a barrier between Europe + Asia and Africa + East Gondwana (Poropat et al. 2016). The Palaeotethys 

was, however, contracting throughout the Triassic, particularly at its western end (Torsvik and 

Cocks 2017), in contrast to the Neotethys which was widening at its western end throughout the 

Triassic. Eastern Asia, including the North and South China blocks, did not form part of Pangaea 

(Torsvik and Cocks 2017). However, the rest of the continents were fully connected throughout 

the Triassic, with a land connection between North America and Africa+ South America, which 

themselves were connected to Australia and Antarctica, as well as India and Madagascar (Poropat 

et al. 2016). In north-eastern Pangaea, the Siberian traps continued erupting through the Middle 

Triassic, and persisted until the Carnian in some regions (Torsvik and Cocks 2017). The breakup of 

Pangaea started in the early Mesozoic, but this continental configuration continued until the 

Sinemurian when the CAMP (Central Atlantic Magmatic Province) initiated central Atlantic rifting 

(Torsvik and Cocks 2017). Given this degree of interconnectedness the dispersal matrices between 

Europe and Asia, Europe and North America, Africa and North America, Africa and South America, 

Africa and Antarctica, Africa and Australia, North America and South America, South America and 

Antarctica, South America and Australia, and Antarctica and Australia were all set to 1 during the 

Norian to the middle Sinemurian.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    1 1 1 1 

North 

America 

    1 0.000001 0.000001 

South 

America 

     1 1 

Antarctica       1 

Australia        
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Timeslice 2: middle Sinemurian – start of Bajocian: 

Timeslices (i.e. Ma- 66.0)       128.999 – 104 

Actual ages                             195 Ma – 170 Ma 

In the middle of the Sinemurian the CAMP began to open the central Atlantic, between North 

America and Africa+South America, which created Laurasia and Gondwana  (Torsvik and Cocks 

2017). However, the land connection between North America and South America may have lasted 

until the start of the Bajocian when the Hispanic Corridor, which incorporated the Gulf of Mexico, 

started to open between 170-158 Ma (Poropat et al. 2016), or potentially even into the Late Jurassic 

or Early Cretaceous (Wilf et al. 2013). To account for this uncertainty, the starting dispersal matrix 

for this timeslice was set to 0.5 for both North America and South America, and for North America 

and Africa.  

The Viking Sea, between North America and Europe, may have stopped a land connection in the 

Pliensbachian or Toarcian, but this was only temporary (Bardet et al. 2014), and so to account for 

this uncertainty the starting dispersal matrix for North America and Europe was set to 0.5.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.5 0.000001 0.000001 0.000001 

Africa    0.5 1 1 1 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 1 

Antarctica       1 

Australia        
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Timeslice 3: start of Bajocian – early Callovian: 

Timeslices (i.e. Ma- 66.0)       104 – 98.8 

Actual ages                             170 Ma – 164.8 Ma  

The closure of the Viking Sea meant the dispersal matrix between Europe and North America was 

set to 1. The opening of the North Atlantic is, however, problematic, with three phases of rifting in 

the Late Triassic and Early Jurassic (between Iberia and Newfoundland), the Cretaceous at 70Ma 

(between Greenland and NW Europe) and the Cenozoic at 55 Ma (Seton et al. 2012). Seafloor 

spreading in the North Atlantic has been estimated at starting in the Barremian or Aptian at the 

youngest (Poropat et al. 2016), but it has also been estimated that North America and Europe 

remained connected throughout the Bajocian and Bathonian, but with a large seaway during the 

Callovian and Kimmeridgian (Golonka et al. 1996). This seaway was likely shallow, and the 

presence of land connections between Europe and North America are plausible until the 

Kimmeridgian (Poropat et al. 2016), and possibly until the Valanginian (Smith et al. 2004). To 

account for this uncertainty, the starting dispersal matrices between North America and Europe 

until the Kimmeridgian = 1, and from the Tithonian-Hauterivian = 0.5, and 0.000001 from the 

Barremian onwards.  

In the Bajocian, at 170 Ma, Gondwana started to split into West Gondwana, consisting of South 

America, Africa, Arabia and Antarctica, and East Gondwana, consisting of East Antarctica, 

Australia, Madagascar, the Seychelles, and India (Torsvik and Cocks 2017). This was due to the 

opening of the Somali and Mozambique basins between Africa and Madagascar, and eruption of the 

Karoo Volcanics (Bardet et al. 2014). South America and West Antarctica stayed connected until 

the opening of the Drakes Passage in the Cenozoic (Livermore et al. 2005). There is, however, some 

uncertainty regarding when the land connections between East Gondwana and West Gondwana 

ended (Poropat et al. 2016), with rifting between Africa and East Antarctica beginning either in the 

early Middle Jurassic at 153 Ma (Poropat et al. 2016), or at 160 Ma (Bardet et al. 2014), or until the 

end of the Tithonian at 145 Ma (Smith et al. 2004). Therefore, to account for this uncertainty, the 

dispersal matrices for Africa and Antarctica, Africa and Australia, and South America and Australia 

were set at 0.5 in the starting matrix from the start of the Bajocian until the end of the Tithonian, 

after which they became 0.000001. This is in contrast to Poropat et al. (2016), which used values of 

1 until the end of the Kimmeridgian and then 0.5 until the end of the Tithonian.  

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 4: early Callovian – end of Oxfordian: 

Timeslices (i.e. Ma- 66.0)       98.8 – 91.3  

Actual ages                             164.8 Ma – 157.3 Ma (similar to timeslice 1 of Poropat et al. (2016),                  

which was 170.3 Ma – 157.3 Ma) 

 

During the Callovian, central Asia and eastern Europe become isolated due to a north-south 

trending marine barrier in the Russian Basin and Turgai Sea, which was connected to the peri-

Tethyan Sea to the south and the Pechora Sea to the north (Xu et al. 2018), and this lasted until the 

early Kimmeridgian.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 5: end of Oxfordian – early Kimmeridgian: 

Timeslices (i.e. Ma- 66.0)       91.3 – 88.6999  

Actual ages                             157.3 Ma – 154.7 Ma 

 

The Hispanic Corridor, between North America and South America, was fully open by the end of 

the Oxfordian (Bardet et al. 2014), so after this time the dispersal matrix was set to 0.000001.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 6: early Kimmeridgian – end of Kimmeridgian: 

Timeslices (i.e. Ma- 66.0)       88.699 – 86.0999  

Actual ages                             154.7 Ma – 152.1 Ma 

 

The Uralian Sea between Asia and Europe was breached by a land bridge by the early Berriasian 

(Xu et al. 2018), although Smith et al. (2004) suggested there was a reduction in the seaway during 

the Kimmeridgian and Tithonian. Therefore, the dispersal matrix was set to 0.5 from the early 

Kimmeridgian to the end of the Tithonian, and set to 1 from the end of the Tithonian onwards.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 7: end of Kimmeridgian – end of Tithonian:  

Timeslices (i.e. Ma- 66.0)       86.0999 – 78.9999  

Actual ages                             152.1 Ma – 145 Ma 

The presence of land connections between Europe and North America are plausible until the 

Kimmeridgian (Poropat et al. 2016), and possibly until the Valanginian (Smith et al. 2004). To 

account for this uncertainty, the starting dispersal matrices between North America and Europe 

until the Kimmeridgian = 1, and from the Tithonian-Hauterivian = 0.5, and = 0.000001 from the 

Barremian onwards (see start of Bajocian – early Callovian timeslice for further details).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 8: end of Tithonian – early Berriasian:  

Timeslices (i.e. Ma- 66.0)       78.999 – 76.4  

Actual ages                             145 Ma – 142.4 Ma  

 

The land bridge between Asia and Europe across the Turgai Sea was reestablished (Poropat et al. 

2016), and a land bridge, the Apulian Route, between Europe and Africa was also established, so 

the dispersal matrix was set to 1.  

The timing of Gondwanan breakup is uncertain and to account for this uncertainty, the dispersal 

matrices for Africa and Antarctica, Africa and Australia, and South America and Australia were set 

at 0.5 in the starting matrix from the start of the Bajocian until the end of the Tithonian, after which 

they became 0.000001 (see start of Bajocian – early Callovian timeslice for further details).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   1 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       1 

Australia        
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Timeslice 9: early Berriasian – early Hauterivian: 

Timeslices (i.e. Ma- 66.0)       76.4 – 65.15  

Actual ages                             142.4 Ma – 131.15 Ma 

In the Berriasian the marine barrier between Asia and Europe was temporarily reestablished 

(Poropat et al. 2016):  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   1 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       1 

Australia        
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Timeslice 10: early Hauterivian – start of Barremian 

Timeslices (i.e. Ma- 66.0)       65.15 – 63.4  

Actual ages                             131.15 Ma – 129.4 Ma 

 

The landbridge between Asia and Europe is reestablished (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   1 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       1 

Australia        
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Timeslice 11: start of Barremian – end of Barremian 

Timeslices (i.e. Ma- 66.0)       63.4 – 58.999  

Actual ages                             129.4 Ma – 125 Ma 

 

The North Atlantic Ocean became fully established (Poropat et al. 2016), and the dispersal matrix 

between Europe and North America was set to 0.000001. The land bridge between Africa and 

Europe was possibly reducing in size (Poropat et al. 2016) and the starting dispersal matrix was set 

to 0.5 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       1 

Australia        
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Timeslice 12: end of Barremian – early Aptian 

Timeslices (i.e. Ma- 66.0)       58.999 – 52.9999  

Actual ages                             125 Ma – 119 Ma 

 

The Apulian Route between Europe and Africa is lost (Poropat et al. 2016).  

Rifting between Australia and Antarctica started, potentially as early as 165 Ma, but the onset of 

the breakup of their continental connection was between 125 and 83 Ma (Poropat et al. 2016). 

There is, however, uncertainty over when they were fully separated. Blakey (2008) established they 

were fully separated in the Albian, whereas Poropat et al. (2016) and Smith et al. (2004) regarded 

the two as connected throughout most of the Cretaceous, until the Campanian. Therefore, to 

account for this uncertainty, the starting dispersal matrix for Australia and Antarctica is set to 0.5 

between the end of the Barremian and the start of the Campanian (125 and 83 Ma) and set to 

0.000001 after the start of the Campanian.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 13: early Aptian – start of Albian 

Timeslices (i.e. Ma- 66.0)       52.9999 – 46.9999  

Actual ages                             119 Ma – 113 Ma 

 

The Bering land bridge between Asia and North America possibly started to form (Poropat et al. 

2016), and so the starting dispersal matrix was set to 0.5.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 14: start of Albian – early Albian 

Timeslices (i.e. Ma- 66.0)       46.9999 – 40.7499  

Actual ages                             113 Ma – 106.75 Ma 

 

The Turgai Sea between Europe and Asia was established in the early Albian, whilst the Bering land 

bridge between North America and Asia became fully established during the Aptian and Albian 

(Poropat et al. 2016).  

West Gondwana started to break up into Africa and South America following the extrusion of the 

Parana-Etendeka Large Igneous Province and subsequent opening of the South Atlantic Ocean 

(Muir et al. 2020), although there is uncertainty over the loss of the final land connection between 

the two continents. This perhaps was as early as 113 Ma or as late as 103 Ma (Poropat et al. 2016), 

or even as late as 80 Ma due to a land bridge created by the Walvis Ridge and the Rio Grande Rise 

(Ezcurra and Agnolín 2012). Therefore, to account for the uncertainty, the starting dispersal matrix 

between Africa and South America was set at 0.5 between the start of the Albian (113 Ma) and the 

early late Albian (103 Ma), and at 0.000001 after 103 Ma.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.00001 0.000001 1 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.5 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 15: early Albian – early late Albian 

Timeslices (i.e. Ma- 66.0)       40.7499 – 37  

Actual ages                             106.75 Ma – 103 Ma 

 

A land bridge across the Turgai Sea between Europe and Asia was established during the late Albian 

and early Cenomanian (Poropat et al. 2016) so the dispersal matrix was set to 1. The Bering land 

bridge between Asia and North America started to have waning influence (Poropat et al. 2016) and 

so the dispersal matrix was set to 0.5.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.5 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 16: early late Albian – end of Albian  

Timeslices (i.e. Ma- 66.0)       37 – 34.5  

Actual ages                             103 Ma – 100.5 Ma 

 

The South Atlantic Ocean was fully established by 103 Ma at the latest (Poropat et al. 2016), 

although this is uncertain (see discussion in start of Albian – early Albian timeslice).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 17: end of Albian – early Cenomanian 

Timeslices (i.e. Ma- 66.0)       34.5 – 31.1999  

Actual ages                             100.5 Ma – 97.2 Ma 

 

The Bering Land bridge between North America and Asia was lost (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 18: early Cenomanian – end of Cenomanian 

Timeslices (i.e. Ma- 66.0)       31.1999 – 27.8999  

Actual ages                             97.2 Ma – 93.9 Ma 

 

The Turgei Sea between Asia and Europe formed from the late Cenomanian (Xu et al. 2018) and 

this lasted until the Cenozoic, and therefore the dispersal matrix was set to 0.5. However, 

fluctuating sea levels would have allowed periodic land connections between the two continents 

(Poropat et al. 2016). 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 19: end of Cenomanian – early Turonian 

Timeslices (i.e. Ma- 66.0)       27.8999 – 25.85  

Actual ages                             93.9 Ma – 91.85 Ma 

 

A land bridge across Turgai Sea due to a drop in sea-level led to a continental connection between 

Europe and Asia (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 20: early Turonian – early Coniacian 

Timeslices (i.e. Ma- 66.0)       25.85 – 22.045  

Actual ages                             91.85 Ma – 88.05 Ma 

 

An increase in sea level meant the Turgai sea possibly prevented dispersal between Asia and Europe 

(Poropat et al. 2016), so the dispersal matrix was set to 0.5. 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 21: early Coniacian – end of Coniacian 

Timeslices (i.e. Ma- 66.0)       22.045 – 20.3  

Actual ages                             88.05 Ma – 86.3 Ma  

 

A drop in sea-level across the Turgai Sea region meant a land bridge between Asia and Europe 

formed (Poropat et al. 2016). 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 22: end of Coniacian – end of Santonian  

Timeslices (i.e. Ma- 66.0)       20.3 – 17.6  

Actual ages                             86.3 Ma – 83.6 Ma 

 

An increase in sea-level meant the Turgai Sea possibly prevented dispersal between Europe and 

Asia (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 23: end of Santonian – early Campanian 

Timeslices (i.e. Ma- 66.0)       17.6 – 11.85  

Actual ages                             83.6 Ma – 77.85 Ma 

 

The Turgai Sea becomes a barrier to dispersal due to an increase in sea level, and the Bering land 

bridge between North America and Asia is reestablished (Poropat et al. 2016). The Apulian Route 

between Europe and Africa possibly reopens, and this lasts until the end of the Maastrichtian 

(Poropat et al. 2016), although because there is uncertainty around whether this was enough for 

continental dispersal, the timeslice is set to 0.5. 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 1 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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Timeslice 24: early Campanian – end of Campanian 

Timeslices (i.e. Ma- 66.0)       11.85 – 6.0999  

Actual ages                             77.85 Ma – 72.1 Ma 

 

A landbridge between North America and South America develops and lasts until the end of the 

early Maastrichtian (Poropat et al. 2016), but uncertainty around whether this was enough for 

continental dispersal means the dispersal matrix is set to 0.5. 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 1 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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Timeslice 25: end of Campanian – early Maastrichtian 

Timeslices (i.e. Ma- 66.0)       6.0999 – 3.0499  

Actual ages                             72.1 Ma – 69.05 Ma 

 

The Turgai Sea between Europe and Asia becomes shallower, possibly allowing dispersal of taxa 

(Poropat et al. 2016), and the Bering landbridge between North America and Asia is possibly lost. 

The De Geer landbridge between Greenland and Fenoscandia (northern Europe) is established, 

allowing the possible dispersal of taxa between North America and Europe (Brikiatis 2014). 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

 

Asia  0.5 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.5 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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Timeslice 26: early Maastrichtian – end Maastrichtian 

Timeslices (i.e. Ma- 66.0)       3.0499 – 0  

Actual ages                             69.05 Ma – 66.0 Ma 

 

The De Geer landbridge between Europe and North America and the landbridge between North 

America and South America are both lost (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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A4.2. Appendix Nine: Thyreophoran-bearing formation-based time-slices 
 

Timeslice 1: end of Norian – end of Sinemurian:  

Timeslices (i.e. Ma- 66.0)       142.5 – 124.8 

Actual ages                             208.5 Ma – 190.8 Ma 

 

Formations included: 

La Quinta Formation (Hettangian; Barrett et al. 2014) 

Upper Elliot Formation (Hettangian-Sinemurian; Baron et al. 2017b) 

Charmouth Mudstone Formation (Sinemurian-Pliensbachian; Norman 2019)  

Kayenta Formation (Sinemurian-Toarcian; Breeden and Rowe 2020) 

 

Similar to Timeslice 1 of the palaeogeographic event-based analyses, Timeslice 1 here includes 

Pangaea, which started to break up in the Sinemurian. This continental configuration continued 

until the at least the middle of the Sinemurian when the CAMP initiated central Atlantic rifting 

(Torsvik and Cocks 2017), but it is unclear when this would broken off the land-connection 

between North America and Africa+South America.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    1 1 1 1 

North 

America 

    1 0.000001 0.000001 

South 

America 

     1 1 

Antarctica       1 

Australia        
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Timeslice 2: start of Pliensbachian – end of Pliensbachian:  

Timeslices (i.e. Ma- 66.0)       124.8 – 116.7 

Actual ages                             190.8Ma-182.7 Ma 

 

Formations include: 

Clarens Formation (Pliensbachian; Bordy and Head 2018) 

Charmouth Mudstone Formation (Sinemurian-Pliensbachian; Norman 2019a,b, 2020a,b) 

Kayenta Formation (Sinemurian-Toarcian; Breeden and Rowe 2020) 

 

In the Sinemurian, the CAMP began to open the central Atlantic, between North America and 

Africa+South America (Torsvik and Cocks 2017), and so by the Pliensbachian this land connection 

may have been lost. The starting dispersal matrices for North America and Africa, and North 

America and South America have therefore been set to 0.5.  

The Viking Sea, between North America and Europe, may have stopped a land connection in the 

Pliensbachian or Toarcian, but this was only temporary (Bardet et al. 2014), and so the starting 

dispersal matrix was set to 0.5.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.5 0.000001 0.000001 0.000001 

Africa    0.5 1 1 1 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 1 

Antarctica       1 

Australia        
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Timeslice 3: end of Pliensbachian – end of Bajocian: 

Timeslices (i.e. Ma- 66.0)       116.7 – 102.3 

Actual ages                             182.7 Ma – 168.3 Ma 

 

Formations include: 

Tenuicostatum of Ciechocinek Formation (Toarcian; Barth et al. 2018) 

Los Molles Formation (early Bajocian; Salgado et al. 2017) 

Kayenta Formation (Sinemurian-Toarcian; Breeden and Rowe 2020) 

 

The Viking Sea, between North America and Europe, may have stopped a land connection in the 

Pliensbachian or Toarcian, but this was only temporary (Bardet et al. 2014), and so the starting 

dispersal matrix is set to 0.5.  

The land connection between North America and South America may have lasted until the Bajocian 

(Poropat et al. 2016), although the land connection between North America and Africa was lost by 

this time.  

In the Bajocian, Gondwana started to split up into East Gondwana and West Gondwana (see 

Timeslice 3 of palaeogeographic event-based analyses). To account for uncertainty during this split, 

the dispersal matrices for Africa and Antarctica, Africa and Australia, and South America and 

Australia were set at 0.5 in the starting matrix from the Toarcian until the end of the Tithonian, 

after which they became 0.000001.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 4: end of Bajocian – end of Oxfordian 

Timeslices (i.e. Ma- 66.0)       102.3 – 91.3 

Actual ages                             168.3 Ma – 157.3 Ma 

 

Formations include: 

El Mers II Formation (Bathonian; Maidment et al. 2020) 

Lower Shaximiao Formation (Oxfordian; Wang et al. 2018) 

Shishugou Formation (Oxfordian; Jia et al. 2007) 

Oxford Clay (Callovian; Spencer et al. 2017) 

Toutunhe Formation (Bathonian-Callovian; Li et al. 2014) 

 

After the closure of the Viking Sea, the opening of the North Atlantic between North America and 

Europe is problematic (see Timeslice 3 of palaeogeographic event-based analyses), and to account 

for uncertainty regarding this opening, the starting dispersal matrices between North America and 

Europe until the Kimmeridgian = 1, and from the end of the Tithonian to the end of the Hauterivian 

= 0.5, and from the Barremian onwards = 0.000001.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 5: end of Oxfordian – end of Tithonian 

Timeslices (i.e. Ma- 66.0)       91.3 - 79 

Actual ages                             157.3 Ma – 145 Ma 

 

Formations include: 

Morrison Formation (Kimmeridgian-Tithonian; Maidment et al. 2008) 

Upper Shaximiao Formation (Kimmeridgian-Tithonian; Wang et al. 2018) 

Kimmeridge Clay (Kimmeridgian; Maidment et al. 2008) 

Farta Pao Formation (Kimmeridgian; Galton 1980) 

Middle Reptile Bed of Tendaguru Beds (upper Kimmeridgian-Tithonian; Maidment et al. 2008) 

Miragaia Unit of Lourinha Formation (upper Kimmeridgian-lower Tithonian; Costa and Mateus 

2019) 

 

During the Kimmeridgian-Hauterivian, the Uralian Sea between Asia and Europe was sporadically 

open (see Timeslices 6-10 of the palaeogeographic event-based analyses), and so the starting 

dispersal matrix was set to 0.5 for these timeslices here. 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 1 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.5 0.5 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.5 

Antarctica       1 

Australia        
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Timeslice 6: end of Tithonian – end of Hauterivian 

Timeslices (i.e. Ma- 66.0)       79 – 63.4 

Actual ages                             145 Ma – 129.4 Ma 

 

Formations include: 

Yellow Cat Member of Cedar Mountain Formation (Berriasian-Valanginian; Joeckel et al. 2020) 

Grinstead Clay Formation (Valanginian; Chapter Two, Raven et al. 2020) 

Minmi Member of Bungil Formation (Valanginian – Aptian; Arbour and Currie 2016) 

Upper Kirkwood Formation (Berriasian-Valanginian; Raven and Maidment 2018) 

Lianmuging Formation (Valanginian-Albian; Maidment et al. 2008) 

Hekou Group (Valanginian-Albian; Xi et al. 2019) 

 

The Apulian Route between Europe and Africa was established (Poropat et al. 2016) and so the 

starting dispersal matrix was set to 1. 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   1 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       1 

Australia        
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Timeslice 7: end of Hauterivian – end of Aptian 

Timeslices (i.e. Ma- 66.0)       63.4 - 47 

Actual ages                             129.4 Ma – 113 Ma 

 

Formations include: 

Wabiskaw Member of Clearwater Formation (Aptian; Brown et al. 2017) 

Jiufotang Formation (Aptian; Arbour and Currie 2016) 

Calicao Canyon of Lakota Formation (Barremian; Lucas 1901) 

Dawangzhangzi Bed of Yixian Formation (Aptian; Chang et al. 2017) 

Minmi Member of Bungil Formation (Valanginian – Aptian; Arbour and Currie 2016) 

Wessex Formation (Barremian; Chapter Two, Raven et al. 2020) 

Zuunbayan Formation (Aptian-Albian; Arbour and Currie 2016) 

Lianmuging Formation (Valanginian-Albian; Maidment et al. 2008) 

Hekou Group (Valanginian-Albian; Xi et al. 2019) 

 

After the Hauterivian, the landbridge between Asia and Europe is reestablished (Poropat et al. 2016) 

and so the starting dispersal matrix was set to 1.  

The landbridge between Africa and Europe was possibly reducing in size, and is lost by the Aptian. 

Due to this uncertainty, in this timeslice the dispersal matrix is set to 0.5, and subsequent timeslices 

= 0.000001.  

The timing of the rifting between Australia and Antarctica is uncertain (see Timeslice 12 of the 

palaeogeographic event-based analyses), and to account for this uncertainty the starting dispersal 

matrix is set to 0.5 between the Barremian and the Campanian, and set to 0.000001 after the start 

of the Campanian.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 1 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 8: end of Aptian – end of Albian 

Timeslices (i.e. Ma- 66.0)       47 – 34.5 

Actual ages                             113 Ma – 100.5 Ma 

 

Formations include: 

Sunjiawan Formation (Albian; Jiang and Sha 2008) 

Escucha Formation (early Albian; Kirkland et al. 2013) 

Liangtoutang Formation (Albian-Cenomanian; Zheng et al. 2018)  

Allaru Mudstone (upper Albian-lower Cenomanian; Leahey et al. 2015) 

Paw Paw Formation (upper Albian; Coombs 1995) 

Cloverly Formation (upper Aptian-lower Albian; Arbour and Currie 2016) 

Zuunbayan Formation (Aptian-Albian; Arbour and Currie 2016) 

Terra Cotta Clay Member of Dakota Formation (Albian; Wang and Dilcher 2018) 

Lianmuging Formation (Valanginian-Albian; Maidment et al. 2008) 

Hekou Group (Valanginian-Albian; Xi et al. 2019) 

 

The Bering landbridge between North America and Asia became fully established during the Albian 

(Poropat et al. 2016). 

West Gondwana started to break up into Africa and South America, although uncertainty of the 

timing of this (see Timeslice 14 of palaeogeographic event-based analyses) means the starting 

dispersal matrix between Africa and South America was set to 0.5 until the end of the Albian, and 

0.000001 after this point.  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  1 0.000001 1 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.5 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 9: end of Albian – end of Santonian 

Timeslices (i.e. Ma- 66.0)       34.5 – 17.6 

Actual ages                             100.5 Ma – 83.6 Ma  

 

Formations include:  

Mussentuchit Member of Cedar Mountain Formation (Cenomanian; Tucker et al. 2020) 

Chaochuan Formation (Cenomanian; Arbour and Currie 2016) 

Ulansuhai Formation (Turonian; Arbour and Currie 2016) 

Csehbanya Formation (Santonian; Ősi 2005) 

Liangtoutang Formation (Albian-Cenomanian; Zheng et al. 2018) 

Allaru Mudstone (upper Albian-lower Cenomanian; Leahey et al. 2015) 

Smoky Hill Chalk Member of Niobrara Chalk Formation (upper Coniacian-lower Campanian; 

Carpenter et al. 1995) 

Frontier Formation (Cenomanian; Arbour and Currie 2016) 

Bayanshiree Formation (Cenomanian-latest Santonian; Arbour and Currie 2016) 

 

The Turgei Sea between Asia and Europe formed from the late Cenomanian (Xu et al. 2018) and 

this lasted until the Cenozoic, and therefore the dispersal matrix was set to 0.5. However, 

fluctuating sea levels would have allowed periodic land connections between the two continents 

(Poropat et al. 2016). 

The Bering landbridge between North America and Asia was lost (Poropat et al. 2016).  

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.000001 0.000001 0.000001 0.000001 

Europe   0.000001 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.000001 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.5 

Australia        
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Timeslice 10: end of Santonian – end of Campanian 

Timeslices (i.e. Ma- 66.0)       17.6 – 6.1 

Actual ages                             83.6 Ma – 72.1 Ma 

Formations include: 

Hunter Wash Member of Kirtland Formation (upper Campanian; Fowler 2017) 

Kaiparowits Formation (upper Campanian; Wiersma and Irmis 2018) 

Point Loma Formation (upper Campanian; Arbour and Currie 2016) 

Dinosaur Park Formation (Campanian; Fowler 2017) 

Two Medicine Formation (Campanian; Burns 2015) 

Juan Lake Beds, Allison Member, Menefee Formation (lower Campanian; McDonald and Wolfe 

2018) 

De-na-zin Member of Kirtland Formation (upper Campanian; Fowler 2017) 

Bayn Dzak Member, Djadokhta Formation (late Campanian; Arbour and Currie 2016) 

Bayan Mandahu Formation (late Campanian; Arbour and Currie 2016) 

Barun Goyot Formation (mid to upper Campanian; Arbour and Currie 2016) 

Muthmannsdorf (Campanian; Ősi 2015) 

L’Olivet Quarry (Campanian; Garcia and Pereda-Suberbiola 2003) 

Coal Ridge Member of Judith River Formation (Campanian; Arbour and Evans 2017) 

Horseshoe Canyon Formation (Campanian-Maastrichtian; Fowler 2017) 

Snow Hill Island Formation (upper Campanian- lower Maastrichtian; Arbour and Currie 2016) 

Allen Formation (Campanian-Maastrichtian; Arbour and Currie 2016) 

 

An increase in sea-level meant the Turgai Sea possibly prevented dispersal between Europe and 

Asia (Poropat et al. 2016). 

The Apulian Route between Europe and Africa possibly reopens, and this lasts until the end of the 

Maastrichtian (Poropat et al. 2016), although because there is uncertainty around whether this was 

enough for continental dispersal, the timeslice is set to 0.5. 

A landbridge between North America and South America develops and lasts until the end of the 

early Maastrichtian (Poropat et al. 2016), but uncertainty around whether this was enough for 

continental dispersal means the dispersal matrix is set to 0.5. The Bering landbridge between North 

America and Asia is reestablished (Poropat et al. 2016). 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.000001 0.000001 1 0.000001 0.000001 0.000001 

Europe   0.5 0.000001 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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Timeslice 11: end of Campanian – end of Maastrichtian 

Timeslices (i.e. Ma- 66.0)       6.1 - 0 

Actual ages                             72.1 Ma – 66.0 Ma 

 

Formations include: 

Hell Creek Formation (late Maastrichtian; Arbour and Currie 2016) 

Horseshoe Canyon Formation (Campanian-Maastrichtian; Fowler 2017) 

Snow Hill Island Formation (upper Campanian- lower Maastrichtian; Arbour and Currie 2016) 

Allen Formation (Campanian-Maastrichtian; Arbour and Currie 2016) 

Hateg Basin (Maastrichtian; Ősi 2015) 

Nemegt Formation (Maastrichtian; Penkalski and Tumanova 2017) 

 

The Turgai Sea between Europe and Asia becomes shallower, possibly allowing dispersal of taxa 

(Poropat et al. 2016), the Bering landbridge between North America and Asia is possibly lost, the 

De Geer landbridge between Greenland and Fenoscandia (northern Europe) is temporarily 

established, allowing possible dispersal of taxa between North America and Europe (Brikiatis 2014) 

and the landbridge between North America and South America is possibly lost (Poropat et al. 2016). 

 

 Asia Europe Africa North 

America 

South 

America 

Antarctica Australia 

Asia  0.5 0.000001 0.5 0.000001 0.000001 0.000001 

Europe   0.5 0.5 0.000001 0.000001 0.000001 

Africa    0.000001 0.000001 0.000001 0.000001 

North 

America 

    0.5 0.000001 0.000001 

South 

America 

     1 0.000001 

Antarctica       0.000001 

Australia        
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A5.1. Appendix Ten: Eigenvectors for all disparity analyses 

 

Eigenvectors of Full Dataset            

 Axis.1 Axis.2 Axis.3 Axis.4  Axis.5 Axis.6 Axis.7 Axis.8 Axis.9 Axis.10 

Ahshislepelta 1.389584 -1.31724 0.795472 0.978674  -1.68197 1.143086 1.025905 0.08412 -0.84652 0.428378 

Akainacephalus 0.01947 -0.02784 -0.78545 -0.40416  -0.22828 0.786743 0.075989 0.108717 0.107166 -0.11563 

Alcovasaurus 0.079541 -0.72876 2.458479 -1.20122  -0.20938 0.446514 -0.40015 0.42741 0.468913 -1.40729 

Aletopelta 0.195265 0.828373 0.026579 -0.76903  0.722611 -0.63538 1.059677 0.234202 0.610711 0.780075 

Animantarx -0.22783 0.215302 -0.3703 0.930861  0.538768 0.535439 -0.14147 0.180511 -0.18891 -0.86192 

Ankylosaurus 0.335104 -0.02474 -0.87998 -0.83752  0.362359 0.288819 -0.06633 0.050322 0.401308 -0.07984 

Anodontosaurus 0.955037 -0.4708 -0.5888 -0.04805  -1.17717 0.679663 0.841091 0.328097 0.459246 -0.54327 

Antarctopelta 0.686905 0.15836 0.909206 0.637016  0.587125 0.880111 1.180796 -0.50311 -0.94792 0.854939 

Cedarpelta -0.41857 0.268705 -0.05702 0.763391  0.490942 -0.11264 -0.29689 -0.39063 0.336677 -0.31607 

Chuanqilong 0.05691 0.469767 -0.11332 -0.06653  0.135443 0.86606 -0.73931 -0.03139 0.092919 0.604032 

Chungkingosaurus -0.91632 -0.38938 -0.36125 -0.45719  0.162453 -0.68077 0.663112 0.068857 -0.33994 0.422295 

Dacentrurus -0.46223 -1.51296 0.007418 -0.50622  0.389722 -0.87513 -0.22472 0.106747 0.298771 0.393316 

Dongyangopelta 1.450774 -0.98059 0.12437 0.761117  0.135588 -0.2981 1.269196 0.27534 0.92057 0.695606 

Dracopelta 0.284665 0.208145 -0.05531 0.678  0.85037 0.90579 0.934703 -0.76854 -1.67453 -0.91481 

Dyoplosaurus 0.355054 0.076299 -0.91024 -1.21489  -1.21777 0.476876 1.09197 1.378928 -0.03246 -0.64564 

Edmontonia_longiceps 0.076925 0.303179 -0.77669 -0.17751  0.497003 -0.40177 0.391068 -0.60022 0.297487 0.028764 

Edmontonia_rugosidens -0.18447 0.235057 -0.69071 0.43439  0.031491 -0.70113 0.319796 -0.73372 0.318263 -0.8865 

Emausaurus -1.1942 0.837316 2.143477 -0.6563  -1.03191 -0.58815 -0.00405 0.137675 -0.4876 -0.31487 

Euoplocephalus 0.218804 0.211077 -0.97474 -0.84075  0.0256 0.457193 -0.35501 0.159265 0.030848 -0.37425 

Europelta -0.01668 0.455696 -0.43712 0.594284  0.247086 -0.27612 0.025913 -0.17802 -0.49505 -0.62926 

Gargoyleosaurus -0.08882 -0.22817 -0.54745 0.845704  -0.51943 0.516442 0.004476 -0.18489 -0.15273 -0.87331 

Gastonia_burgei 0.007609 0.064336 -0.57552 0.702466  0.10157 -0.33505 -0.30935 -0.7813 0.49653 -1.09502 

Gastonia_lorriemcwhinnyae -0.35725 -0.0976 0.025351 0.837967  -0.07655 0.169268 -0.43149 -0.03532 0.387718 -0.87344 

Gigantspinosaurus -0.62326 -0.86258 -0.19623 -0.47147  0.313194 -0.31887 -0.09695 0.528834 0.559999 0.783982 

Gobisaurus 0.77387 0.170993 0.950961 1.05083  0.601033 0.383667 0.22959 1.958265 -0.04991 0.747782 
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Hesperosaurus -1.24017 -0.56317 0.448568 -0.42916  0.44739 -0.08896 0.488746 -0.32472 -0.81076 0.206074 

Hoplitosaurus 0.621434 0.7235 0.127848 0.635465  0.550297 -1.90844 -0.43488 0.584317 -0.08249 -0.00238 

Huayangosaurus -1.23918 -0.37314 0.249192 0.370735  0.004716 -0.29818 -0.08003 -0.34852 -0.44701 0.557217 

Hungarosaurus -0.09777 0.096709 -0.66594 0.499718  0.041923 -0.32363 0.079955 -0.44442 -1.16293 -0.49316 

Hylaeosaurus 0.889756 0.031828 1.261426 0.07155  -1.093 -1.10543 0.308289 0.719626 1.582809 -0.91739 

Invictarx 0.346915 1.443233 1.737242 -0.46795  0.751467 1.54774 -0.7103 -0.11764 -0.61805 0.73844 

Jiangjunosaurus -0.71649 -1.03246 0.461096 -1.25707  0.755807 -0.59092 0.953729 0.584179 -0.61549 -1.29274 

Jinyunpelta -0.2313 0.179139 -0.39895 -0.00637  0.453272 0.59679 0.128057 -0.41253 0.314116 -0.24961 

Kentrosaurus -1.3584 -0.35641 0.526098 -0.5706  0.382325 -0.21325 0.20525 -0.17815 -0.25662 0.317524 

Kunbarrasaurus -0.04533 0.763465 0.698347 0.788692  -0.38441 0.126676 -0.57927 0.603962 -0.08719 -0.60684 

Laquintasaura -2.17803 1.122867 0.101965 0.17716  -1.37036 0.198531 -0.44415 -0.18771 1.408207 0.72434 

Lesothosaurus -1.65536 -0.00233 -0.03711 0.427397  -1.37589 0.151037 -0.48993 -0.72675 -0.02544 0.750178 

Liaoningosaurus -0.72952 0.179315 -0.31937 -0.08308  -0.44446 0.161352 0.382557 0.990638 0.513715 0.248289 

Minmi 0.797895 -0.16813 1.804064 0.834848  0.842927 -0.47856 -0.79445 -0.00124 0.193968 0.063264 

Miragaia -1.37101 -1.01512 0.314301 -0.33307  0.381124 -0.80957 0.80893 0.066921 -0.34001 0.059161 

Mymoorapelta 0.456336 -1.12208 -0.39055 0.735334  -1.45081 -0.09994 -0.60493 -0.46329 0.367396 0.298332 

Niobrarasaurus 0.369902 0.878194 -0.41111 0.682789  -0.36698 -1.36636 0.206792 0.508811 -0.0454 -0.79679 

Nodosaurus 0.22477 1.289264 0.051636 -0.86437  0.097396 -0.80401 -0.22261 -0.79726 -0.22052 -0.60783 

Panoplosaurus 0.569038 0.052581 -0.3717 -0.36476  0.452391 -0.92234 1.171398 -1.23885 0.625585 0.65077 

Paw_Paw_juvenile -0.7687 0.04379 -0.3234 1.172355  0.657298 0.689501 0.052378 0.307743 0.726832 0.050023 

Peloroplites -0.02759 0.240681 -0.42951 0.35987  0.20935 0.76005 -0.37286 -0.27345 -0.46458 -0.56274 

Pinacosaurus_grangeri 0.30149 0.242943 -0.52793 -0.50094  0.379356 0.949397 -0.37524 0.399273 0.540862 0.336311 

Pinacosaurus_mephistocephalus 0.160214 0.705763 -0.79637 -0.34606  0.769447 1.219154 -0.39321 0.173327 0.261277 0.354003 

Polacanthus 0.784261 -0.83174 -0.34095 0.243006  -0.40942 -0.08513 -0.50395 -0.08574 -0.27717 -0.6232 

Spearpoint ankylosaur 0.980115 -0.24886 -0.98952 -0.38305  -0.20166 -1.06301 -1.30749 -0.5408 -0.30161 0.484237 

Saichania 0.770195 -0.22338 -0.08884 -1.32519  0.217237 1.074682 -0.30664 -0.80449 0.282385 -0.76878 

Sauropelta 0.185317 0.43961 -0.09457 0.407032  0.393006 -0.82191 -0.20617 -1.00124 0.44935 -0.32169 

Scelidosaurus -1.46491 -0.22319 -0.01509 0.496803  -1.13859 0.503848 -0.66579 -0.4075 -0.29239 0.195837 

Scolosaurus 0.350476 0.292632 -1.20142 -0.94276  0.093119 0.3927 -0.45267 0.754301 0.219262 0.179242 

Scutellosaurus -1.64501 0.197035 -0.07368 0.238654  -1.17334 0.093537 -0.75278 -0.15345 -0.06591 0.723535 
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Shamosaurus 1.343042 -2.83692 0.210824 -0.073  0.104382 -0.03779 -1.67576 0.182667 0.437134 0.275139 

Silvisaurus 0.095889 0.040275 0.12557 0.273277  -0.42159 0.098604 1.415642 -0.26053 -0.07081 0.393627 

Stegopelta -0.19213 1.395012 -0.17686 -0.33722  -0.73959 -0.40974 0.012946 2.068832 -1.20521 -0.45431 

Wuerhosaurus_homheni -0.87182 -1.40395 0.038917 -0.45316  1.584598 0.465186 -0.70702 0.688457 0.071316 -0.24626 

Stegosaurus_stenops -1.31134 -0.68564 0.319879 -0.71539  0.595785 -0.33472 0.144307 -0.15979 -0.48243 -0.10431 

Struthiosaurus_austriacus -0.13883 -0.3806 -0.44256 0.639291  -0.12628 -0.16816 0.763649 -0.28601 -1.05631 0.171763 

Struthiosaurus_languedocensis 0.394304 -0.83638 -0.27699 0.537713  -0.62875 0.148386 -0.17701 -0.20983 -0.57999 -0.10735 

Struthiosaurus_transylvanicus -0.23079 -0.08275 -0.92231 1.11597  0.667688 -0.16712 1.077244 0.694144 0.895602 0.690098 

Talarurus 0.292771 0.153578 -0.60417 -0.59572  0.056763 0.673697 -0.39178 0.285213 0.041119 -0.28572 

Taohelong 0.800598 1.019191 0.630645 -0.1623  -0.32866 0.135648 0.884867 -0.12494 0.202586 1.031006 

Tatankacephalus 0.244222 1.02791 1.342556 -0.08192  0.25104 0.484949 0.259773 -1.40384 1.503115 -0.74714 

Texasetes 1.044217 0.509025 0.184809 0.937847  0.593675 -0.80505 -1.47369 0.305928 -1.21136 0.73768 

Tianchisaurus -0.14194 0.508026 0.262702 0.878681  1.221999 0.414719 -0.23643 0.526107 1.039201 0.285394 

Tuojiangosaurus -0.93649 -0.5068 0.019277 -0.61771  0.142052 -0.04766 -0.14726 0.08721 -0.30575 0.886597 

Zhejiangosaurus 1.398321 0.09119 0.134184 -1.40256  -0.5127 0.21546 0.345982 -1.42446 -0.04503 0.740404 

Ziapelta 1.824223 0.143976 0.88132 -0.71743  -0.61539 -0.78726 -0.48529 -0.40038 -0.55813 0.645858 

Zuul 0.950534 1.220342 -1.15475 -1.05722  -0.36584 -0.67707 -0.74646 0.425684 -0.61882 0.585857 

            

 Axis.11 Axis.12 Axis.13 Axis.14  Axis.15 Axis.16 Axis.17 Axis.18 Axis.19 Axis.20 

Ahshislepelta 0.213775 -0.05096 -0.14322 0.322288  -0.20466 -0.185 -0.00428 0.610716 0.801532 -0.4468 

Akainacephalus 0.317544 -0.39486 0.221557 -0.29676  0.728914 -0.38381 -0.00934 -0.12321 0.547391 0.454816 

Alcovasaurus 0.708754 -0.2061 -0.11749 1.19438  -0.45045 -0.22905 0.242544 -0.33483 0.06976 0.108469 

Aletopelta 1.489601 -0.60156 -0.86289 0.056633  -0.32371 -0.2716 1.508371 0.082415 -0.08971 0.665824 

Animantarx 0.723149 -0.21779 0.634551 -0.99562  -0.57639 -0.24926 0.084075 -0.16134 1.117224 -0.10075 

Ankylosaurus 0.035225 0.350843 0.229734 -0.11244  0.920965 0.271967 -0.87986 0.00148 -0.70414 -0.7027 

Anodontosaurus 0.080852 0.102434 0.993662 -0.27669  0.213233 0.530527 -0.95527 -0.11153 -0.27728 0.537182 

Antarctopelta -0.58267 0.279902 0.809044 0.505613  1.5746 0.752117 0.45985 -0.60472 -0.39459 0.319647 

Cedarpelta 0.326919 0.990054 0.332764 0.570887  0.466729 -0.728 -0.42573 0.759597 0.254123 -0.02408 

Chuanqilong -0.41802 0.201834 -0.52903 0.201121  0.082697 -0.6482 0.026136 0.296846 -0.56778 0.79359 

Chungkingosaurus -0.13026 -0.67751 0.437681 0.520904  0.643096 1.020344 0.608395 0.061449 0.135313 0.164517 
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Dacentrurus -1.11955 -0.62679 -1.19661 1.122465  0.134968 0.538395 -0.11038 -0.19672 0.102337 -0.36811 

Dongyangopelta 0.859342 -0.38124 0.629047 -0.59833  0.576381 -0.1481 -0.85778 -0.04336 -1.03803 -0.20486 

Dracopelta -0.24094 0.418476 0.477628 -0.21042  0.199642 -1.12147 0.274794 -0.559 -0.79062 0.512293 

Dyoplosaurus -0.57891 0.052717 0.278221 0.243072  0.206626 0.339363 1.150904 0.131575 0.041962 -0.2214 

Edmontonia_longiceps -0.36796 -0.38569 -0.68363 0.226526  -0.53901 0.438758 -0.53883 -0.44853 0.056876 1.177847 

Edmontonia_rugosidens -0.2625 -0.22665 -0.78222 0.405884  0.438525 0.082992 -0.95559 -0.44935 -0.22414 1.128766 

Emausaurus 0.659438 -1.17686 0.100232 -0.6908  -0.34327 0.139004 -0.80732 1.044166 -0.86513 0.17089 

Euoplocephalus -0.17546 -0.01343 0.490506 0.659397  0.285077 1.107712 -0.1372 0.197166 0.09591 -0.30055 

Europelta -0.51225 -0.48201 -0.35738 0.360394  -0.4831 0.03893 -0.06654 -0.41788 0.581338 -0.23886 

Gargoyleosaurus 0.174366 0.668452 -0.40918 -0.9854  -0.042 1.020265 -0.01254 0.621162 0.041522 -0.36099 

Gastonia_burgei -0.10293 0.377351 -0.26565 -0.33189  0.438297 1.043982 1.016795 -0.27131 0.039663 0.333171 

Gastonia_lorriemcwhinnyae 0.071053 0.263955 -0.4917 -0.72401  0.785585 0.245204 -0.05025 0.516127 -0.09803 0.102895 

Gigantspinosaurus -1.31814 -0.5086 0.847884 -0.0219  0.270724 -0.93969 0.353574 1.237209 -0.1014 0.668188 

Gobisaurus -0.56788 0.534182 0.180842 0.633994  -0.49023 1.497862 -0.19254 -0.70175 -0.34359 -0.0823 

Hesperosaurus -0.45975 0.608437 0.060255 -0.46019  0.711497 0.458201 -0.10522 -0.25038 0.40754 -0.28824 

Hoplitosaurus 0.142255 0.870225 1.281387 0.88382  -0.53326 0.039992 -0.42741 -1.01512 1.01894 0.162988 

Huayangosaurus -0.0491 0.65455 0.538483 -0.14947  -0.63894 -0.0925 -0.62745 -0.05955 0.679832 1.122213 

Hungarosaurus 0.274006 -0.7926 -0.17971 0.597117  -0.92057 0.228483 1.285174 0.597926 -0.48204 -0.61458 

Hylaeosaurus -0.92092 -0.13126 0.74505 -0.52924  0.055789 -0.00699 0.402274 -0.26115 -0.23913 0.52194 

Invictarx -0.25059 -0.27484 -0.77754 -0.60434  0.076198 0.08577 -0.11009 -0.24282 0.336794 0.43045 

Jiangjunosaurus 0.401202 1.150524 0.189439 0.772165  0.063437 -0.73769 -0.59956 -0.29384 -0.38953 0.598206 

Jinyunpelta -0.94213 0.438741 0.230962 1.005122  0.342458 -0.6781 1.518882 -0.07888 -1.02419 -0.09135 

Kentrosaurus -0.69542 -0.61723 0.032372 -0.33232  0.660748 0.308213 0.12375 0.340748 0.538467 0.289037 

Kunbarrasaurus -1.01075 -0.80552 -0.56955 -0.63753  0.765595 -1.00728 0.465814 -0.66384 -0.40548 -0.24249 

Laquintasaura 0.25823 -0.42918 0.102957 0.434026  0.463194 -0.09998 0.312603 -1.06346 0.111787 -0.58828 

Lesothosaurus 0.638008 -0.02426 0.195256 0.850851  -0.20493 0.095622 0.315731 -0.39196 -0.41456 -0.86713 

Liaoningosaurus 0.398991 1.830818 -2.05017 -0.40459  -0.43584 -0.27355 0.166706 -0.81181 -0.66223 0.472822 

Minmi 0.930329 -0.54034 0.202114 0.159924  1.370615 -0.12708 -0.62281 -0.16127 -0.21892 -1.11301 

Miragaia 0.318483 0.164961 0.360084 -0.68917  -0.36558 -0.15344 -0.26706 -0.24959 0.51193 -0.02922 

Mymoorapelta 0.219635 0.262336 -0.47042 -0.85818  0.308697 0.259944 -0.11401 0.032892 1.062739 1.253079 
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Niobrarasaurus -0.64716 -0.97446 -0.23954 0.484936  0.114344 -0.574 -0.31332 -0.06215 0.417783 -0.07823 

Nodosaurus 0.236812 0.263548 0.084474 -0.08452  0.097048 -0.17358 -0.29379 1.773644 -0.58928 0.407665 

Panoplosaurus 0.281364 -0.80459 -0.60907 -0.76897  -0.23688 0.134549 -0.58929 -1.03745 -0.10423 -0.64815 

Paw_Paw_juvenile -0.26902 -0.10062 0.607173 -0.01696  -0.49402 -2.05535 -0.23589 -0.6639 0.514045 -0.03548 

Peloroplites 0.062816 0.002939 -0.33129 -0.50009  0.132211 0.9003 -0.25744 -0.62373 -0.60114 0.285901 

Pinacosaurus_grangeri 0.666009 -0.65801 -0.09723 0.529762  0.805122 -0.10473 -0.5175 0.124615 0.343576 0.270885 

Pinacosaurus_mephistocephalus 0.107283 -1.0831 -0.1333 0.388566  0.236497 -0.10438 -0.82633 0.632839 0.598549 0.977575 

Polacanthus 0.575429 -0.00852 -0.07558 0.043146  0.766873 -0.48883 0.814259 0.158755 1.186717 -0.71687 

Spearpoint ankylosaur -0.12679 0.817307 -0.37798 -0.26973  0.847952 -1.1424 0.536778 -0.34498 -0.64779 -0.7038 

Saichania 0.69773 -0.77899 0.477484 0.943735  -0.56966 -0.37156 -0.23828 -0.83483 0.328417 -0.64501 

Sauropelta -0.32026 -0.04328 0.011231 0.166348  0.110514 0.793509 -0.36012 0.53102 0.197192 -0.69301 

Scelidosaurus 0.159001 0.421429 0.851818 0.58854  -0.08499 0.430079 -0.218 0.365264 -0.3908 0.049161 

Scolosaurus 0.898234 0.279709 0.071031 0.273267  -0.30678 0.687538 -0.19533 -0.7583 -0.29706 -0.30751 

Scutellosaurus 0.459561 0.467971 0.515406 0.213582  -0.37566 -0.2002 -0.52379 -0.4519 -1.05241 0.24475 

Shamosaurus -0.87773 -0.28263 -0.23614 -0.29375  -0.52617 -0.16633 0.129625 0.315072 -0.9579 0.190144 

Silvisaurus -0.34505 0.599793 -1.71227 0.522478  0.021892 -0.70683 -1.06807 0.629986 0.688685 -1.69493 

Stegopelta -0.27919 -0.51715 -0.49898 -1.15292  0.090878 -0.21086 -0.03296 -0.27264 -0.06523 -0.50234 

Wuerhosaurus_homheni 0.305636 0.553366 -0.48261 -0.92489  -0.83037 0.031111 -0.34807 0.353589 -0.53443 -0.79428 

Stegosaurus_stenops 0.049461 0.420345 -0.153 -0.50011  0.119414 0.486602 0.512175 -0.13184 0.703439 -0.36999 

Struthiosaurus_austriacus 0.532994 -0.83278 0.478186 0.164254  -0.77694 -0.20386 -0.03446 0.476849 -1.17891 -0.18451 

Struthiosaurus_languedocensis -0.4555 -0.78041 -0.61904 0.892225  -1.63284 -0.03005 -0.10321 -0.04953 0.282975 0.661602 

Struthiosaurus_transylvanicus 1.317834 -0.41736 0.071629 -0.27268  -0.20298 -0.11899 0.845973 1.022682 -0.63725 0.152598 

Talarurus 0.20385 -0.2153 -0.38845 -0.02868  -0.0963 0.136877 -0.32118 0.671328 0.603855 -0.27458 

Taohelong -1.13254 1.082267 -0.59649 0.75057  -0.31372 -0.20803 -0.40297 1.006951 0.358905 -0.07719 

Tatankacephalus -0.65399 0.707744 0.142128 -0.33753  -0.83571 0.560214 0.499573 0.591189 -0.28864 -0.29332 

Texasetes 0.163589 -0.45451 -0.42349 0.14948  -0.29189 0.619486 0.084228 -0.12489 -0.52607 0.279449 

Tianchisaurus -0.11135 0.414006 0.761716 -0.27442  -1.19266 0.413388 0.822276 0.569669 0.835729 -0.54778 

Tuojiangosaurus -0.44777 -0.41858 0.386451 -0.88064  0.562532 -0.07183 0.522357 -0.00592 0.916508 -0.025 

Zhejiangosaurus -0.71719 -0.26712 0.71488 -1.54032  -1.32419 -0.25417 0.241955 -1.20385 -0.09838 -0.33317 

Ziapelta 1.691788 1.100464 -0.20213 0.226525  0.41438 -0.19156 1.050415 0.139613 0.753442 0.933015 
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Zuul -0.56086 0.85097 1.287661 -0.30846  -0.46024 -0.27894 -0.61889 0.638575 0.017231 -0.6307 

            

 Axis.21 Axis.22 Axis.23 Axis.24  Axis.25 Axis.26 Axis.27 Axis.28 Axis.29 Axis.30 

Ahshislepelta 0.250557 -0.50574 0.392139 0.202672  -0.20334 0.181197 0.320196 -0.64481 -0.0674 -0.04477 

Akainacephalus 0.741554 -0.96077 0.733746 -0.4944  1.042373 0.7099 0.568735 0.241887 -0.66806 0.207048 

Alcovasaurus -0.05286 -0.47896 0.225284 -0.05795  -0.03973 -0.18893 -0.17183 0.3454 -0.46942 0.196971 

Aletopelta 0.237959 -0.28361 -0.1646 -0.33747  -0.34125 0.806269 -0.24475 -0.63263 0.298855 0.293662 

Animantarx 0.815724 0.096208 -0.09471 -0.60054  0.22376 1.033418 0.169411 1.331569 -0.43272 -0.59331 

Ankylosaurus -0.45558 0.135216 0.622018 -0.92033  -0.1307 0.005438 0.145921 0.889727 -0.91497 1.429981 

Anodontosaurus -0.38825 0.696237 0.028271 0.360459  -1.03688 0.13141 -0.3539 0.134752 0.063185 -0.23106 

Antarctopelta 0.333687 -0.66462 0.077193 0.301152  0.033945 -0.22819 0.297372 -0.23381 -0.29755 0.705215 

Cedarpelta 1.031117 1.065724 -0.79806 -1.04068  0.305775 1.290468 -0.02191 0.043244 0.150026 0.254246 

Chuanqilong -1.29496 0.816669 0.26946 -0.9086  0.360112 -0.69491 -0.16981 -0.04766 0.190747 -1.04588 

Chungkingosaurus -0.66267 0.098404 -0.06098 -0.61598  0.628984 -0.23667 -0.9663 0.49103 -0.98882 -0.10908 

Dacentrurus -0.37425 0.7725 0.634704 -0.13494  0.294694 1.196319 0.085931 -0.22702 -0.95154 0.506708 

Dongyangopelta -0.33375 0.525233 0.017066 0.400098  0.387085 0.037188 -0.22376 0.306949 0.193082 -0.51322 

Dracopelta 0.733362 0.513944 0.341929 -0.26403  0.472951 -0.70915 0.046579 0.18312 0.41604 0.363243 

Dyoplosaurus 0.642952 0.282015 -0.429 -0.71571  0.451229 -0.10062 0.675133 -0.90721 -0.1878 -0.46984 

Edmontonia_longiceps 0.471431 -0.81476 0.081545 -0.52043  0.003792 -0.09135 0.925142 0.251031 0.154292 -0.34072 

Edmontonia_rugosidens 1.392201 -0.42409 -0.12647 0.140833  -0.41598 -0.78251 -0.41474 -0.42012 0.080335 -0.25246 

Emausaurus 0.000849 -0.05734 0.212691 -0.30145  0.822264 -0.26877 0.249529 0.049005 0.419055 0.171227 

Euoplocephalus 0.198894 0.655968 -0.44697 -0.20912  -0.26804 -0.08839 0.216127 0.916284 1.14396 0.369087 

Europelta -0.95039 -0.36958 -1.54805 0.786702  0.119622 0.122231 -0.34116 -0.12148 -0.82049 0.860054 

Gargoyleosaurus -0.33378 -0.65216 -0.40348 0.073011  1.053716 -1.03647 -1.18619 0.611703 -0.05015 -0.76093 

Gastonia_burgei -0.55414 -0.77796 0.609263 -0.36563  0.986727 0.291189 -0.7091 -0.72338 -0.18225 -0.05039 

Gastonia_lorriemcwhinnyae -1.5711 -0.28751 0.533331 -0.57155  0.094471 0.566602 1.484722 -1.03709 0.662538 0.288901 

Gigantspinosaurus 0.646712 -0.78826 -0.63014 0.125352  -0.11311 0.363629 -0.20712 0.704883 0.313986 0.188542 

Gobisaurus 0.201141 -0.355 0.47998 0.242442  0.140179 0.303345 -0.13071 0.06532 0.018583 -0.16621 

Hesperosaurus -0.07127 0.364426 -0.05631 0.490133  -1.23041 0.689586 0.455693 -0.74005 0.692625 -0.89114 

Hoplitosaurus -0.15836 0.026105 -0.19852 -0.05079  0.394589 -0.19764 -0.08898 -0.34568 0.637962 -0.19946 
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Huayangosaurus -0.85666 0.773488 0.434273 0.14277  0.47255 0.22261 -1.5238 -0.93216 0.022877 0.686321 

Hungarosaurus 0.135587 1.146729 -0.35008 0.288383  0.157413 0.192854 0.240488 -0.13057 -0.95638 -0.37209 

Hylaeosaurus -0.17608 0.516556 -0.72 -0.73359  0.225083 -0.11965 -0.17401 -0.0686 0.081663 -0.8434 

Invictarx -0.77438 0.302869 -0.64024 -0.06368  -0.25353 -0.16703 -0.17715 0.475518 -0.08327 -0.3509 

Jiangjunosaurus -0.93918 -0.91902 -0.71241 0.772102  -0.43911 0.302554 0.400766 0.795981 -0.02698 -0.38826 

Jinyunpelta 0.041675 0.484947 0.728578 0.70225  0.27701 -0.4263 0.059359 0.207007 0.896174 -0.53032 

Kentrosaurus 0.975397 0.102489 0.887179 -0.19848  0.419823 -0.14861 -0.76358 0.592732 0.75157 -0.08003 

Kunbarrasaurus 0.36836 0.777184 -0.29295 0.415014  -1.24728 0.928052 -0.55732 -0.00712 -0.37625 -0.05151 

Laquintasaura -0.47574 -0.25294 0.694254 -0.26844  -0.78049 -0.55968 0.148456 0.932437 0.562567 0.187255 

Lesothosaurus 0.477657 -0.99308 -0.21986 0.277422  0.103252 0.126972 0.506908 -0.27105 0.129524 -0.90431 

Liaoningosaurus 0.207885 -0.04578 -0.15392 0.693432  0.334038 -0.24995 0.012514 0.663195 -0.41843 0.856271 

Minmi 0.286557 -0.38885 0.154218 0.529233  0.306044 0.205075 -0.02104 -0.25904 -0.0879 0.035723 

Miragaia -0.3015 -0.06658 0.344074 -0.434  0.40419 -0.56234 1.437367 -0.15208 -0.89305 -0.4276 

Mymoorapelta 0.534325 0.735983 0.665563 0.590276  -1.02455 -0.37384 0.197166 0.398602 -0.80291 0.51614 

Niobrarasaurus -0.30865 0.383004 0.734872 -0.19827  -0.41312 -1.06746 -0.0106 0.029137 0.144047 0.226119 

Nodosaurus 0.12015 0.387426 1.120429 1.118018  0.081151 0.499191 0.281776 -0.65657 0.016426 0.683519 

Panoplosaurus 0.335276 0.259522 0.119584 0.184658  0.306307 0.153161 0.100009 -0.05818 0.880798 -0.25184 

Paw_Paw_juvenile -0.30808 0.089652 0.635967 0.564212  0.467354 -0.09581 0.391095 -0.39853 -0.61585 -0.1874 

Peloroplites -0.49203 -0.52385 -0.42192 -0.81771  -0.51883 1.589359 0.010441 -0.04594 0.860581 0.311078 

Pinacosaurus_grangeri 0.141566 -0.21464 -0.2976 -0.06062  -0.14619 -1.16263 0.34745 -1.50098 -0.41496 -0.00815 

Pinacosaurus_mephistocephalus -0.06051 -0.45728 -1.13614 0.089681  -0.24911 -0.30669 0.03018 -0.43885 -0.61177 -0.72836 

Polacanthus -0.71527 -0.16313 -0.66124 -0.38516  -0.16354 -0.63823 -0.23826 -0.4474 1.229985 0.738246 

Spearpoint ankylosaur -0.48315 -0.97324 0.079378 -0.08718  -0.20309 0.013307 0.011845 0.397503 -0.60969 -0.71033 

Saichania 0.057334 0.015124 0.430938 -0.21052  -0.06451 0.208746 -1.33719 0.024227 0.03327 0.490995 

Sauropelta 0.304817 0.199565 -1.13252 0.491301  -0.56635 -0.21389 0.947886 0.736135 -0.41214 -0.29763 

Scelidosaurus 0.527437 0.101352 0.057031 0.411304  -0.00822 -0.13228 -0.09419 0.388509 -0.39556 0.378987 

Scolosaurus 0.261426 1.59177 0.036095 1.000417  0.472582 -0.24205 0.59221 -0.52988 0.204359 0.124498 

Scutellosaurus 0.351874 0.251526 -1.24638 -0.52459  0.426739 0.682836 -0.29271 -0.95679 -0.06224 -0.12241 

Shamosaurus 0.522288 -0.11573 -0.4338 0.05842  0.322429 -0.0085 -0.02495 -0.36019 0.141816 0.229928 

Silvisaurus 0.423979 0.222832 -0.46809 -0.60612  0.683527 -0.22399 -0.55856 0.026211 0.308703 0.081843 
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Stegopelta 0.550564 -0.35491 0.110158 0.35169  0.017967 0.092725 -0.12903 -0.17399 -0.02898 0.610965 

Wuerhosaurus_homheni 0.698563 0.120339 0.051348 -0.83578  -0.63202 -1.08503 -0.12214 -0.33519 0.499514 -0.01098 

Stegosaurus_stenops 0.422888 -0.02104 0.456299 0.019916  -1.54128 -0.33369 -0.96085 -0.77372 -0.36501 -0.8233 

Struthiosaurus_austriacus -1.14964 0.279397 0.083456 -0.77604  -1.19177 -0.46752 0.265998 0.376379 -0.51567 0.098794 

Struthiosaurus_languedocensis -0.16446 -0.70772 0.352454 0.257428  -0.18832 0.24299 0.511927 0.42938 1.479813 0.473306 

Struthiosaurus_transylvanicus -0.29393 -0.66163 -0.27705 0.647907  -0.55215 0.196939 -1.00098 0.163436 0.29565 0.37844 

Talarurus -0.59341 0.160766 1.025259 1.529438  0.691818 0.969442 -0.20674 0.566982 0.238992 -1.74721 

Taohelong -0.45114 0.011208 0.131241 -0.76857  -0.28893 0.352463 -0.0529 0.217832 -0.1302 -0.24477 

Tatankacephalus 0.282253 -0.35816 -0.37481 0.920184  -0.0432 -0.49656 0.184098 -0.37806 -0.5454 0.491283 

Texasetes 0.453163 0.005794 0.325934 -0.24401  0.312929 -0.54574 0.181894 0.333441 -0.15456 -0.33715 

Tianchisaurus 0.050481 0.074689 0.628316 -0.56015  -0.53333 -0.12275 0.664063 0.0899 -0.11253 0.523518 

Tuojiangosaurus -0.65939 0.436164 -1.23766 1.156347  1.024755 -0.50491 0.642072 0.437936 0.712189 0.994335 

Zhejiangosaurus -0.15635 -0.11367 -0.1335 -0.21693  0.166918 0.25891 -0.01525 -0.18216 -0.30949 0.105854 

Ziapelta 0.244616 0.570028 -0.17132 -0.35707  -0.18486 -0.09857 0.224389 0.712847 0.031844 -0.13283 

Zuul 0.086629 -1.29745 0.493261 0.121856  -0.47692 0.010892 -0.53932 -0.42325 0.002738 0.160926 

            

 Axis.31 Axis.32 Axis.33 Axis.34  Axis.35 Axis.36 Axis.37 Axis.38 Axis.39 Axis.40 

Ahshislepelta -0.21382 -0.28576 0.101325 -0.06944  0.074837 0.348011 0.048113 -0.12178 0.147601 -0.00578 

Akainacephalus -0.05284 1.140282 1.105243 0.13705  1.023817 -1.41976 0.421037 0.799376 0.753962 -1.21565 

Alcovasaurus 0.201814 -0.34593 0.282403 -0.17033  0.284676 0.185519 0.400114 -0.06144 0.096173 -0.08828 

Aletopelta -0.23454 0.212994 0.149016 0.032136  0.059668 0.391123 0.027888 -0.11563 0.904505 0.287962 

Animantarx -0.36808 -1.08149 -0.89892 -0.71921  -0.75108 0.807828 0.411088 -0.35128 -1.10913 -0.70669 

Ankylosaurus -0.76747 0.479645 -0.49657 0.721341  -0.3912 -0.07059 -0.25865 -0.28774 -0.79946 1.585194 

Anodontosaurus 0.479879 0.464003 0.339215 0.239468  -0.86102 -0.51666 -0.35352 -0.27919 -0.18038 -0.53442 

Antarctopelta 0.191427 -0.09084 0.403918 -0.22056  -0.27821 0.141769 -0.14995 0.165092 -0.00464 0.282224 

Cedarpelta 0.270576 0.30006 0.148915 0.256381 

 

-0.1932 

-1.65E-

05 0.476098 1.134146 0.503518 0.477472 

Chuanqilong -1.46948 -0.54754 0.329716 0.920273  0.178418 0.579365 0.186181 0.513865 0.424527 -0.56751 

Chungkingosaurus 1.232543 0.300524 0.847875 1.067985  -0.30316 1.628099 0.582894 0.152855 -0.56112 -0.59393 

Dacentrurus -0.05295 -0.55101 -0.57602 -0.30337  0.182819 -0.94346 0.514529 -0.06375 -0.329 -0.3892 
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Dongyangopelta 0.002342 -0.52104 -0.23257 -0.03108  -0.07715 -0.69735 -0.07349 0.174736 -0.28323 0.100792 

Dracopelta 0.240428 0.547186 -0.18094 -0.26938  -0.2799 -0.40829 0.385513 0.060237 -0.1702 0.012119 

Dyoplosaurus -0.74081 -0.38667 -0.44721 -0.06056  0.130707 0.188578 0.616539 -0.06933 0.147893 0.586884 

Edmontonia_longiceps 0.728677 -1.61308 1.241512 -0.52015  0.550969 0.078324 -0.51316 -0.10665 0.264622 1.054698 

Edmontonia_rugosidens -1.27156 -0.41809 0.010033 0.609121  -0.03372 0.676728 1.377778 -0.63603 -0.5466 0.550618 

Emausaurus 0.063726 -0.41303 0.127004 0.049351  -0.48053 0.062024 0.160618 -0.17828 -0.35488 -0.39023 

Euoplocephalus 0.369377 0.190447 1.294363 -0.66044  -1.23971 0.640262 0.184267 -0.39474 0.963638 -0.56569 

Europelta -1.26597 0.580078 0.035069 1.253841  -0.59206 -0.22382 0.122839 0.392743 0.292846 -0.54717 

Gargoyleosaurus 0.385619 -0.11824 0.242166 0.259195  1.336162 0.066914 -0.05397 0.960157 0.059181 0.500291 

Gastonia_burgei -0.47421 -0.35308 -0.21996 -1.54895  -1.3199 -0.53017 -0.55291 -0.11452 0.346634 -0.57837 

Gastonia_lorriemcwhinnyae 0.541965 -0.00173 0.166127 -0.20198  0.246322 0.348252 0.257319 0.211504 -0.39908 0.378782 

Gigantspinosaurus 0.213891 0.729862 -0.43125 -0.50894  0.228009 0.542769 -0.01542 0.257799 0.215112 0.381034 

Gobisaurus -0.59253 0.037983 -0.10482 0.126683  0.216075 -0.4632 0.237585 0.303799 0.058984 0.334729 

Hesperosaurus 0.214218 -0.30535 -0.527 0.553242  0.927621 0.418649 1.080466 -0.01637 0.1428 -0.94252 

Hoplitosaurus -0.32357 0.185811 0.312348 0.054044  0.933746 -0.08683 -0.30403 0.21776 -0.73737 0.189255 

Huayangosaurus 0.699614 0.645984 -0.28777 -1.0401  0.19557 0.636719 0.385134 -0.06328 0.539801 0.776393 

Hungarosaurus 0.956661 -0.33169 0.779567 0.51363  0.430765 -0.70531 -0.82102 -0.14391 -0.83709 0.594881 

Hylaeosaurus 0.382875 0.242044 -0.06801 0.350807  -0.01276 -0.52962 0.113246 -0.06287 -0.34607 -0.20876 

Invictarx 0.095922 0.012726 -0.13232 0.054647  -0.14831 -0.38551 0.162298 -0.35616 0.206081 -0.02456 

Jiangjunosaurus 0.207354 -0.20024 -0.25216 -0.32333  -0.3015 -0.16371 -0.36922 0.107759 0.153957 -0.07957 

Jinyunpelta -0.19887 -0.18315 -0.48117 0.155131  0.117303 0.03249 -0.35406 -0.43616 0.051236 0.143305 

Kentrosaurus -0.83642 0.59455 -0.59578 0.048341  0.861576 -0.11132 -1.63374 -0.34203 -0.87259 -0.77219 

Kunbarrasaurus 0.253161 -0.0128 0.747182 -0.32467  -0.03947 0.726794 -1.06578 0.662345 -0.13003 0.592467 

Laquintasaura -0.29417 0.023761 0.458494 -0.351  0.132975 -0.42579 0.292803 0.091486 -0.04156 0.082973 

Lesothosaurus 0.699307 1.319652 -0.6108 0.182482  -0.63671 -0.20464 0.980693 -0.27676 -0.86268 0.539608 

Liaoningosaurus 0.644508 0.138812 -0.57081 -0.35462  0.099248 0.259198 -0.037 0.412407 -0.67144 -0.66109 

Minmi -0.38539 -0.10428 0.625977 -0.08214  0.074233 0.765993 -0.28908 0.10238 0.180788 -0.0296 

Miragaia -0.60052 0.640484 -0.12174 0.602011  -0.49803 0.673614 -1.33782 -0.89304 1.134732 0.53698 

Mymoorapelta -0.18697 0.065621 0.432276 0.162365  0.221689 0.174466 0.182012 -0.39229 0.123582 0.326956 

Niobrarasaurus 1.063853 0.416855 -1.11924 -0.13604  0.109938 -0.52172 0.035697 -0.34525 0.915691 -0.05124 
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Nodosaurus -0.28586 -0.23954 0.163708 0.444062  -0.0893 -0.38705 0.27565 0.106822 -0.61778 -0.42986 

Panoplosaurus 0.42935 -0.21768 -0.65487 0.582794  -0.8154 -3.61E-05 0.173738 1.653934 0.579439 0.018568 

Paw_Paw_juvenile 0.448123 -0.29316 0.89276 0.538282  -0.08238 -0.19894 0.358878 -0.92729 0.013725 -0.54541 

Peloroplites 0.590255 0.244739 -0.58174 0.897864  0.971401 0.041164 -0.40394 -1.33503 -0.12262 -0.12014 

Pinacosaurus_grangeri 0.893965 -0.04246 -0.91121 -0.35534  0.19789 0.612784 -1.11047 0.654291 -0.89613 -0.36841 

Pinacosaurus_mephistocephalus 0.199254 0.220693 -0.74358 -0.26252  -0.49197 -0.72909 -0.04643 0.193316 -0.28717 0.040353 

Polacanthus -0.23237 -0.05848 -0.32436 0.299806  -0.14572 -0.33807 -0.18648 -0.30262 0.182782 0.015878 

Spearpoint ankylosaur 0.204341 -0.31355 0.025129 -0.04961  -0.17905 0.451061 -0.07613 0.203769 0.008433 -0.32191 

Saichania 0.120758 -0.5721 -0.36202 -0.05732  0.835753 -0.03502 0.290715 -0.21092 0.241621 0.537029 

Sauropelta -0.3316 0.430658 -0.12602 -0.79812  1.198412 -0.23163 -0.26135 -0.31985 0.575036 -0.45575 

Scelidosaurus 0.374099 -1.72319 -1.24749 0.936674  -0.04552 -0.18211 -0.70375 0.570533 1.704044 -0.30331 

Scolosaurus -0.23112 0.377401 0.327794 -0.5211  0.364152 0.777808 -0.28229 -0.14358 -0.05885 -0.90549 

Scutellosaurus -0.88263 -0.08683 0.397663 -0.4108  -0.14087 -0.45192 -0.86522 -0.28185 0.001263 0.256918 

Shamosaurus -0.0099 0.094321 -0.09603 -0.12289  -0.18414 0.376064 0.312842 -0.21066 0.186584 -0.22989 

Silvisaurus -0.02433 0.011209 0.328954 -0.52667  -0.07801 0.384221 -0.29983 -0.91165 -0.11113 -0.40831 

Stegopelta -0.07867 -0.02764 -0.2213 0.000179  0.044243 0.132222 0.201854 0.291703 0.670677 0.362588 

Wuerhosaurus_homheni 0.434579 0.366678 0.7544 0.420602  -0.03438 -0.91085 0.238137 0.043391 0.12435 0.250937 

Stegosaurus_stenops -0.40725 -0.15262 0.668224 -0.27229  -0.97402 -1.03136 -0.1822 0.556768 -0.32678 0.072514 

Struthiosaurus_austriacus -1.02885 0.380504 -0.14249 -1.7359  0.891539 0.303852 0.727262 0.902415 -0.08454 -0.24273 

Struthiosaurus_languedocensis -0.34089 0.467883 0.424922 0.555283  -0.63311 0.275755 -0.85243 1.101518 -0.8195 -0.20726 

Struthiosaurus_transylvanicus -0.16822 -0.31374 0.198725 0.361094  0.244446 -0.25159 0.00165 -1.14662 0.179549 -0.31435 

Talarurus -0.31363 0.83776 -0.11104 -0.20317  -0.20409 0.235333 0.070393 -0.0248 0.421379 1.446606 

Taohelong 0.345475 -0.23925 0.223121 -0.08018  -0.32511 -0.48984 -0.16415 -0.2726 -0.08044 -0.02802 

Tatankacephalus -0.06229 0.764211 -2.86E-05 -0.09331  0.041586 0.45626 0.152185 -0.08584 0.137427 0.053231 

Texasetes 0.445639 0.353218 -0.37516 -0.1997  -0.60754 -0.28535 0.589826 -0.9485 0.538135 -0.12763 

Tianchisaurus 0.028724 -0.30798 -0.6074 0.350307  -0.32533 0.458462 0.008667 0.674242 -0.2588 0.041873 

Tuojiangosaurus -0.11635 -1.15209 0.371234 -0.44178  -0.00911 -0.79272 0.764834 -0.10669 -0.65384 0.792007 

Zhejiangosaurus 0.050986 0.159855 -0.16328 -0.0559  0.313886 0.120957 -0.14931 -0.27656 -0.01474 -0.12336 

Ziapelta -0.03747 0.285577 -0.3273 0.334626  0.058209 -0.39493 -0.11939 0.080398 -0.28881 0.216997 

Zuul 0.176313 -0.65871 0.393981 0.011766  0.024034 0.118828 0.076814 -0.14 -0.33467 -0.33683 
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 Axis.41 Axis.42 Axis.43 Axis.44  Axis.45 Axis.46 Axis.47 Axis.48 Axis.49 Axis.50 

Ahshislepelta 0.126447 0.123568 -0.12833 0.068118  0.046681 -0.04814 0.02948 0.143898 0.09894 -0.21942 

Akainacephalus -0.60006 -0.3317 0.934384 0.083213  -0.52952 0.891141 -0.45871 -0.04508 -0.40491 0.14566 

Alcovasaurus 0.346605 -0.18371 0.073127 -0.09471  -0.17488 -0.31726 -0.24583 0.005614 -0.26499 -0.15481 

Aletopelta 0.290902 0.014231 -0.45968 0.061086  -0.29226 0.084998 0.104762 -0.2007 -0.41617 -0.2593 

Animantarx 0.183375 -0.48765 0.133272 -0.14459  -0.5745 0.781485 0.343986 -0.3028 0.018859 -0.29762 

Ankylosaurus 0.708249 -0.13267 -0.01036 0.694303  -0.14833 0.663434 0.011127 0.392253 -1.07997 -1.20352 

Anodontosaurus -0.06368 -0.56323 -0.35608 -0.09701  0.57203 0.39839 0.24141 -1.29536 0.293052 0.766045 

Antarctopelta 0.193172 -0.22059 0.052525 -0.28084  0.128538 0.028003 0.220876 -0.08675 0.647525 -0.22894 

Cedarpelta 0.131666 -0.40069 -0.75748 0.180765  0.790978 -0.8799 -0.38267 0.075692 0.463838 0.581293 

Chuanqilong -0.14037 -0.5727 0.221856 -0.44645  0.736467 1.184121 -0.23244 0.537144 0.520276 -0.82331 

Chungkingosaurus -0.6318 0.023678 0.59445 1.068585  0.474593 -0.69997 0.690328 -0.17124 0.618798 -0.31986 

Dacentrurus 0.152458 0.127127 -0.68594 -0.21391  -0.74879 0.258165 -0.05239 -0.10064 0.94519 0.592691 

Dongyangopelta -0.17909 0.169863 -0.1768 -0.16279  0.32484 0.21779 -0.38551 -0.05025 -0.45239 0.367369 

Dracopelta -0.09514 0.030285 0.016493 0.215357  -0.09792 0.093204 0.356942 -0.30153 -0.04934 0.176036 

Dyoplosaurus -0.34253 0.598683 -0.64413 -0.2181  0.048508 -0.26385 -0.45957 -0.68602 -0.03606 -0.63795 

Edmontonia_longiceps 1.208546 -1.49879 -0.23095 -0.11469  0.810478 0.262278 0.119815 -0.70112 0.210491 -0.10484 

Edmontonia_rugosidens -1.04196 0.459151 0.892148 -0.50147  -0.4578 0.053268 -0.27524 0.115912 -0.11628 0.785578 

Emausaurus -0.13245 -0.07534 -0.64362 0.49519  -0.00023 -0.10732 0.031989 -0.20964 -0.2437 -0.02697 

Euoplocephalus 0.646964 0.903568 -0.30191 -1.03937  -1.30242 0.3446 -0.33465 1.109432 0.098351 -0.06547 

Europelta 1.144517 -0.60678 -0.5536 -0.71257  -0.05957 -0.3917 0.283036 -1.19286 -0.65896 0.437096 

Gargoyleosaurus 0.730286 0.419809 -1.60422 0.239046  -0.71369 0.439038 -0.01912 0.641267 0.0965 0.708042 

Gastonia_burgei 0.483492 0.692812 0.54257 0.915428  1.234348 -0.59245 -0.60043 0.276585 -0.46913 -0.10637 

Gastonia_lorriemcwhinnyae -0.6304 0.568749 -0.06025 -1.40881  0.074176 -0.18285 1.871876 -0.06321 -0.6904 0.001404 

Gigantspinosaurus -0.07545 -0.1869 -0.03804 -0.10802  0.370521 0.008198 1.251038 0.397495 -0.88748 0.649677 

Gobisaurus -0.1795 0.43842 0.210103 -0.17776  0.156747 -0.10925 0.351488 0.169126 0.284763 -0.02347 

Hesperosaurus 1.612969 0.548013 0.537652 1.204596  0.289006 0.819053 -0.06185 0.052833 -1.13214 0.33279 

Hoplitosaurus 0.044456 0.137579 0.106992 -0.1077  -0.08698 -0.45111 0.167286 0.47229 -0.47041 -0.31526 

Huayangosaurus -0.47287 0.111321 -0.22944 -0.57501  -0.49161 1.004204 -1.03912 -1.13516 -0.44738 -0.81626 
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Hungarosaurus 0.003183 0.522802 1.121869 -0.80466  -0.19842 0.432266 -0.06791 0.168079 -0.78243 0.086197 

Hylaeosaurus 0.094143 -0.26865 0.328087 -0.10676  -0.27112 -0.09988 -0.24068 -0.03394 -0.21163 -0.15689 

Invictarx -0.00398 0.275229 0.049103 -0.12532  0.095191 -0.19218 0.16716 -0.0712 0.084512 0.113501 

Jiangjunosaurus 0.029845 0.456132 0.303277 -0.30561  -0.08931 0.09381 -0.09156 0.072158 0.488967 -0.54576 

Jinyunpelta -0.05146 -0.29468 -0.8374 0.940897  -0.86431 -0.46917 0.114406 -0.51221 -0.30086 0.160932 

Kentrosaurus 0.772057 0.247613 -0.04144 -1.57894  0.45776 -0.51613 -0.08394 -0.19986 0.522815 -0.31383 

Kunbarrasaurus -0.22409 0.718261 0.204509 -0.05457  0.559654 0.488188 -0.75407 0.112099 0.211678 0.114775 

Laquintasaura -0.08063 0.436741 0.019963 0.077634  -0.20479 -0.28011 0.004599 -0.9936 -0.41358 0.60432 

Lesothosaurus 0.570182 -0.45871 -0.43596 -0.83562  1.058869 0.620183 -0.68534 0.527642 0.553105 -0.5611 

Liaoningosaurus -0.34738 -0.00124 0.223552 -0.06792  0.320387 0.199575 0.432454 0.422059 0.257506 0.28475 

Minmi -0.01992 -0.40526 -0.02593 0.147743  -0.25308 0.093259 -0.31565 0.204737 -0.36124 -0.00336 

Miragaia -0.50272 0.520918 -0.32424 0.087861  0.284736 0.362452 -0.5449 0.404019 0.340223 1.590844 

Mymoorapelta 0.664962 0.439762 -0.11037 0.290249  -0.09714 -0.98392 0.177619 0.352243 0.223418 -0.40189 

Niobrarasaurus 0.555238 -0.8586 0.481676 0.41719  0.060327 0.442904 0.098899 1.0923 0.184671 -0.09489 

Nodosaurus 0.245221 0.27551 -0.40524 0.094824  0.241758 0.049045 0.000492 0.085993 0.751685 0.067545 

Panoplosaurus -0.05804 0.52651 0.275508 -0.33013  -0.58823 -0.38685 0.229281 0.146637 0.571531 -0.59911 

Paw_Paw_juvenile 0.229003 0.483821 -0.92925 0.109232  -0.27054 -0.86826 0.212073 0.528147 0.309721 -0.91251 

Peloroplites -0.96556 -0.9125 -0.26737 0.235771  -0.52968 -1.09942 -1.14795 0.537608 0.245735 0.093143 

Pinacosaurus_grangeri 0.231132 -0.19626 0.045092 0.343366  -1.32484 0.095581 -0.35661 -0.60832 0.259397 0.205766 

Pinacosaurus_mephistocephalus -0.0848 0.90807 -0.24363 0.100843  0.563857 -0.63363 -0.2003 0.733684 -0.52732 -0.16477 

Polacanthus -0.10999 -0.47299 0.742867 -0.06283  0.219907 0.483105 0.600037 -0.12149 1.209732 0.065198 

Spearpoint ankylosaur -0.18181 0.136187 -0.3159 -0.47984  -0.15004 -0.10664 -0.59952 -0.6407 -0.15695 0.284495 

Saichania -0.46641 0.825871 -0.36254 0.08442  1.206278 0.560616 0.783436 0.277902 0.274742 0.891429 

Sauropelta -1.36836 0.576406 -0.67707 0.839723  0.432891 0.621742 0.429638 -0.86314 0.635544 -1.50792 

Scelidosaurus -0.63461 -0.25923 0.668599 -0.61496  0.008541 -0.61558 0.076495 -0.00057 -0.87068 -0.50482 

Scolosaurus -0.19417 -0.96083 -0.18951 -0.16028  1.017343 -0.20166 0.059936 0.41707 -0.71599 0.326721 

Scutellosaurus 0.636747 0.24284 0.744764 1.085642  -0.99744 0.367025 1.345962 0.199255 0.929341 0.21588 

Shamosaurus 0.123678 -0.43133 0.080427 0.073342  -0.04978 0.104132 -0.01938 0.084996 -0.0156 -0.236 

Silvisaurus -0.20036 -0.27718 0.383684 0.0546  0.175772 -0.50339 0.061243 -0.29255 -0.85804 -0.12235 

Stegopelta 0.09858 -0.19559 -0.25226 0.234314  0.133076 -0.04185 0.116993 0.028894 0.400945 -0.38334 
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Wuerhosaurus_homheni 0.384751 0.555753 0.737061 0.088416  0.3598 -0.69422 -0.30113 -1.04351 0.19621 -0.44252 

Stegosaurus_stenops -1.3127 -1.56645 -1.04519 -0.02323  -0.46491 0.115747 0.724833 0.945933 -0.55283 -0.283 

Struthiosaurus_austriacus 0.247907 -0.44328 0.374619 -0.16756  -0.20779 -1.2678 -0.41539 0.391192 0.319041 0.329828 

Struthiosaurus_languedocensis -0.64883 0.458529 -0.32702 1.17925  0.083577 0.435065 -0.44947 -0.01093 -0.5189 -0.26903 

Struthiosaurus_transylvanicus 0.05952 0.129777 0.082971 -0.15075  -0.00268 0.50229 -0.12501 0.178804 0.175347 -0.2682 

Talarurus 0.027539 -0.6535 1.231068 0.313068  -0.50157 -0.7472 0.338374 -0.50799 0.444066 0.039899 

Taohelong -0.19701 0.029836 0.202156 0.09285  -0.26502 0.214728 -0.20452 0.33916 -0.13449 0.486154 

Tatankacephalus 0.045343 -0.54662 0.689081 -0.20186  -0.27711 0.182564 -0.21831 0.302836 0.209865 0.156515 

Texasetes -0.18021 0.206531 -0.41195 0.023281  -0.06898 0.29844 0.52764 -0.59556 -0.36002 0.564642 

Tianchisaurus -0.07956 -0.03872 0.248182 0.186228  0.034696 0.31115 -0.40276 -0.26629 0.453068 0.654096 

Tuojiangosaurus -0.58599 -0.39871 0.348298 0.381511  0.160561 -0.09874 -0.96997 0.336333 0.070701 0.412942 

Zhejiangosaurus 0.046341 0.097335 -0.02068 -0.19794  -0.11743 -0.266 0.456255 0.346924 -0.19178 -0.22406 

Ziapelta 0.122962 0.222153 -0.04495 0.073644  -0.12776 -0.26049 -0.0109 -0.11326 -0.12479 0.017914 

Zuul -0.10855 0.241654 0.24673 -0.10899  0.067592 -0.22834 -0.28047 -0.20876 0.296713 0.287557 

            

 Axis.51 Axis.52 Axis.53 Axis.54  Axis.55 Axis.56 Axis.57 Axis.58 Axis.59 Axis.60 

Ahshislepelta 0.015347 -0.28492 0.001724 -0.1727  -0.16454 0.266564 -0.3698 -0.23075 -0.4052 0.830121 

Akainacephalus 0.355269 -0.56567 0.371158 0.15714  0.33427 0.224104 0.21241 0.231259 -0.06963 0.071996 

Alcovasaurus -0.00368 0.167586 0.303405 -0.61651  -0.51282 0.464159 -0.35722 -0.01031 -0.23074 0.076125 

Aletopelta 0.109159 0.56052 -0.15618 0.989307  -0.40915 0.165335 -1.01002 0.592394 -0.10051 0.09997 

Animantarx -0.06811 -0.64358 0.184376 0.355396  -0.72339 0.087669 0.503039 -0.25275 0.22299 0.363024 

Ankylosaurus 0.442204 0.070651 -0.65641 0.033073  0.125435 0.384571 -0.19715 -0.01327 -0.13499 0.125361 

Anodontosaurus -0.19228 0.309725 -0.38893 0.303511  -0.3673 0.41463 -1.1056 1.006598 -0.7115 0.448555 

Antarctopelta -0.03042 0.175607 -0.24338 0.07799  -1.26965 -1.06845 0.115895 0.152796 0.532145 0.579668 

Cedarpelta -0.32602 0.739818 -0.59287 -0.39564  -0.51234 0.897684 1.151533 0.217887 -0.1666 0.561144 

Chuanqilong -1.33352 0.006777 0.272858 -0.1285  -0.38727 0.011745 -0.37736 0.089371 -0.46246 -0.24079 

Chungkingosaurus 0.426168 -0.20013 0.409191 0.146149  0.352173 0.197505 0.238234 -0.14612 -0.23645 -0.04769 

Dacentrurus -0.17068 0.014644 -0.45448 1.024327  -0.74667 -0.49008 -0.16028 0.218277 -0.09432 -0.74819 

Dongyangopelta -0.20507 -0.22723 0.771855 -0.67796  0.647381 -0.18795 0.350281 0.059001 0.121784 -0.06738 

Dracopelta -0.38053 0.999909 0.086624 0.411516  0.044465 -0.67448 -0.23927 -0.62689 -0.1164 -1.62408 
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Dyoplosaurus 0.091966 0.284799 -0.06387 -0.60084  0.198868 -0.2727 0.288423 -0.82998 -0.67042 0.146373 

Edmontonia_longiceps 0.417612 -0.38094 -0.15478 -0.21654  0.763566 -0.28363 0.294261 -0.0483 -0.16009 -0.27572 

Edmontonia_rugosidens 0.304278 0.025106 -0.36787 0.204937  -0.07272 0.366245 -0.47413 0.502577 0.693667 0.549773 

Emausaurus -0.14774 0.069127 -0.29327 -0.33014  -0.01463 -0.59491 0.160847 0.766982 0.825803 -0.31836 

Euoplocephalus -0.35572 0.071888 0.053866 -0.01926  0.895112 -0.57154 0.173637 0.376544 0.032953 0.194012 

Europelta -0.36994 -0.14018 0.76029 -0.13436  0.615766 -0.1647 0.165147 -0.22776 0.410265 0.098289 

Gargoyleosaurus 0.464682 -0.13229 -0.32317 0.496996  -0.62678 0.144407 -0.68393 -0.29238 0.031855 -0.00804 

Gastonia_burgei -0.81587 -0.07482 -0.24798 -0.02864  0.12872 0.358517 -0.47936 0.029086 0.371568 0.161705 

Gastonia_lorriemcwhinnyae 0.258703 0.408529 0.813019 0.545767  -0.03758 0.3906 0.345473 0.182517 -0.08111 0.065335 

Gigantspinosaurus -1.11284 -0.8993 -0.36923 -0.49769  -0.12853 -0.22348 -1.0693 -0.55845 0.500335 0.097655 

Gobisaurus -0.00084 -0.45235 0.026715 -0.35226  0.440849 0.082726 0.336596 -0.25274 0.533763 0.159743 

Hesperosaurus 0.118946 0.415745 -0.45032 -0.3791  0.386691 -0.11323 0.202799 0.185422 -0.10943 -0.11376 

Hoplitosaurus -0.70356 -0.27501 -0.34954 0.744572  -0.1203 -0.50191 0.094155 0.359525 -0.66175 0.001471 

Huayangosaurus 0.435163 -0.52226 0.078126 -0.66682  -0.04468 -0.16754 0.203187 0.113753 0.21446 0.078718 

Hungarosaurus -0.80252 -0.05139 -0.42163 -1.19271  -0.66378 0.158825 -0.14399 0.56237 0.138055 0.066608 

Hylaeosaurus 0.384438 0.255525 -0.42061 0.553217  0.277147 -0.54769 0.313276 -0.3181 0.396604 -0.28228 

Invictarx 0.047367 -0.23772 -0.41514 0.319597  -0.38154 0.058116 0.444463 -0.18452 0.208983 0.770535 

Jiangjunosaurus 0.074082 -0.25165 0.395544 -0.00239  -0.43936 0.859665 -0.21471 -0.50973 -0.19273 -0.40089 

Jinyunpelta 0.272787 -1.44657 0.925152 0.223033  0.015109 0.714221 0.759754 1.368045 -0.01245 0.193039 

Kentrosaurus 0.717223 0.958303 0.164794 -0.45771  0.309701 0.645766 -0.05708 0.191779 -0.23876 0.185371 

Kunbarrasaurus 0.572168 -0.7 0.104446 0.991361  0.571749 0.112699 -0.1896 -0.50862 -0.33527 -0.16262 

Laquintasaura -0.44502 -0.24693 -0.59346 -0.6118  -0.94056 -0.28228 0.268068 -0.84628 -0.4908 -0.23446 

Lesothosaurus -0.30952 -0.33951 0.412541 0.821751  0.442288 0.210257 -0.1611 0.192356 0.347265 -0.2777 

Liaoningosaurus -0.36997 0.11947 -0.69095 -0.49353  0.72136 -0.55373 0.369605 0.836049 -0.61407 0.523452 

Minmi -0.14394 0.091893 -0.03228 -0.06576  0.060809 0.095269 -0.04594 0.455048 -0.43771 -0.36594 

Miragaia -0.22852 -0.37027 -0.21063 0.213508  -0.12279 -0.23512 0.605369 -0.02626 -0.07992 0.027177 

Mymoorapelta -0.77052 -0.1019 1.034032 -0.23041  -0.32672 0.209918 0.434216 0.041457 0.292425 -1.03623 

Niobrarasaurus 0.19534 0.503207 0.981228 -0.02254  -0.72814 -0.26736 0.163388 -0.26785 -0.05256 1.316249 

Nodosaurus 0.06494 -1.21395 -0.16806 0.085654  0.428906 -0.71978 -0.06561 -1.14884 -0.35259 0.733947 

Panoplosaurus 0.028264 -0.55335 0.116282 -0.75083  -0.45141 0.521986 -0.46093 -0.43039 -0.16291 -0.2373 
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Paw_Paw_juvenile 0.397503 0.379561 -1.06018 -0.42323  0.654436 0.138606 -0.9183 -0.04195 0.385728 0.255638 

Peloroplites -0.54559 -0.33304 0.290892 -0.71459  0.016832 -0.39199 -0.63507 -0.44592 -0.10846 -0.10667 

Pinacosaurus_grangeri -1.36763 0.323045 -0.27779 0.343094  0.754497 0.600088 0.298144 -0.54358 0.447546 0.119544 

Pinacosaurus_mephistocephalus 1.197526 -0.44753 0.172911 -0.35557  -0.62917 -0.82927 0.335575 0.847023 -0.78532 -0.71776 

Polacanthus 0.845682 -1.06312 -1.53741 -0.61866  0.213342 0.089814 0.211934 0.373142 0.365224 -0.76104 

Spearpoint ankylosaur 0.784416 0.984156 0.319733 -0.70021  -0.20429 -0.88085 0.054281 -0.0461 0.732499 0.546138 

Saichania -0.33611 0.471239 0.651273 -0.02646  0.807237 -0.30185 0.346461 -0.06025 0.356687 0.059601 

Sauropelta -0.38949 0.369636 -0.02145 -0.05761  0.164587 -0.00211 -0.29018 0.300208 0.444531 0.136335 

Scelidosaurus 0.334002 0.155373 -0.5186 1.144181  0.460575 -0.18976 -0.1127 -0.04626 -0.0164 -0.11648 

Scolosaurus 1.097408 -0.20041 -0.03268 0.096975  -1.07871 0.328759 -0.30471 -0.84432 1.125494 -0.40055 

Scutellosaurus 0.71249 0.378225 0.968277 -0.39916  -0.04547 -0.12143 -0.36923 -0.19585 -0.12869 0.280746 

Shamosaurus 0.110636 0.179977 -0.12859 -0.10513  -0.23229 -0.22669 0.333832 0.065048 -0.31084 -0.06739 

Silvisaurus -0.11455 -0.42107 0.517701 0.470023  0.004112 -0.70351 -0.28675 -0.13556 -0.69939 -0.19989 

Stegopelta -0.45532 0.083156 0.217803 -0.29905  -0.08145 0.363208 0.100833 0.906395 0.512874 -0.64516 

Wuerhosaurus_homheni -0.24485 -0.52659 0.3513 0.806519  -0.33589 -0.19507 -0.03201 -0.11399 0.557655 0.65767 

Stegosaurus_stenops -0.05719 0.217243 0.040436 -0.36699  0.417402 -0.1606 0.271993 -0.24628 -0.18215 0.078737 

Struthiosaurus_austriacus 0.40837 -0.18681 -0.45974 0.225083  0.690802 0.152881 0.002838 0.278157 -0.02732 0.120345 

Struthiosaurus_languedocensis 0.343527 0.780179 -0.23668 0.224894  -0.26334 -0.08014 0.551708 -0.24204 0.14033 0.19175 

Struthiosaurus_transylvanicus -0.05234 0.63799 -0.12834 0.461358  -0.28806 -0.0019 1.31914 -0.63854 -0.02536 -0.2569 

Talarurus -0.21167 0.860134 -0.52565 0.234784  0.290035 -0.68005 0.068995 0.01826 0.064576 -0.0366 

Taohelong 0.297462 0.268125 0.044595 -0.0229  0.294453 1.207411 0.01655 -0.22485 1.471376 -0.67216 

Tatankacephalus 0.321351 0.324356 -0.00388 -0.32943  -0.14651 0.27263 0.401494 -0.24367 -0.7282 -0.47799 

Texasetes 0.319298 0.105751 -0.39367 -0.26473  0.576252 1.247391 -0.23787 -0.75285 -1.24288 -0.13406 

Tianchisaurus 0.567061 0.303682 0.893269 -0.4443  0.361804 -0.70883 -1.26216 0.522844 -0.07758 -0.34413 

Tuojiangosaurus -0.05806 0.710896 0.599208 0.423503  0.26305 0.66515 -0.47968 -0.08776 -0.36931 0.488146 

Zhejiangosaurus -0.29497 -0.15102 -0.45752 0.5868  0.009828 0.32302 0.547222 0.354537 -0.08835 0.386941 

Ziapelta 0.148036 -0.27298 0.327464 0.26573  0.490363 -0.46248 -0.44331 -0.08575 0.228618 0.071763 

Zuul -0.2663 0.132948 0.185142 0.190915  -0.73214 0.424935 0.179336 0.329099 -0.53643 -0.54056 

            

 Axis.61 Axis.62 Axis.63 Axis.64  Axis.65 Axis.66 Axis.67 Axis.68 Axis.69 Axis.70 
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Ahshislepelta 0.733845 0.296238 0.09395 -0.62709  0.423996 0.904008 -0.39105 0.2889 -0.82869 0.524664 

Akainacephalus -0.05064 0.233232 0.15278 0.557407  -0.00068 0.014635 -0.125 0.082479 0.047264 -0.01742 

Alcovasaurus 0.561517 0.232028 -0.5665 -0.08889  -1.47726 0.450706 0.676701 0.300186 0.03066 -0.3177 

Aletopelta -0.79492 -0.57103 0.78461 -0.5102  -0.6129 -0.22887 -0.78422 0.018767 -0.08858 0.091183 

Animantarx -0.69966 -0.05384 -0.18317 -0.57357  -0.15115 -0.30516 -0.09651 0.093946 -0.01046 -0.05453 

Ankylosaurus 0.065284 0.15221 0.050123 0.201238  -0.23042 0.244532 -0.03983 0.030381 -0.1845 0.091237 

Anodontosaurus -0.71305 -0.09613 -0.6992 0.242012  0.165368 0.400191 0.056744 0.021311 0.345773 -0.14594 

Antarctopelta -0.26811 0.487347 0.539623 0.287334  -0.09199 -1.06522 0.692059 0.469472 -0.07694 -0.11937 

Cedarpelta 0.413077 -0.41597 0.393172 0.220088  0.032021 0.163827 0.061785 -0.00894 -0.12457 -0.05543 

Chuanqilong -0.08619 -0.15318 0.051981 -0.1519  0.191562 -0.09196 0.246053 0.092688 -0.28929 -0.12446 

Chungkingosaurus 0.259817 -0.30103 -0.2278 -0.35397  0.052958 0.070584 -0.34471 0.065554 0.09026 0.102712 

Dacentrurus 0.566076 -0.07184 -0.62602 0.075812  0.346677 -0.12237 -0.20183 -0.2327 -0.35999 -0.05924 

Dongyangopelta 1.057885 -0.52863 -0.17654 -0.23267  -0.64751 -1.19163 -0.81632 0.219898 -0.12643 0.023869 

Dracopelta 0.306132 -0.10397 -0.12715 -0.5846  -0.3482 0.914992 -0.37656 -0.19285 0.096788 0.088955 

Dyoplosaurus -0.23807 0.814993 -0.34447 0.30286  0.501514 -0.37835 -0.43785 -0.34485 0.47659 -0.20749 

Edmontonia_longiceps 0.259855 -0.0426 -0.26981 -0.03335  0.087961 0.237514 -0.0324 -0.21682 7.17E-05 0.07419 

Edmontonia_rugosidens 0.703449 -0.16944 0.092398 0.122413  0.157226 0.04166 0.037258 -0.04354 0.106618 0.032087 

Emausaurus 0.009818 0.682573 0.680349 0.546619  0.464273 0.318848 -0.63953 0.195401 -0.24241 -0.41682 

Euoplocephalus 0.267473 -0.14683 -0.03426 -0.14859  -0.02923 0.106662 -0.05986 0.032312 -0.15193 0.050408 

Europelta 0.241518 0.552569 0.40563 -0.46662  -0.04179 -0.06059 0.006448 -0.01901 -0.01049 -0.02901 

Gargoyleosaurus 0.028841 -0.07758 0.215104 -0.02217  0.001182 -0.15702 0.032847 -0.01011 0.216399 -0.06273 

Gastonia_burgei 0.300019 0.047981 -0.15408 0.129125  0.050282 0.061825 0.008548 -0.07145 0.066655 0.04086 

Gastonia_lorriemcwhinnyae 0.164023 -0.02695 -0.16311 -0.09798  -0.17691 -0.06245 0.197136 -0.05529 0.072377 -0.05351 

Gigantspinosaurus 0.028637 0.163327 -0.58998 0.216492  0.165467 0.035533 -0.00853 -0.31362 -0.23063 -0.08123 

Gobisaurus -0.74783 -1.31045 0.350047 -0.22167  -0.35843 0.976681 -0.18397 -0.51697 0.027864 -0.43244 

Hesperosaurus -0.06066 -0.04208 -0.0358 0.048499  -0.18084 -0.11936 0.155905 0.050944 -0.00812 -0.09339 

Hoplitosaurus -0.20846 0.658613 -0.61152 0.477407  0.033464 0.25 -0.65469 1.017332 0.080747 0.084078 

Huayangosaurus -0.00896 -0.02283 -0.06387 -0.1346  0.065619 0.046749 0.196808 -0.20352 -0.01656 0.03567 

Hungarosaurus -0.21443 -0.23229 0.230517 0.092881  0.020056 0.014123 0.030344 -0.19753 0.126952 0.115963 

Hylaeosaurus -0.55588 -0.06571 0.65483 0.067814  -0.18004 0.012117 0.908642 -0.41856 -0.61745 0.560667 
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Invictarx 0.365766 0.205106 -0.5878 1.262776  -0.5063 0.086827 -0.79678 -0.65039 0.394985 0.534406 

Jiangjunosaurus 0.130556 -0.5208 1.009075 0.641711  1.042041 -0.23571 -0.25948 0.008333 0.069029 0.148644 

Jinyunpelta -0.07943 0.247783 0.014508 0.163832  -0.0151 0.189014 0.135582 -0.0625 -0.14409 0.075299 

Kentrosaurus 0.020617 -0.02061 0.043797 -0.20012  -0.03512 -0.04925 -0.06851 0.030712 0.013126 0.085033 

Kunbarrasaurus 0.384607 0.528615 0.279407 0.00659  -0.21046 0.029682 -0.18317 0.302799 -0.07076 -0.36249 

Laquintasaura 0.285082 -0.537 0.462112 -0.73547  0.313284 -0.06487 -0.05143 0.29228 0.303921 0.188054 

Lesothosaurus -0.02183 0.02244 -0.04267 0.23283  -0.26218 0.012764 -0.05147 -0.12623 0.168605 0.039008 

Liaoningosaurus -0.11098 0.927537 0.312579 -0.52059  0.001808 -0.02237 0.015426 -0.18682 -0.10157 0.074836 

Minmi -0.58052 0.379849 -0.25336 -0.66118  1.289189 0.122433 0.165626 -1.04287 0.450208 0.158299 

Miragaia -0.24743 0.081353 -0.21357 -0.27916  -0.65831 0.112347 0.248046 -0.02965 0.06684 0.05684 

Mymoorapelta -0.82408 0.087789 0.442867 0.737938  -0.0441 -0.01667 -0.30768 -0.14336 -0.07941 -0.06261 

Niobrarasaurus 0.169998 0.056855 0.207091 -0.37835  0.237234 -0.02631 -0.39003 -0.3254 0.234154 -0.22205 

Nodosaurus -0.49077 -0.61479 0.121083 -0.20619  -0.21898 0.242129 0.279554 0.274661 0.329771 0.200545 

Panoplosaurus -0.43411 0.936738 -0.37541 0.29333  -0.39578 0.438298 0.376047 -0.03914 0.028047 0.021121 

Paw_Paw_juvenile -0.0127 -0.13184 -0.18687 0.035007  -0.04863 -0.60721 0.073646 -0.20445 0.074787 -0.1098 

Peloroplites -0.10472 0.132613 0.014717 -0.24515  0.038822 -0.12421 -0.00795 0.074893 -0.1016 -0.02058 

Pinacosaurus_grangeri 0.026166 -0.44169 0.194442 0.247178  -0.12247 0.126687 0.066362 0.119529 -0.04514 -0.06015 

Pinacosaurus_mephistocephalus -0.18104 -0.18342 0.011458 -0.72621  0.220561 0.316775 0.302637 0.252038 -0.1193 -0.06005 

Polacanthus -0.07022 -0.18455 0.186676 0.07558  -0.27759 -0.08603 -0.38274 -0.03912 -0.0858 -0.20319 

Spearpoint ankylosaur -0.71742 -0.5484 -0.5611 0.464701  0.060446 0.810457 -0.3675 0.319585 -0.36029 -0.06521 

Saichania -0.95579 0.281758 0.191553 0.206576  0.316736 -0.35116 0.166038 0.088853 -0.16108 0.205263 

Sauropelta 0.365661 0.134511 0.179309 -0.36518  -0.50151 0.207662 0.108344 -0.02131 -0.00474 0.042315 

Scelidosaurus -0.11014 -0.15591 -0.18974 -0.04878  -0.06909 -0.13755 -0.12257 0.034086 0.055202 0.004412 

Scolosaurus 0.382216 0.182711 0.114322 0.100627  0.118597 0.078915 0.006138 -0.05239 -0.17767 0.073938 

Scutellosaurus 0.091334 0.052658 -0.29556 0.072989  -0.06554 -0.0422 0.056837 -0.08821 -0.01948 0.023595 

Shamosaurus -0.01868 0.004203 0.632799 -0.24813  -0.42812 -0.08122 -0.18023 0.562746 1.096421 0.253603 

Silvisaurus -0.3014 -0.83733 0.26681 1.000076  -0.31744 -0.1602 0.471092 -0.06239 0.143695 -0.13473 

Stegopelta 0.244785 -1.09111 -1.08884 0.051624  0.217578 -0.40612 0.6358 0.606822 0.105659 0.426445 

Wuerhosaurus_homheni -0.20307 0.316667 -0.37091 -0.64693  0.575785 -0.30324 -0.0627 0.082895 -0.37058 -0.07584 

Stegosaurus_stenops 0.166986 -0.00564 0.179948 0.099768  -0.09711 -0.05308 -0.00373 0.021825 -0.00015 0.031091 
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Struthiosaurus_austriacus -0.48373 0.152065 -0.17729 0.188275  -0.15986 -0.23888 0.243028 -0.12351 0.080187 0.047275 

Struthiosaurus_languedocensis -0.16276 -0.36239 -0.47511 0.213948  0.002223 -0.6814 0.147303 -0.39686 -0.07486 -0.02565 

Struthiosaurus_transylvanicus 0.52878 0.578932 -0.54947 0.656385  0.294332 0.777792 0.651153 0.107552 0.106885 -0.12499 

Talarurus 0.302876 0.3528 0.38508 -0.1161  -0.03936 -0.14195 0.103674 0.204911 -0.05115 -0.08934 

Taohelong -0.55293 0.854103 -0.17082 -0.92322  0.294453 -0.08003 -0.04745 0.65734 0.531891 0.029052 

Tatankacephalus -0.40155 -0.55925 -1.08443 -0.0233  0.339548 -0.65907 -0.69902 0.1232 -0.49163 -0.13637 

Texasetes -0.18937 0.228496 0.424068 0.456603  0.252358 -0.53135 0.403609 0.430661 -0.50416 -0.07729 

Tianchisaurus 0.836168 0.052418 0.687742 0.960236  0.426528 0.226954 0.176766 0.101422 0.245808 0.162818 

Tuojiangosaurus -0.57822 -0.11479 0.051907 -0.24988  -0.12574 0.332608 0.183485 0.051562 -0.13969 -0.07799 

Zhejiangosaurus 0.909102 -0.76788 0.573394 -0.13855  0.932469 0.411459 0.324148 0.110149 0.190608 -0.37234 

Ziapelta 0.821335 -0.19865 -0.70007 -0.43974  0.442814 -0.46598 0.585028 -0.41171 0.215782 -0.23998 

Zuul 0.480437 0.589313 0.514461 -0.35649  -1.05031 -0.43895 -0.05736 -0.98636 -0.22045 -0.0071 
 

 

Eigenvectors of Cranial Partition 

 Axis.1 Axis.2 Axis.3 Axis.4 Axis.5 Axis.6 Axis.7 Axis.8 Axis.9 Axis.10 

Akainacephalus -0.9205 -0.3631 0.265428 0.030616 -0.04435 0.041765 0.832007 -1.20583 0.668937 0.445398 

Animantarx 0.127315 -0.41097 -0.35558 -1.15351 0.055172 1.01304 -0.1862 -0.16838 0.869684 1.846592 

Ankylosaurus -0.87996 -0.14787 -0.16085 0.203009 -0.61035 0.268518 -0.10265 0.230162 0.067831 0.123359 

Anodontosaurus -1.14703 -0.08041 0.189788 0.186384 -0.42067 0.285697 0.495152 0.563927 0.417308 -0.28789 

Antarctopelta -1.13964 -1.03937 0.591188 1.478673 2.235713 0.807474 -0.03467 0.088002 -0.25042 0.066547 

Borealopelta 0.589307 -0.92507 -1.49593 -0.98578 1.416585 -0.55444 -0.39566 0.358008 0.799333 0.640052 

Cedarpelta 0.395707 -0.28132 -0.01401 0.098813 0.972818 -0.2235 0.332569 -0.65694 0.245258 0.449303 

Chuanqilong -0.46163 -1.25941 -0.63056 -0.0458 -0.20377 -1.26485 -1.52832 -0.39029 1.389652 -0.43753 

Chungkingosaurus 1.048176 0.605165 0.183417 0.780104 0.321731 -2.27487 0.825249 -0.21415 -0.72433 1.315106 

Crichtonpelta -0.83968 -1.70286 0.632408 0.834857 -0.43742 -1.50693 0.695902 0.058922 -0.62861 0.156931 

Dyoplosaurus -1.64116 1.434599 0.341684 -1.30383 0.607646 -0.00451 1.837798 -0.65868 0.968666 -0.30609 

Edmontonia_longiceps -0.12848 0.266589 -0.94409 0.188103 -0.15311 0.084133 0.002698 0.225942 -0.07671 0.05366 
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Edmontonia_rugosidens 0.097748 0.109832 -1.50525 -0.09718 0.184523 0.048073 0.112173 -0.1082 -0.26948 -0.56601 

Emausaurus 1.271141 0.268661 0.67902 -0.62679 -0.06913 -0.56762 0.065267 0.2132 -0.57396 -1.06142 

Euoplocephalus -0.72298 0.192982 -0.01075 0.117053 -0.97186 0.163177 -0.09558 0.564297 -0.47545 0.436752 

Europelta 0.368556 -0.23914 -1.33949 -0.06037 -0.03347 0.247267 0.314536 0.139756 0.004195 -0.28413 

Gargoyleosaurus 0.68744 -0.4459 0.064157 -0.78274 -0.3276 0.697074 -0.10232 0.847089 -0.00188 0.585034 

Gastonia_burgei 0.34064 -0.75981 0.177093 -0.14261 -0.36366 1.677043 -0.26258 -0.11817 -1.0178 0.900676 

Gastonia_lorriemcwhinnyae 1.007659 0.174175 1.002038 -0.58079 -0.53337 1.879016 -1.01595 -0.57272 0.454801 -0.29795 

Gigantspinosaurus -0.03861 0.250935 -0.03439 2.447366 -0.40346 -0.93745 0.157958 -0.32988 0.449696 0.167645 

Gobisaurus -0.43795 -1.04433 -0.08885 1.369739 -0.20974 0.424033 -0.17781 0.352727 1.335567 0.258249 

Hesperosaurus 1.01614 1.015955 0.578221 0.685542 0.558246 0.635431 0.492728 0.785804 0.893561 -0.13635 

Huayangosaurus 1.246583 -0.06037 1.009268 -0.01255 -0.00601 -0.00345 -0.52693 0.362704 0.30688 -0.22849 

Hungarosaurus 0.207617 0.090259 0.416036 -1.07328 -0.22218 -0.39642 -0.23426 0.264672 -1.01509 1.357913 

Isaberrysaura 1.707359 -0.54398 0.401917 -0.45162 0.439852 -0.28255 -0.26594 -0.33088 0.471574 -0.67565 

Jiangjunosaurus -0.02569 0.161875 0.04207 0.763636 0.691062 0.713051 0.433164 1.623685 0.799803 -0.36267 

Jinyunpelta -0.02398 -0.63076 -0.01799 0.898563 0.829875 0.497178 0.251228 -1.13894 -0.18782 -0.28595 

Kentrosaurus 1.05067 0.605717 0.738715 0.961539 0.335058 -0.15297 0.399068 -1.53094 0.106874 0.143583 

Kunbarrasaurus 0.409365 -0.03106 -0.31955 0.052573 -0.20156 0.682232 -0.89555 -1.31927 -0.04169 0.366946 

Lesothosaurus 1.423051 0.500225 0.793033 -0.45832 -0.10818 -0.3757 -0.13672 -0.44583 -0.77408 -0.57693 

Minotaurasaurus -1.13022 0.647135 0.047779 0.040971 -0.84905 0.103355 0.375878 -0.08968 0.492809 -0.61252 

Niobrarasaurus 0.543972 -0.15003 -1.93553 0.309923 0.324221 -0.12428 -0.5928 -1.68704 -0.65366 0.056518 

Nodocephalosaurus -0.78113 -1.41642 1.301417 -0.97765 1.204112 0.177873 0.579472 0.484964 0.296962 -0.85038 

Panoplosaurus 0.000584 0.368941 -1.23643 0.119335 0.349836 0.000512 0.136581 0.284523 -0.89727 -0.72611 

Paranthodon 0.920933 2.911589 -1.01558 0.244336 0.233017 0.106411 0.18994 0.094253 1.400904 0.370446 

Pawpawsaurus 0.356472 -0.57795 -1.15898 -0.30194 0.219229 0.059977 0.125553 1.564862 -0.64482 0.036622 

Peloroplites 0.184406 -0.14043 0.207474 -0.37216 -0.49439 1.33766 -0.09766 -0.48263 -0.20614 1.217199 

Pinacosaurus_grangeri -0.86015 0.412607 -0.62118 -0.10273 -1.20268 -0.07639 -0.11232 -0.2653 -0.32154 -0.68541 

Pinacosaurus_mephistocephalus -0.93119 0.430081 -0.87084 0.104761 -1.06164 -0.07558 0.116501 -0.58428 -0.11925 -0.42943 

Saichania -1.0551 0.349443 -0.00268 -0.2837 -0.61978 -0.16424 -0.063 0.171731 -0.24979 -0.45728 

Sarcolestes 1.158441 -1.91378 -0.21576 0.952091 -1.95961 0.616838 2.056323 0.313544 0.238511 0.113005 

Sauropelta 0.358315 -0.04154 -0.61236 0.237575 0.323289 0.171491 0.121973 0.415374 -0.88102 -0.13032 
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Scelidosaurus 1.027682 -0.24475 1.17295 -0.16367 -0.57965 -0.3898 -0.08586 0.205681 -0.07617 0.078993 

Scolosaurus -1.25128 1.221528 0.204091 -0.65066 -0.72657 -0.12381 -0.44647 0.531988 0.262453 -0.14197 

Scutellosaurus 1.026967 -0.19314 0.921839 -1.24532 -0.90893 -1.30946 -0.30789 -0.49088 0.363292 -0.40519 

Shamosaurus -1.18337 0.189597 0.700495 1.274245 0.140628 -0.19738 -2.98618 0.23684 0.338549 -0.1276 

Silvisaurus 0.488655 0.328529 -1.05378 -0.57299 0.904896 -0.01427 0.215246 -0.14789 -0.01518 -0.83153 

Stegosaurus_stenops 1.023697 0.972132 0.836845 0.510198 0.275119 0.2876 0.34734 0.47961 0.259442 0.047071 

Struthiosaurus_austriacus 0.661815 -1.00821 -0.4807 -0.75592 -0.06486 -1.55192 -0.47353 1.20981 0.906816 0.13685 

Talarurus -1.45452 0.891602 0.716471 -0.26078 1.365677 -0.62302 -0.08524 0.344027 -1.05692 1.712139 

Tarchia_teresae -1.00329 0.500384 -0.09363 -0.52667 -0.79908 -0.11455 -0.32438 -0.015 -0.09407 0.08705 

Tatankacephalus 0.237685 -0.01813 -0.47615 0.205322 0.609247 0.819639 -0.15099 0.30324 -1.60867 -1.39553 

Tsagantegia -0.87823 0.454821 0.06734 -0.62921 0.406433 -0.23219 0.512623 -0.25668 0.122117 0.094119 

Tuojiangosaurus 0.368852 1.276558 1.216053 0.967622 -0.24935 0.031112 -0.34665 0.418792 -0.73375 -0.40083 

Zaraapelta -1.11014 -1.23922 0.975034 -1.02723 0.384088 0.033749 0.300949 -1.1485 -0.05538 -0.84752 

Ziapelta -0.65612 0.264658 0.373238 -0.54751 0.599743 -0.25777 -0.25214 0.342551 -0.61027 -0.24657 

Zuul -0.65093 0.012766 -0.1556 0.130343 -1.15231 -0.11048 -0.03964 0.276289 -0.67026 0.531491 

           

 Axis.11 Axis.12 Axis.13 Axis.14 Axis.15 Axis.16 Axis.17 Axis.18 Axis.19 Axis.20 

Akainacephalus -1.32448 -0.14577 0.131202 -0.99591 0.282415 -0.19756 0.264337 -0.33451 -0.05025 -0.49688 

Animantarx 0.106529 -0.01813 -0.37808 -0.54061 0.409832 0.734668 1.179399 0.615054 -0.22424 -0.62471 

Ankylosaurus 0.419357 -0.47974 -0.36135 -0.62276 1.100239 0.205063 0.891979 -0.63821 1.760959 0.481059 

Anodontosaurus -0.51405 -0.60991 0.54714 0.525904 0.570454 -0.74597 0.020838 0.067285 -0.44195 0.223992 

Antarctopelta -1.04641 -0.61793 0.72856 -0.28581 -0.36094 -0.30183 -0.65928 0.5544 -0.17213 -0.24527 

Borealopelta -0.33047 -0.78833 0.089503 -0.18478 0.405898 -0.19304 0.039572 0.186594 -0.31382 -0.30046 

Cedarpelta -2.1116 -0.70657 -0.46384 0.73254 -0.30794 0.794557 0.24064 -0.13397 -0.66989 0.281054 

Chuanqilong -0.01627 0.176289 -0.65275 0.078581 -0.19091 -0.19522 -0.26777 -0.7871 -0.4364 0.179967 

Chungkingosaurus 0.308268 0.5873 -0.00594 -0.21439 0.367079 -0.12524 0.105508 0.287769 -0.26537 0.646205 

Crichtonpelta -0.01988 0.184806 -0.40513 1.043539 0.937273 0.245697 -0.47809 0.033823 -0.14814 0.298481 

Dyoplosaurus -0.01062 0.543904 -0.20464 -0.04629 0.095717 -0.35808 -0.08726 -0.19583 -0.16532 -0.06827 

Edmontonia_longiceps -0.05462 1.152866 1.480429 -0.25921 -0.62413 0.622334 -0.03769 -0.97667 -0.41301 -0.00362 

Edmontonia_rugosidens -0.0969 0.823695 0.822828 -0.37365 0.468039 0.715308 0.111533 -0.07857 -0.79077 -0.0381 
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Emausaurus 0.215003 -0.26145 0.317696 -0.69477 -0.21631 -0.79727 1.268834 0.015528 0.30114 -1.26301 

Euoplocephalus 0.384499 -0.27214 -0.47694 0.48792 -0.05974 -0.11757 0.785944 -0.36722 0.010567 0.142567 

Europelta -0.46099 0.56516 0.425338 -0.3916 -0.38423 -0.40038 0.023184 0.638392 0.746832 0.179121 

Gargoyleosaurus 0.109757 0.869967 -1.05774 -0.42793 0.091545 -0.89758 -0.74266 -1.20117 -0.32154 -0.24858 

Gastonia_burgei 0.089594 0.135862 -0.43513 -0.56743 -0.1416 1.164337 0.004703 -0.66606 -0.52334 0.771448 

Gastonia_lorriemcwhinnyae 0.398662 -0.00547 0.385269 -0.08567 1.207765 -0.34918 -0.41226 -0.04822 -0.10229 -0.16912 

Gigantspinosaurus 0.030328 0.867786 -0.0166 -0.13221 0.788366 0.417828 0.469771 0.11944 0.412164 -0.81841 

Gobisaurus 0.274516 0.719939 -1.3216 -0.37949 -0.74225 0.065667 -0.82111 0.639628 0.630226 -0.60523 

Hesperosaurus 0.27439 0.169574 0.486189 0.485576 0.074466 0.450039 0.11156 -0.67192 -0.23807 0.447932 

Huayangosaurus -0.09911 -0.31869 0.185322 -0.8716 0.458988 -0.56534 -0.48857 1.039041 -0.17832 2.106248 

Hungarosaurus 0.278203 0.512313 0.405525 1.293475 -0.2683 -0.43669 -1.08191 0.248272 -0.42556 -1.1362 

Isaberrysaura -0.03004 1.043564 -0.47287 1.164259 0.315165 0.013969 -0.53966 -0.631 0.879498 0.421597 

Jiangjunosaurus 0.657257 -1.07995 0.754521 0.661903 0.322988 0.052076 0.238979 0.109084 0.668809 -0.10906 

Jinyunpelta 2.168395 -1.17495 0.04532 0.516587 -1.35088 -0.15535 -0.12072 -0.49346 -0.34429 -0.03196 

Kentrosaurus 1.155327 0.493787 -0.42768 -0.18411 -1.07073 -0.33746 0.770695 -0.39943 -0.04135 -0.41632 

Kunbarrasaurus -0.05143 0.310684 0.508041 0.821789 0.857832 -1.61604 0.228718 1.276672 -0.47076 0.126057 

Lesothosaurus -0.46799 -1.0417 -0.38488 -0.68343 0.571894 1.228625 -1.00864 0.125992 0.721004 -1.33063 

Minotaurasaurus 0.004711 -0.25187 -0.05493 -0.54776 -0.6266 -0.44924 0.55884 -0.18254 -0.75774 0.131073 

Niobrarasaurus 0.708986 -1.43913 0.324641 0.466115 0.203463 -0.02881 0.066496 0.037417 0.627834 0.446076 

Nodocephalosaurus 0.736145 0.374657 0.038167 -0.16161 0.067328 0.757459 0.939422 0.246686 -0.21268 -0.20488 

Panoplosaurus 0.21188 0.320637 0.094521 -0.33466 0.111613 1.369987 -0.354 -0.29598 -1.10993 0.723979 

Paranthodon -0.31717 -0.62932 -0.43829 0.006497 -0.33453 -0.20009 -0.74082 0.156855 0.018667 -0.13607 

Pawpawsaurus 0.051063 0.302582 0.215611 -0.10602 -1.51888 -0.23506 -0.5591 0.977134 1.124394 -0.15857 

Peloroplites -0.33759 0.515824 0.990133 0.889965 -0.6251 0.61953 0.230314 -0.52349 0.66154 -0.01693 

Pinacosaurus_grangeri 0.116833 -0.30186 0.341079 0.176482 0.153258 0.678697 -0.44849 0.722814 -0.03823 -0.46534 

Pinacosaurus_mephistocephalus -0.06143 0.300742 0.586861 -0.563 0.315195 0.414281 -0.53117 0.373943 0.262337 -0.77602 

Saichania 0.463645 -0.66899 -0.61516 0.425727 0.61255 0.275506 -0.28303 0.267262 -0.60612 -0.23267 

Sarcolestes -0.25254 -0.45325 -0.28696 0.06095 -0.22057 -0.23076 -0.33659 0.19061 -0.30471 0.146786 

Sauropelta -0.75107 0.629039 -0.55845 0.631196 0.07178 -1.25978 1.3132 0.047573 -0.5508 -0.69788 

Scelidosaurus -0.63195 -1.43297 -0.37787 -0.38328 -0.82391 0.260078 -0.14623 -0.23308 -0.57935 -0.34331 
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Scolosaurus -0.10032 -0.0099 -0.41823 1.105811 -1.06113 0.256084 -0.09138 0.689726 0.076141 0.004187 

Scutellosaurus -0.53614 -0.01643 0.372951 -0.24532 -1.09745 0.49452 0.400631 0.440183 0.527776 0.473325 

Shamosaurus -0.45556 0.528029 -0.08665 -0.16997 -0.31059 0.320315 0.183003 -0.22102 0.004341 -0.1979 

Silvisaurus -0.41305 0.58125 -1.15938 0.003196 -0.26481 -0.03864 0.502563 -0.0722 0.697278 1.044472 

Stegosaurus_stenops 0.621432 0.75645 -0.047 0.357603 0.940653 0.892693 0.070901 1.29813 -0.05923 0.119943 

Struthiosaurus_austriacus 0.980457 -0.41295 1.238402 -0.41397 0.478899 -0.29682 0.195114 -0.68069 -0.6961 -0.45233 

Talarurus 0.720692 -0.10263 -0.24135 -1.3408 0.052616 -0.23913 -0.32898 0.249468 0.437421 0.250929 

Tarchia_teresae 0.752757 -0.23444 -0.86746 -0.25273 -0.32467 -0.17225 -0.01899 0.680873 -1.0462 0.886703 

Tatankacephalus -0.1962 0.181707 -1.326 -0.62162 0.50856 -0.63955 -0.18444 -0.1641 -0.30743 -0.55769 

Tsagantegia 0.034816 -0.19221 -0.01356 0.324446 0.623345 -0.57655 -1.45953 -1.6176 0.825464 0.079098 

Tuojiangosaurus -0.79023 0.018897 1.040295 -0.20073 -0.38886 -0.63557 -0.07251 -0.74242 -0.40877 0.333712 

Zaraapelta 0.174158 0.839359 0.938887 -0.2275 -0.33001 -0.21746 -0.54223 0.660147 0.427713 0.365916 

Ziapelta -0.42767 -0.39538 -0.42265 1.613729 0.215971 0.599689 1.020433 -0.13225 0.46067 0.056892 

Zuul -0.54189 -0.44461 0.484703 -0.36314 -0.03611 -0.63948 0.605979 -0.50709 1.131326 0.776643 

           

 Axis.21 Axis.22 Axis.23 Axis.24 Axis.25 Axis.26 Axis.27 Axis.28 Axis.29 Axis.30 

Akainacephalus 0.927355 -0.24247 -1.05765 0.419692 0.324767 -0.31794 -0.3124 0.265388 -0.25886 0.191061 

Animantarx -0.20387 -0.01119 0.316762 -0.16071 -0.28666 0.281919 0.229966 0.531738 -0.62633 0.134844 

Ankylosaurus 0.283552 0.660129 -0.25022 0.869701 1.189883 -1.52698 -0.30964 0.293244 0.087189 0.225376 

Anodontosaurus 1.349366 0.124791 1.737343 0.086394 -0.06388 0.242657 0.261749 -0.04334 0.743682 -0.82036 

Antarctopelta 0.629528 -0.02702 0.181117 0.129007 0.275534 -0.26085 0.189469 -0.10019 0.129376 -0.23559 

Borealopelta -0.1253 -0.67863 -0.05387 0.123296 0.231055 0.194453 0.381422 -0.42768 -0.13952 -0.32641 

Cedarpelta -0.12601 0.042084 0.160113 -0.37537 0.168362 -0.00684 0.007159 0.41573 0.364239 0.103127 

Chuanqilong 0.106884 0.633502 -1.25745 -0.48265 -0.05192 0.01891 0.033285 -0.45416 0.03033 -0.28641 

Chungkingosaurus 0.128523 -0.08393 -0.07674 -0.2781 0.211368 0.063986 0.295293 0.142506 0.474944 0.175868 

Crichtonpelta -0.32978 0.346509 0.192522 -0.29367 0.33352 -0.24525 0.295954 -0.06634 0.105332 0.372565 

Dyoplosaurus -0.22414 0.198278 0.120643 0.246577 0.108367 0.054317 0.06331 -0.122 0.018297 -0.22986 

Edmontonia_longiceps 0.279701 -0.3444 -0.41325 -0.15032 -0.7291 -0.28057 0.515846 -0.46716 -0.16362 1.026377 

Edmontonia_rugosidens -0.15726 -0.26932 0.657565 -0.20241 0.148363 0.291753 -1.39122 -1.0148 -0.08949 -0.34305 

Emausaurus 0.359454 -0.18283 0.436977 0.081442 -1.21735 -0.76849 0.547439 -0.66045 1.344894 -0.22754 



596 
 

Euoplocephalus 0.478443 0.194695 0.635075 -0.21045 0.193583 1.590262 0.047452 -1.12008 -1.49994 0.639666 

Europelta -0.76929 1.259451 0.653744 -1.09207 0.624274 0.591239 -1.83746 0.317053 0.15167 -0.66287 

Gargoyleosaurus -0.36967 -1.11795 0.61499 -0.14637 0.773688 -0.59017 -0.74361 0.97183 0.636848 -0.38064 

Gastonia_burgei -0.52166 0.757881 -0.43573 -0.36067 -0.5793 0.327458 0.610988 -0.41469 1.494304 -1.30383 

Gastonia_lorriemcwhinnyae 0.776872 0.364744 -0.762 -0.30237 0.191978 -0.12371 -0.16463 -0.172 -0.48833 0.500607 

Gigantspinosaurus -0.57913 -0.48166 0.732258 0.693337 -0.25675 0.138992 -0.20646 -0.06816 -0.03588 0.149056 

Gobisaurus 0.187631 0.445856 -0.06273 0.285794 -1.33582 0.22516 0.116294 -0.38026 0.052744 -0.0117 

Hesperosaurus -0.59139 -0.49035 -0.75622 0.289297 1.645206 1.191542 1.086119 0.103046 0.687809 0.28154 

Huayangosaurus -0.2549 -0.21242 0.522185 -0.8973 -1.16564 -0.19236 0.330258 0.908308 -0.91218 0.353584 

Hungarosaurus -0.1743 1.082352 -0.60021 0.311805 0.019032 -0.85498 -0.24636 -0.36811 -0.2832 -0.20706 

Isaberrysaura 1.088961 -0.33478 0.384203 0.251201 -0.00445 0.305221 -0.01656 0.755518 -0.56901 -0.38676 

Jiangjunosaurus -0.96711 0.019563 -0.7124 -0.7683 -0.68863 -0.39167 -0.28264 -0.37052 0.581366 0.705218 

Jinyunpelta -0.17577 0.24575 0.044348 -0.09696 0.511665 0.031976 -0.28481 0.255732 -0.38507 -0.47286 

Kentrosaurus 0.707795 -0.19007 0.170471 -0.94532 -0.15358 0.152907 -0.25156 0.617029 0.153483 0.177203 

Kunbarrasaurus -0.69418 0.485633 -0.12172 0.914343 0.011354 0.755321 -0.21584 -0.05585 0.929303 1.226448 

Lesothosaurus -0.16384 0.539618 0.055761 0.876619 -0.06067 1.333708 0.067828 0.135266 -0.07234 -0.03142 

Minotaurasaurus -1.40129 -0.19815 -0.0911 0.660681 -0.34615 0.029265 0.237634 0.808353 -0.79179 -0.50034 

Niobrarasaurus 0.038989 -0.40156 0.251039 0.403901 0.003829 -0.32963 0.196085 -0.16563 -0.17859 -0.49472 

Nodocephalosaurus -0.00581 0.791757 0.270897 0.121555 0.244188 0.562965 -0.35855 0.255614 -0.06268 0.640742 

Panoplosaurus 0.805068 0.28589 -0.23279 0.959111 -0.68408 -0.38641 -0.19033 0.428621 -0.53998 0.560578 

Paranthodon 0.324059 0.360565 -0.02144 0.22348 -0.28369 -0.30886 0.198008 -0.07642 -0.1554 -0.32718 

Pawpawsaurus 0.006901 -0.83908 -0.40111 0.993371 0.535573 0.268919 0.071697 0.701397 -0.1668 0.383221 

Peloroplites -0.16742 -0.41925 1.476044 0.294132 -0.27265 -0.73319 0.582896 0.139833 -0.18293 0.449949 

Pinacosaurus_grangeri 0.458751 -0.33279 -0.34839 -1.55149 0.728048 -0.20977 0.624589 1.217208 0.818524 0.596165 

Pinacosaurus_mephistocephalus -0.1828 0.031473 -0.24631 -1.0868 -0.08999 0.018042 0.151547 0.682489 0.007601 0.0763 

Saichania -1.28171 -0.19095 0.613189 0.165722 0.07695 -0.78866 0.781613 0.115349 -0.71332 -0.67653 

Sarcolestes 0.185436 0.314124 -0.36466 0.463346 -0.31796 -0.13513 0.107269 -0.04188 -0.04059 -0.0079 

Sauropelta -0.37266 -0.10647 -0.96703 -0.54657 0.078561 -0.2376 0.664239 0.108937 -0.89707 -0.2471 

Scelidosaurus -0.12699 -0.82109 0.305416 -0.74122 0.573534 -0.82953 -1.26469 -1.08609 -0.46274 1.186271 

Scolosaurus 1.200779 0.52942 0.305752 -0.45989 0.327532 0.134628 0.353322 -0.28741 0.196394 -0.09326 
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Scutellosaurus -0.92603 0.130366 0.004109 0.341027 0.436108 0.247364 0.439878 -0.33749 0.208129 -0.24307 

Shamosaurus -0.47964 -0.36936 0.483118 0.1122 0.368341 -0.15606 0.037143 0.010817 0.188127 -0.13605 

Silvisaurus -0.15003 1.159479 0.343898 -0.06364 0.187578 -1.0184 0.562179 -0.85466 0.239723 0.824857 

Stegosaurus_stenops 0.297725 -0.84112 -0.5706 -0.23779 0.391253 -0.68614 -0.49449 -1.123 -0.3983 -1.43441 

Struthiosaurus_austriacus 0.65902 0.585832 0.368657 0.19071 -0.03458 0.140532 0.279297 0.587296 0.0324 -0.32214 

Talarurus 0.144966 0.463489 -0.07597 -0.3612 -0.06454 0.134017 0.146882 0.132684 -0.14498 0.197004 

Tarchia_teresae 0.48855 -1.02403 -0.24037 1.221641 -0.00201 0.201406 -0.97938 -0.2632 1.255969 0.536636 

Tatankacephalus 0.186578 -0.34397 0.283192 -0.22782 0.273199 0.478969 0.746095 -0.18475 -0.14762 0.236349 

Tsagantegia -0.91576 -0.5397 0.189643 -0.38806 -0.95461 0.577428 -0.26668 -0.57789 0.263097 0.571597 

Tuojiangosaurus -0.18604 1.286042 -0.24289 0.777251 0.086802 -0.19484 -0.56388 0.438504 -0.4231 -0.42793 

Zaraapelta -0.1789 -0.9632 -0.40295 0.181812 -0.0068 -0.25114 0.370322 -0.63964 -0.39659 -0.51369 

Ziapelta 0.083903 -0.59834 -0.9236 0.133141 -1.54581 0.237402 -1.30641 1.226885 0.220862 -0.31176 

Zuul 0.617881 -0.6832 -0.82163 -0.39407 -0.07684 1.002441 0.057045 -0.62253 -0.1904 -0.85978 

           

 Axis.31 Axis.32 Axis.33 Axis.34 Axis.35 Axis.36 Axis.37 Axis.38 Axis.39 Axis.40 

Akainacephalus -0.23392 1.253768 -0.07963 -0.3035 0.94552 0.779303 0.066363 0.410819 -0.7994 -0.28242 

Animantarx 0.132242 0.143449 0.393681 0.198219 0.230806 0.115137 0.092085 0.064219 0.820136 -0.70727 

Ankylosaurus 0.858031 -0.78467 -0.91946 -0.17243 -0.21462 -0.45997 -0.36314 -0.72445 -0.46428 -0.00264 

Anodontosaurus 0.399117 0.261842 0.173736 -0.36593 -0.09056 -0.57102 0.904086 -0.31438 0.369474 1.137539 

Antarctopelta -0.04601 -0.06147 0.176966 0.084951 0.047893 -0.06868 -0.24669 -0.12097 -0.06524 0.081957 

Borealopelta 0.140707 0.071467 0.059737 -0.22275 0.11086 -0.19544 -0.70232 -0.00911 0.582832 -0.19701 

Cedarpelta -0.44008 -0.21702 -0.23936 0.18179 -0.93435 -0.0898 -0.19389 0.137529 -0.77539 -0.80381 

Chuanqilong -0.08208 -0.0369 -0.24946 0.294961 -0.27362 0.294619 0.142937 -0.55385 0.300946 -0.15536 

Chungkingosaurus -0.10821 0.215702 -0.20008 0.228503 -0.23205 -0.00228 0.244234 -0.55458 0.028551 0.410738 

Crichtonpelta -0.72107 0.465758 -0.38426 0.485283 -0.22125 0.093776 0.338998 -0.28229 0.411342 -0.57393 

Dyoplosaurus 0.106987 -0.24417 0.048119 -0.17517 0.105402 -0.03996 -0.11189 -0.26074 0.212521 0.246215 

Edmontonia_longiceps 1.112874 1.302195 -0.20796 0.58673 -0.17014 -1.13537 -0.13838 -0.79594 0.988179 -0.09111 

Edmontonia_rugosidens 0.053233 -1.17426 -0.43956 1.136216 0.948989 -0.52302 0.707689 -0.38968 -1.57435 -0.61425 

Emausaurus -0.79567 -0.0804 0.037311 0.20497 0.191446 1.343589 -0.64097 -0.94629 -7.77E-05 -0.62609 

Euoplocephalus -0.60889 0.747617 0.273046 -0.83076 0.381753 0.070778 -1.38341 -0.57927 -0.95755 0.406129 
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Europelta -0.1276 0.686422 -0.3676 0.302354 -0.45738 1.054933 -0.39325 -0.42583 0.981586 0.372585 

Gargoyleosaurus -0.37273 0.662685 1.242594 0.162699 -0.66221 -0.81256 -0.85876 -0.47117 -0.61866 -0.02452 

Gastonia_burgei 0.237151 0.378688 -0.6545 -1.03632 0.69943 0.213051 0.358741 -0.02427 -0.22044 0.666354 

Gastonia_lorriemcwhinnyae -0.81562 0.556459 -0.28039 0.627554 -0.47395 0.262498 1.12373 -0.46286 -0.06394 0.171247 

Gigantspinosaurus -0.21576 0.274298 0.147917 -0.38982 0.583013 -0.01324 0.103011 0.248468 0.054939 0.1676 

Gobisaurus 0.615173 -1.129 0.30583 0.485123 -0.21699 -0.07936 -0.51165 -0.24039 0.060455 0.159561 

Hesperosaurus -0.15864 -0.84726 0.195773 0.79838 0.702111 0.968997 -0.35871 -0.41409 0.208568 0.525808 

Huayangosaurus 0.066193 -0.13523 -0.38624 0.084713 1.074257 -0.19777 -0.43361 -0.25468 -0.45808 -0.33686 

Hungarosaurus -0.54817 -0.68988 0.468492 -0.01696 1.075087 -0.16194 -0.18821 0.067331 -0.25256 0.062114 

Isaberrysaura -0.06658 -0.26755 -0.45694 0.061358 0.274217 0.591189 -0.16994 0.489255 0.392853 0.333392 

Jiangjunosaurus -0.67885 0.724237 -0.04998 0.378478 -0.75237 -0.40518 -0.25576 0.737351 -0.79629 0.251135 

Jinyunpelta 0.058263 0.126642 0.167797 -0.09499 0.139396 -0.33055 0.054568 0.195546 -0.10966 -0.4032 

Kentrosaurus 0.516666 0.271384 0.12422 0.117672 -0.25317 -0.16347 0.681941 0.286295 -0.50766 -0.06065 

Kunbarrasaurus 0.792692 -0.28951 0.658177 -0.60989 -0.6753 0.012144 0.325564 -0.17615 -0.27193 -0.09087 

Lesothosaurus -0.30214 0.49872 -0.12403 0.695764 -0.24309 -1.24202 0.065402 -0.13942 0.357622 0.376435 

Minotaurasaurus -1.7773 -0.65924 -0.39765 -0.39438 -0.35511 -0.68872 0.910587 -0.69813 0.656242 -0.11759 

Niobrarasaurus -0.35356 0.103705 -0.09358 -0.02573 0.216243 -0.00915 -0.59517 -0.42519 0.472436 0.067206 

Nodocephalosaurus 0.473523 -0.23588 0.189683 -0.29883 0.202505 0.077414 -0.08027 0.16473 0.396313 -0.50806 

Panoplosaurus -0.31471 -0.41447 1.031903 -0.75661 -1.50023 1.263985 -0.16661 -0.24016 -0.25222 0.384179 

Paranthodon 0.368519 -0.04459 -0.09926 -0.11496 0.128165 -0.00086 0.002457 -0.21825 -0.41732 0.246242 

Pawpawsaurus 0.005275 0.691478 -0.45972 -0.63449 0.465675 0.531821 1.470805 -0.2707 -0.36171 -0.32202 

Peloroplites -0.41283 -0.68278 -0.67318 0.47811 -0.5425 0.268565 -0.11292 0.665454 0.26423 -0.07934 

Pinacosaurus_grangeri 0.170791 -0.63396 0.727674 -0.72959 0.748812 -0.50475 -0.4472 -0.60362 0.44965 -0.5467 

Pinacosaurus_mephistocephalus -0.37437 -0.30086 -0.17605 -0.2069 -0.10291 0.382225 -0.57879 1.616446 -0.27683 0.90919 

Saichania 1.567427 1.031467 0.618572 1.319269 0.08021 1.366182 0.487002 0.213105 -0.36941 0.011805 

Sarcolestes 0.025321 -0.15123 0.12951 0.08484 0.147337 -0.08708 -0.0646 -0.04443 -0.09952 -0.23961 

Sauropelta 0.511977 -0.30696 -1.22184 -0.11624 -0.31375 -0.34519 -0.18608 0.305884 0.084559 0.953566 

Scelidosaurus 0.593974 -0.81949 0.0607 -0.45825 0.163132 0.437465 0.603478 -0.10055 0.90072 1.142531 

Scolosaurus -0.12426 0.319022 -0.78952 0.288086 -0.42721 0.010736 0.036854 -0.26133 -0.30188 -0.86903 

Scutellosaurus 0.820454 0.116494 0.147058 -0.54167 -0.85841 -0.41967 -0.1731 0.264188 -1.0371 0.03256 
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Shamosaurus -0.45901 0.22356 0.234004 -0.45838 0.301639 0.165534 0.27938 0.059933 -0.11718 0.105298 

Silvisaurus -0.85608 0.430117 1.362643 0.073655 0.982132 -0.73715 0.7172 1.00679 0.388542 0.32338 

Stegosaurus_stenops -0.03588 0.210951 0.091513 -1.26361 -0.65324 -0.33737 0.052078 0.332993 0.614959 -0.8581 

Struthiosaurus_austriacus 0.021113 -0.27982 -0.20041 -0.41435 -0.10473 -0.287 0.412702 1.158607 -0.369 0.2253 

Talarurus -0.1708 -0.43839 -0.11991 0.482335 -0.5609 0.147943 0.233406 -0.13341 -0.07114 0.347439 

Tarchia_teresae -0.30641 0.311993 -1.08991 0.815896 0.263134 -0.09684 -0.79352 1.340384 0.668318 0.051946 

Tatankacephalus 0.443962 -0.41488 -0.52947 -0.02992 -0.32071 -0.26583 0.071148 0.566382 -0.01233 -0.69777 

Tsagantegia 0.425118 -0.13246 -0.57068 -1.32677 0.038595 0.495417 0.360513 0.169432 0.196024 -0.99913 

Tuojiangosaurus 0.643314 0.189484 0.189223 0.031462 0.380095 -0.12548 -0.94492 0.618279 0.756286 -0.96107 

Zaraapelta -0.114 0.041207 0.174069 0.242113 -0.18204 -0.30369 -0.62854 -0.2784 -0.29731 0.967792 

Ziapelta 0.424616 -0.04255 0.424453 0.20342 0.605817 -0.33981 0.190688 -0.48437 -0.09399 0.67098 

Zuul 0.036523 -0.79594 1.60623 0.854276 -0.44087 0.092925 0.68465 0.779531 0.394162 -0.63981 

           

 Axis.41 Axis.42 Axis.43 Axis.44 Axis.45 Axis.46 Axis.47 Axis.48 Axis.49 Axis.50 

Akainacephalus -0.01128 -0.46846 0.482053 -0.51711 1.236422 0.564477 -0.16518 0.131811 -0.6647 0.318201 

Animantarx -0.00964 1.279838 0.457865 0.826833 -0.60928 -0.4314 -0.33309 0.827438 -0.29846 -0.52641 

Ankylosaurus 0.435346 0.132372 -0.84394 0.291522 -0.14667 -0.12731 -0.31287 0.110022 0.411432 0.039101 

Anodontosaurus -0.62577 0.467 0.015714 1.002645 -0.14619 0.495719 -0.47311 0.150288 -0.56181 0.627916 

Antarctopelta 0.194384 -0.12249 -0.00232 -0.24963 -0.29839 -0.11001 0.433397 -0.3928 0.997693 0.082267 

Borealopelta 0.38779 0.019669 0.331955 -0.29116 0.11855 0.466323 -0.59015 -0.00767 1.645571 0.494212 

Cedarpelta 0.247576 -0.48579 -1.29753 0.659382 -0.86012 -0.75741 0.53108 0.290004 -0.74638 0.19728 

Chuanqilong -0.88419 -0.23789 -0.1985 0.299297 -0.27287 0.846055 -1.08927 -0.25147 -0.54717 -0.49942 

Chungkingosaurus -0.24192 0.003979 0.344143 -0.25293 -0.24145 0.078729 -0.41234 0.266301 0.021823 -0.21542 

Crichtonpelta 0.168678 0.476777 0.601609 -0.03092 -0.21999 0.276789 0.171767 -0.52777 0.730553 -0.60113 

Dyoplosaurus -0.13454 -0.19334 0.339327 0.352452 -0.0437 -0.0418 -0.14028 -0.65598 -0.16324 -0.5542 

Edmontonia_longiceps 0.912709 -0.32388 -0.52884 0.258482 -0.08135 -1.73E-05 0.49753 -0.52984 -0.37657 0.192608 

Edmontonia_rugosidens -0.41949 0.208732 0.591387 -0.40242 -0.34096 -0.19085 -0.234 -0.06421 -0.01458 0.145063 

Emausaurus -0.094 0.041075 -0.33001 -0.0061 -0.42422 -0.10742 0.211725 -0.28419 -0.08049 -0.20643 

Euoplocephalus -0.14468 -0.85462 -0.26993 -0.05677 -0.74757 -0.00959 -0.09326 0.01893 0.238944 -0.02634 

Europelta 0.160588 -0.58515 -0.384 0.393922 0.81401 -0.01454 0.313376 0.424405 0.215707 -0.06999 
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Gargoyleosaurus -0.05902 0.542499 0.123449 -0.61593 0.056165 0.19441 0.253508 -0.40507 -0.29107 0.00109 

Gastonia_burgei 0.59321 -0.09442 0.269562 -0.44177 0.04137 -0.45456 -0.23476 -0.22112 0.172704 -0.17831 

Gastonia_lorriemcwhinnyae -0.29925 -0.04401 0.534735 0.448581 -0.53744 -0.01179 1.289497 0.138933 0.69982 0.239582 

Gigantspinosaurus 0.548643 0.390686 0.224135 0.511841 0.703891 -0.37937 0.703605 0.167975 -0.01364 -0.31199 

Gobisaurus -0.23418 -0.34924 0.324092 -0.43782 -0.09001 0.189511 0.572645 0.502706 -0.24082 0.749115 

Hesperosaurus 0.03954 0.383063 -0.45615 0.035235 0.210154 0.733735 0.303948 0.543767 -0.22565 0.337169 

Huayangosaurus -0.04154 0.394036 -0.73662 0.193587 0.823792 0.402951 -0.07097 -0.39342 -0.16263 -0.01584 

Hungarosaurus 0.627059 -0.00723 -0.61272 1.377179 0.702323 0.083501 -0.29174 -0.1154 -0.03703 0.69939 

Isaberrysaura 1.022122 -0.52613 0.864129 -0.11706 -0.46153 -1.29818 -0.49343 -0.55836 -0.36527 0.315404 

Jiangjunosaurus 0.206998 -0.0797 0.949961 0.339228 0.332943 -0.55497 -1.22823 0.076471 -0.46107 0.190014 

Jinyunpelta -0.26185 0.308897 -0.08528 0.227455 0.287967 0.089822 0.690158 -0.20772 -0.29121 -0.93935 

Kentrosaurus 0.043489 0.005557 -0.66041 0.221934 -0.06112 0.068055 -1.12264 0.361488 1.107999 0.920085 

Kunbarrasaurus 0.564515 -0.24416 -0.26586 -0.95376 -0.0708 -0.01146 -0.39478 -0.27863 -0.32056 -0.33884 

Lesothosaurus -0.73822 0.156438 -0.77751 -0.53344 0.580087 -0.19375 -0.6119 -0.15075 -0.06845 -0.06884 

Minotaurasaurus 0.924961 -0.58736 0.060019 -0.43666 -0.09814 -0.04223 -0.24613 0.036533 0.233549 0.692624 

Niobrarasaurus 0.058015 0.475317 0.570101 -0.19794 -0.05256 0.230667 0.357164 -0.20654 -1.05713 0.899272 

Nodocephalosaurus -0.15413 0.250103 -0.17123 -0.24286 0.230475 -0.08905 0.013351 -1.48211 -0.24683 0.345473 

Panoplosaurus -0.3495 0.677099 0.091302 0.305048 0.775551 -0.19094 -0.28167 0.196759 0.333417 0.103496 

Paranthodon 0.103557 -0.10546 0.154645 0.249523 -0.04499 -0.35955 0.134192 -0.93709 0.515308 -1.31867 

Pawpawsaurus -0.47466 0.096049 -0.21761 0.158957 -0.88584 0.046694 -0.30516 -0.149 -0.23904 -0.1091 

Peloroplites -1.0717 -1.00036 0.136243 -0.48174 0.641565 0.984558 -0.45984 -0.15583 0.230442 -0.581 

Pinacosaurus_grangeri -0.80318 -1.0798 0.678284 -0.00855 0.22316 -0.92158 0.004722 0.316688 0.192493 0.028141 

Pinacosaurus_mephistocephalus 0.536327 0.986971 -0.58164 -0.25236 -1.46571 1.076849 0.063352 -0.76843 -0.00183 0.099333 

Saichania 0.027008 -0.74651 -0.38821 -0.40114 -0.18224 -0.3519 -0.08616 0.074703 0.101002 0.474231 

Sarcolestes -0.21691 0.044911 -0.11701 0.030759 -0.22489 -0.05741 0.035271 0.035229 0.073004 -0.23665 

Sauropelta -1.38871 0.734688 -0.00765 -0.35288 0.647103 -0.86144 0.551065 -0.32081 -0.04655 0.234614 

Scelidosaurus 0.623305 0.183136 0.254956 -0.4916 -0.06561 -0.06028 -0.13166 0.045534 -0.35658 -0.23863 

Scolosaurus 1.025041 1.437055 0.094803 -1.35698 0.880832 0.072139 0.114051 0.575341 -0.07005 0.050104 

Scutellosaurus -0.12302 0.029935 1.379784 1.010089 0.139024 0.536222 0.923702 -0.20688 0.349546 0.54468 

Shamosaurus -0.36764 0.186199 -0.24438 0.40949 0.224486 -0.42973 -0.19443 -0.31509 -0.0172 -0.24702 
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Silvisaurus -0.31939 -0.03477 -0.26194 -0.49792 -0.21475 0.104443 0.369484 0.51067 0.132657 0.086429 

Stegosaurus_stenops -0.33652 -0.62286 -0.64836 -0.38511 -0.21148 0.631028 0.078253 -0.0198 -0.41241 0.159054 

Struthiosaurus_austriacus 0.274772 -0.76082 -0.5009 -0.69604 0.216159 -0.24775 0.875971 0.856075 -0.13427 -0.53591 

Talarurus -0.10102 -0.6314 0.626699 -0.20045 -0.35053 -0.01218 0.435972 -0.00208 -0.75976 0.230293 

Tarchia_teresae -0.43803 -0.30618 -0.22589 0.605211 -0.00535 -0.47108 0.26079 -0.0711 0.376181 0.214888 

Tatankacephalus 1.120104 -0.60395 0.549063 1.111666 0.417145 1.078418 -0.28164 0.617622 -0.33925 -0.67473 

Tsagantegia -0.68982 0.599357 -0.45641 -0.00753 0.047488 -0.2969 0.458678 0.619229 0.30272 0.466788 

Tuojiangosaurus -0.44334 0.365212 0.887185 -0.39358 -1.1253 0.011449 -0.52029 0.74489 -0.0037 0.005059 

Zaraapelta 0.175875 0.371399 -0.42942 -0.01232 -0.14126 -0.76082 -0.44738 1.383723 0.009965 -0.94507 

Ziapelta 0.184332 -0.28108 0.104188 -0.16092 -0.21205 1.140185 0.602002 0.452699 0.347895 -0.52332 

Zuul 0.271172 0.129011 -0.34113 0.163088 0.583687 -0.55548 -0.00389 -0.79706 0.174996 -0.22035 
 

 Axis.51 Axis.52 Axis.53 Axis.54 Axis.55 

Akainacephalus 0.471554 0.015782 0.111073 0.058785 -0.28078 

Animantarx 0.818032 -0.26857 -0.00091 -0.02683 -0.35141 

Ankylosaurus 0.179766 0.215569 0.181218 0.030846 -0.17579 

Anodontosaurus 0.225103 0.265213 0.200295 -0.29551 -0.01601 

Antarctopelta 0.650152 -0.5363 0.177506 -0.30052 -0.35635 

Borealopelta -0.53242 0.966969 0.240874 0.212893 0.587009 

Cedarpelta -0.71825 0.369746 -0.00303 -0.02724 0.012648 

Chuanqilong -0.14806 0.017322 0.090411 -0.8514 0.195372 

Chungkingosaurus -0.51489 -0.52254 1.649868 0.652197 -0.45343 

Crichtonpelta 0.471223 0.022047 -1.23752 0.008959 -0.5439 

Dyoplosaurus -0.82347 0.787031 -0.71368 1.159025 -0.15079 

Edmontonia_longiceps 0.424578 0.13528 -0.01265 0.141348 0.023111 

Edmontonia_rugosidens 0.371416 0.07793 -0.01629 0.009098 0.014166 

Emausaurus 0.389258 0.338495 0.034188 -0.04555 -0.04558 

Euoplocephalus 0.029371 -0.02795 -0.01229 -0.08138 -0.20727 

Europelta 0.198968 -0.15681 -0.02788 0.112332 -0.01099 
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Gargoyleosaurus -0.17351 -0.14738 -0.05456 -0.27642 -0.0803 

Gastonia_burgei -0.42778 0.195107 -0.16367 -0.16196 -0.17773 

Gastonia_lorriemcwhinnyae -0.92937 0.130052 0.308712 0.14398 0.061761 

Gigantspinosaurus -1.04403 0.597435 0.048082 -1.02223 0.475658 

Gobisaurus -0.32891 0.212637 0.006837 0.376217 -0.76466 

Hesperosaurus 0.383998 -0.08722 -0.30477 -0.09348 0.002625 

Huayangosaurus -0.11013 0.428008 -0.19808 0.001142 -0.13747 

Hungarosaurus -0.05379 -0.12429 0.102925 -0.04939 -0.09824 

Isaberrysaura 0.822979 0.351285 0.305799 -0.02826 0.104592 

Jiangjunosaurus -0.05603 0.023273 0.038351 0.105075 -0.11569 

Jinyunpelta 0.552195 1.11482 0.793137 0.096715 -0.13112 

Kentrosaurus -0.11956 -0.33416 -0.93047 -0.02401 0.111533 

Kunbarrasaurus 0.411012 0.275937 -0.09979 -0.04806 0.003104 

Lesothosaurus 0.287871 0.236733 -0.0804 0.081964 -0.09646 

Minotaurasaurus 0.348736 -0.25653 0.339504 -0.25722 -0.16566 

Niobrarasaurus -0.7403 -1.00045 -0.69901 0.287041 -0.03417 

Nodocephalosaurus -0.92312 -1.08472 0.465699 -0.29983 0.222178 

Panoplosaurus 0.161895 0.24053 -0.11842 0.005023 -0.07074 

Paranthodon 0.094053 -1.07128 -0.12777 -0.50135 -0.00091 

Pawpawsaurus -0.59392 0.312118 -0.28546 -0.08247 -0.22177 

Peloroplites -0.29185 -0.03267 0.142554 -0.18567 0.022572 

Pinacosaurus_grangeri -0.05931 0.10305 0.028125 -0.21168 0.02125 

Pinacosaurus_mephistocephalus 0.14658 0.171725 0.343442 0.069234 0.002739 

Saichania -0.05761 -0.03987 0.263085 -0.07997 0.002255 

Sarcolestes 0.356916 -0.52572 0.095816 0.687772 1.395366 

Sauropelta 0.171667 0.114201 -0.13566 -0.06583 -0.0549 

Scelidosaurus -0.18196 0.130565 -0.17709 -0.00903 -0.16 

Scolosaurus -0.24099 0.101878 0.215144 0.006988 0.328036 

Scutellosaurus 0.571156 -0.06852 0.021459 -0.1322 -0.04907 

Shamosaurus 0.324594 -0.37436 -0.01962 1.460084 0.494136 
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Silvisaurus 0.274664 0.054731 0.109492 -0.10549 0.058982 

Stegosaurus_stenops 0.4192 0.021921 -0.1707 0.002151 -0.02234 

Struthiosaurus_austriacus -0.14816 -0.3643 -0.57661 0.26285 -0.27386 

Talarurus 0.512702 0.344837 -0.46162 -0.39078 1.126153 

Tarchia_teresae 0.145595 -0.09501 0.015185 -0.17231 -0.12355 

Tatankacephalus -0.21882 -0.4469 0.123376 0.178387 -0.02164 

Tsagantegia 0.411339 -0.41596 0.34545 -0.05201 0.059975 

Tuojiangosaurus -0.59432 0.172278 -0.16996 -0.10526 -0.02385 

Zaraapelta -0.35014 -0.47811 -0.0781 -0.29386 0.163355 

Ziapelta 0.102509 -0.16011 0.023828 0.12109 0.206949 

Zuul -0.34837 0.075233 0.054574 0.006011 -0.27906 
 

Eigenvectors of Postcranial Partition 

 Axis.1 Axis.2 Axis.3 Axis.4 Axis.5 Axis.6 Axis.7 Axis.8 Axis.9 Axis.10 

Akainacephalus -0.06644 -0.40535 0.108359 0.741793 0.067114 -0.23975 0.589268 0.180585 -0.04311 -0.37612 

Aletopelta -0.58975 0.573025 0.976156 -0.19478 -0.2326 -0.37427 0.274185 -0.3922 -0.24732 -0.40953 

Animantarx -0.00679 -0.20125 -0.32345 -0.41704 -0.03964 -0.36346 1.12956 -0.17365 -0.07688 -0.28003 

Ankylosaurus -0.31211 -0.40454 0.26671 0.361791 0.276186 -0.25916 -0.65339 -0.26032 -0.0296 0.039966 

Anoplosaurus 0.157161 0.053489 -0.66083 -1.42838 0.499505 -0.27476 -0.94352 0.326437 -0.161 -0.30473 

Antarctopelta -0.69825 0.633549 1.702917 -0.23225 0.919192 1.023798 0.200757 0.514286 -0.29543 -0.11914 

Cedarpelta 0.454361 -0.00193 -0.58426 -0.74026 0.408875 0.350388 -0.25663 -0.65129 0.487791 0.25536 

Chuanqilong -0.00995 -0.01977 -0.14662 0.131014 0.93964 -0.27382 -0.33587 -0.01805 0.33722 -0.17985 

Chungkingosaurus 0.143086 -0.04498 0.627412 0.241613 -0.39002 0.468638 0.280749 0.488676 0.088689 0.405504 

Dacentrurus 0.153053 -0.20407 0.136061 -0.04767 -0.80852 0.51522 -0.91923 -0.01396 0.261328 0.365854 

Dongyangopelta -0.92556 -0.00268 0.935026 -0.39458 0.08511 -0.00378 0.177512 -1.04273 -0.55314 0.117605 

Dracopelta -0.65275 -0.54869 0.388341 -1.12938 1.081424 -0.31925 0.042355 1.250689 -0.32446 -0.49776 

Dyoplosaurus 0.167395 0.933217 0.900437 0.948872 0.101746 -1.22123 -0.20979 0.406903 0.772181 0.351424 

Edmontonia_longiceps -0.63512 -0.22996 -0.21802 0.360316 -0.08525 0.282771 -0.01717 -0.02733 0.014827 -0.31164 

Edmontonia_rugosidens -0.22942 0.126478 -0.91104 0.118245 -0.16434 0.490717 -0.47585 0.501177 -0.07761 -0.29276 
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Euoplocephalus -0.19758 -0.19793 -0.01642 0.701938 0.201005 -0.06454 -0.12054 0.220983 0.587255 0.253956 

Europelta -0.23863 0.460815 -0.52623 -0.16319 -0.23959 0.011268 -0.03125 0.531037 0.213782 0.339182 

Gargoyleosaurus -0.01185 0.148783 -0.30858 0.114266 0.409283 -0.46817 0.544423 0.075604 -0.78753 0.85162 

Gastonia_burgei -0.42647 0.139751 -0.39121 0.074134 0.085714 -0.00206 0.073049 0.23849 -0.49491 -0.0565 

Gastonia_lorriemcwhinnyae 0.055131 0.090449 -0.33799 -0.0412 0.50923 -0.27742 -0.24566 -0.20636 -0.32266 0.409111 

Gigantspinosaurus 0.533428 -0.16524 0.390356 -0.21585 -0.15871 0.092653 0.254468 -0.42425 0.744011 0.215157 

Hesperosaurus 0.495748 -0.23569 0.482968 -0.27147 -0.43091 0.159957 -0.4099 0.524455 0.168362 -0.14723 

Hoplitosaurus -0.63536 0.6687 -0.48082 -0.85599 -0.23268 0.254868 -0.12936 -0.15397 0.449661 -0.51327 

Huayangosaurus 0.561539 0.042737 -0.08033 -0.52731 -0.24371 0.334775 -0.04183 -0.25211 0.086329 -0.0137 

Hungarosaurus -0.33347 0.326776 -0.20307 -0.14259 -0.33837 0.037548 0.138996 0.789625 -0.12125 0.641969 

Jinyunpelta 0.193291 -0.20425 0.49666 0.037722 0.823813 0.332947 -0.02772 0.421244 0.460456 -0.18084 

Kentrosaurus 0.531287 -0.48358 0.665781 -0.12711 -0.54658 0.336943 -0.06682 0.565848 0.484367 -0.20466 

Laquintasaura 1.511415 0.306412 -0.04043 0.683167 0.256581 0.627263 -0.09861 -0.35522 -0.15926 -0.7485 

Lesothosaurus 1.11433 0.46789 -0.13378 0.541713 0.272037 0.79616 0.418136 0.191964 -0.53949 0.10558 

Liaoningosaurus 0.810386 0.463652 -0.09779 0.103328 0.488192 -0.77833 -0.39013 -0.58782 -0.86409 -0.52288 

Loricatosaurus 0.486176 -0.04084 0.547625 -0.00558 -0.83153 -0.01769 -0.0066 0.118192 0.2801 -0.00502 

Miragaia 0.452867 -0.42144 0.463632 -0.19674 -0.9952 -0.14412 -0.03841 -0.04112 -0.15614 -0.24467 

Mymoorapelta 0.239054 0.160623 -0.54521 0.367926 -0.37849 0.187813 -0.11513 -0.31966 -0.56794 -0.02153 

Niobrarasaurus -0.76405 1.486821 -0.62549 -0.27242 -0.60043 0.345635 0.274571 -0.07653 0.595354 -0.3229 

Nodosaurus -0.50673 0.039692 -0.4658 -0.03536 -0.02514 0.021068 -0.60598 0.0112 0.67284 -0.54845 

Panoplosaurus -0.91755 -0.17149 0.365746 0.338262 -0.82743 0.002385 -0.59224 -0.48545 -0.85986 -0.20951 

Paw_Paw_juvenile 0.446402 -0.15867 -0.00199 -0.6424 0.47715 0.036029 0.71399 -0.41075 0.228029 -0.60676 

Peloroplites -0.19119 -0.23264 -0.30795 0.214601 0.574173 -0.07138 0.041657 0.477521 -0.59364 0.079521 

Pinacosaurus_grangeri -0.03354 -0.37413 0.34821 0.32518 0.790965 -0.18924 0.189254 -0.43672 0.246379 0.476974 

Pinacosaurus_mephistocephalus -0.18224 -0.5278 -0.32234 0.087277 0.667323 0.008362 0.837484 -0.24909 1.035839 0.67982 

Polacanthus -0.26758 -0.01622 -0.47218 -0.1109 0.01371 -0.28383 -0.02538 0.210677 -0.05275 0.184092 

Spearpoint ankylosaur -0.59887 0.274832 -0.36759 0.40134 0.225219 -0.07697 -0.4588 -0.11262 -0.29779 -0.1607 

Saichania -0.87434 -1.69976 -0.82452 0.468154 -0.14438 0.92858 0.707383 -0.2032 0.070175 -0.52466 

Sauropelta -0.43519 0.31205 -0.31601 -0.05496 -0.4334 0.39466 -0.28422 -0.36276 0.079843 0.291928 

Scelidosaurus 1.244621 0.319363 -0.33925 0.423597 0.142111 0.754687 0.29805 0.203373 -0.20499 0.266619 
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Scolosaurus -0.32258 0.045501 -0.05686 0.600194 0.271234 -0.73442 -0.15557 0.008372 0.046767 -0.64056 

Scutellosaurus 1.345515 0.571142 -0.27962 0.368895 0.392035 0.44889 -0.13145 0.07074 -0.44364 -0.461 

Silvisaurus 0.115903 -0.50756 0.400817 -0.08368 0.40023 0.267666 -0.96668 -0.57902 -0.05288 0.942104 

Stegopelta 0.273306 0.882192 -0.42172 0.565824 -0.41358 -1.3584 0.141338 0.079785 0.482001 -0.40648 

Wuerhosaurus_homheni 0.938628 -1.55629 -0.21731 -0.64372 -0.50035 -1.16964 -0.22365 0.028274 -0.49781 0.317179 

Stegosaurus_stenops 0.547947 -0.4402 0.404507 -0.5064 -0.66482 -0.16863 -0.14946 0.667079 0.03394 -0.3116 

Struthiosaurus_austriacus -0.19904 0.499266 0.23481 -0.13223 -0.40798 -0.12566 0.309146 0.420815 -0.50141 0.94887 

Struthiosaurus_languedocensis -0.15343 -0.43131 -0.63793 0.389797 -0.3581 0.13523 0.126284 0.338405 -0.34362 0.864674 

Struthiosaurus_transylvanicus 0.089187 0.710816 0.274101 -0.6362 -0.41616 -0.08675 0.964583 -0.74191 -0.46012 0.240559 

Talarurus -0.28559 -0.5101 -0.41645 0.655357 0.174678 -0.38151 0.162634 -0.32415 0.530294 0.086411 

Taohelong -0.35419 0.184506 0.374007 0.011329 0.317831 0.37762 -0.93268 -0.83443 0.375903 0.4777 

Texasetes -0.89216 0.534281 -0.54878 -0.31671 -0.12122 0.015131 0.298938 0.332843 -0.0621 0.365218 

Tianchisaurus 0.338215 -0.27135 0.18417 -0.83728 -0.18949 -0.21274 0.610284 -0.65572 0.265618 -0.21017 

Tuojiangosaurus 0.514802 -0.13304 0.417502 0.041112 -0.22549 -0.18551 0.230743 0.221284 0.45598 0.03165 

Zhejiangosaurus -0.96648 -0.614 0.535529 0.984886 -0.42721 0.086839 0.029721 -0.02418 -0.36288 -0.77246 

           

 Axis.11 Axis.12 Axis.13 Axis.14 Axis.15 Axis.16 Axis.17 Axis.18 Axis.19 Axis.20 

Akainacephalus 0.435908 0.019533 0.296337 -0.26544 0.002859 0.110633 0.011684 -0.01543 0.944772 0.046605 

Aletopelta 0.653422 -0.71857 -0.64117 0.623098 -0.14476 -0.40488 0.066843 0.00611 0.470149 -0.44484 

Animantarx -0.22379 0.567517 -0.53323 -0.55554 0.404725 0.133081 -0.1635 -0.47765 -0.49188 0.250535 

Ankylosaurus 0.375856 0.482117 -0.24542 0.411962 0.255766 0.019252 -0.00255 -0.18504 -0.20289 0.370084 

Anoplosaurus 0.025071 0.050336 0.154635 0.129661 0.33804 -0.01983 0.500762 0.189185 0.07165 -0.26501 

Antarctopelta 0.385196 0.423741 -0.25517 -0.13192 -0.16896 -0.065 0.167213 0.01784 -0.10548 0.11089 

Cedarpelta 0.291446 0.597521 -0.80585 0.178877 -0.26003 0.398113 -0.00288 -0.59373 0.270279 -0.28616 

Chuanqilong 0.145744 -0.58987 0.313372 0.089541 -0.55088 -0.23287 -0.29308 0.245945 -0.63749 -0.23748 

Chungkingosaurus 0.520072 0.227705 -0.08646 0.527405 -0.384 -0.026 0.236238 0.67312 -0.34078 0.679406 

Dacentrurus 0.251591 -0.28739 0.115374 0.146337 -0.50968 0.173467 0.440928 0.399797 0.045887 0.647034 

Dongyangopelta -0.25785 0.382599 0.300759 -0.06417 0.373791 0.628003 0.476283 0.171771 0.005245 -0.09023 

Dracopelta -0.42693 -0.01689 0.41857 -0.38008 0.18144 0.051427 -0.27719 0.012796 0.270116 -0.10416 

Dyoplosaurus 0.206533 0.075795 -0.42647 -0.31034 0.075548 0.383657 -0.07806 -0.09046 -0.14689 0.066524 
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Edmontonia_longiceps 0.414921 -0.42345 -0.39545 -0.71396 0.048029 0.267107 -0.63897 0.684334 0.277754 -0.0954 

Edmontonia_rugosidens 0.903389 0.113527 -0.05014 -0.61594 0.743115 0.576963 -0.44483 0.317042 0.02935 0.106391 

Euoplocephalus 0.149889 0.375766 -0.74377 0.298971 0.491141 -0.21212 -0.1222 0.111207 -0.57999 -0.60563 

Europelta -0.65092 0.429647 -0.14394 0.02378 -0.31154 -0.65452 0.700181 0.41232 0.612105 0.183953 

Gargoyleosaurus 0.508859 0.33009 0.574224 -0.16651 -0.27298 -0.18177 -0.21411 -0.14178 -0.09512 -0.2927 

Gastonia_burgei 1.103294 -0.02515 -0.31338 -0.2557 -0.22143 -0.37009 0.411815 0.075023 -0.19469 -0.11693 

Gastonia_lorriemcwhinnyae 0.588024 0.219731 0.022808 0.079464 -0.06733 -0.55587 -0.44303 -0.35378 0.410938 0.782224 

Gigantspinosaurus -0.11714 -0.19336 0.359373 -0.29719 -0.6418 0.296889 -0.00956 -0.67795 0.198612 -0.48597 

Hesperosaurus -0.13542 0.353927 0.3558 0.770884 0.060185 -0.08367 -0.73024 -0.63059 -0.23974 0.151258 

Hoplitosaurus -0.40143 0.347338 -0.45023 -0.20132 -0.19494 -0.33475 -0.05066 0.329439 -0.04843 -0.23609 

Huayangosaurus 0.073397 0.844179 0.326609 0.586555 -1.04965 0.295037 -0.40539 0.739791 -0.0438 -0.9433 

Hungarosaurus -0.75516 -0.49344 -0.10514 0.323169 0.161134 0.776893 0.294509 0.32103 0.030808 0.36773 

Jinyunpelta -0.04615 -0.82839 0.293542 -0.06383 0.221797 0.530624 0.446989 -0.265 -0.56188 -0.0832 

Kentrosaurus 0.376681 -0.02119 0.642246 -0.18799 0.153306 -0.06486 -0.40428 -0.44195 -0.02658 -0.29294 

Laquintasaura -0.15003 -0.36794 -0.08946 -0.1803 0.597376 -0.67395 -0.01022 0.004647 0.190715 -0.15545 

Lesothosaurus -0.62044 -0.48617 -0.3315 0.383002 0.142927 0.050142 0.188302 0.093258 0.152486 0.198612 

Liaoningosaurus -0.00381 -0.43932 0.476096 -0.13913 -0.52252 0.130507 -0.12599 0.442164 -0.0144 0.445376 

Loricatosaurus 0.108116 -0.21869 -0.33017 -0.76067 0.714678 -0.37272 0.360332 0.498997 0.484862 -0.43668 

Miragaia 0.086018 0.248979 -0.10109 -0.22807 -0.32713 -0.1923 -0.43188 0.346201 0.048073 0.97729 

Mymoorapelta 0.537968 0.742489 0.486791 -0.77071 -0.32586 0.469448 0.286285 -0.16487 -0.36653 -0.09278 

Niobrarasaurus -0.00171 -0.07564 0.870224 0.348012 0.401505 -0.39638 -0.51001 0.05715 -0.06277 0.256479 

Nodosaurus 0.252971 -0.32134 0.215925 0.605816 0.274814 0.595635 0.172541 -0.4142 0.452117 -0.07091 

Panoplosaurus -0.26494 0.417526 0.018455 0.108954 0.43554 0.274986 -0.11704 -0.16536 -0.22902 -0.31181 

Paw_Paw_juvenile -0.51056 0.12991 0.144221 -0.4491 -0.07041 0.38639 -0.06668 0.10718 0.174509 0.729264 

Peloroplites -0.0506 0.187911 -0.04785 0.391451 0.105045 -0.44745 -0.71397 -0.47559 0.379064 0.052091 

Pinacosaurus_grangeri 0.200052 0.067326 0.173773 0.162955 0.198469 -0.3142 0.123408 0.349674 -0.18196 0.076882 

Pinacosaurus_mephistocephalus 0.231102 0.130822 -0.30284 -0.11291 -0.1594 0.234799 0.121587 0.181168 0.670636 0.076701 

Polacanthus 0.080036 0.338725 0.16801 0.088294 0.271212 -0.9924 1.186935 -0.2787 -0.42006 -0.08554 

Spearpoint ankylosaur -0.24624 -0.46599 -0.14848 -0.18428 -0.8541 0.124454 0.794584 -0.78482 -0.15719 0.350095 

Saichania 0.019483 -0.20465 0.121312 0.606077 -0.0792 -0.40778 0.190804 0.075811 0.024116 0.035218 



607 
 

Sauropelta -0.16041 -0.12531 -0.50278 -0.3451 0.463914 0.24834 0.016674 -0.88355 -0.19433 0.389227 

Scelidosaurus -0.07308 0.069403 0.176026 0.215446 0.232788 0.360333 -0.12081 -0.27747 -0.66713 0.057016 

Scolosaurus -0.54589 0.361911 -0.26352 0.65586 0.257193 0.459715 -0.06621 0.794856 -0.64083 -0.14631 

Scutellosaurus -0.30405 0.303349 -0.70476 0.188255 -0.16566 0.210221 0.191943 0.067039 0.54428 -0.38944 

Silvisaurus -0.71244 0.130146 0.318454 -0.15978 0.728097 -0.66224 -0.30229 0.294184 0.308352 0.212807 

Stegopelta -0.23495 0.104643 0.33364 -0.00169 -0.05479 -0.38821 -0.09247 -0.21479 0.184646 -0.06468 

Wuerhosaurus_homheni 0.048534 -0.45697 -0.6459 0.165263 0.190141 0.41572 0.058785 0.105086 0.081127 -0.13447 

Stegosaurus_stenops 0.455685 -0.31831 0.071167 0.06296 -0.34222 -0.189 0.411216 -0.41745 -0.03281 -0.03995 

Struthiosaurus_austriacus -0.4405 0.012651 -0.27837 0.492444 -0.10038 0.164142 -0.50062 -0.39461 0.543787 -0.23282 

Struthiosaurus_languedocensis -0.38848 -0.62355 0.352712 -0.58343 -0.18349 -0.23539 -0.17982 0.187962 -0.44476 -0.81277 

Struthiosaurus_transylvanicus 0.453983 -0.59068 0.688014 0.505883 0.732056 0.237725 0.364252 0.049792 0.084209 -0.31969 

Talarurus -0.05555 0.015824 0.669058 0.556301 0.151274 0.393164 0.133375 0.127922 0.297143 0.287613 

Taohelong -0.27565 -0.56896 0.124339 -0.54306 -0.31576 -0.22937 -0.37779 -0.01656 0.102495 -0.21996 

Texasetes -0.20457 -0.59425 -0.41149 -0.30699 -0.43599 0.225163 -0.50327 0.189907 -0.29677 0.161859 

Tianchisaurus -0.14884 -0.50608 -0.64245 0.081869 -0.12019 -0.68969 -0.40547 -0.01031 -0.9656 0.279925 

Tuojiangosaurus -0.5618 0.749622 0.492989 -0.67088 0.027705 -0.07853 0.488786 0.11757 -0.17517 0.008989 

Zhejiangosaurus -0.91392 0.109235 -0.07838 -0.16252 -0.60052 -0.14617 -0.03819 -0.42568 0.204683 -0.26477 

           

 Axis.21 Axis.22 Axis.23 Axis.24 Axis.25 Axis.26 Axis.27 Axis.28 Axis.29 Axis.30 

Akainacephalus 0.03602 0.21683 -0.10334 -0.22038 0.035745 -0.34644 0.164539 0.326931 -0.18213 0.923543 

Aletopelta 0.338761 -0.08797 -0.38245 -0.34166 -0.10756 0.029851 -0.35311 0.005876 -0.01852 0.035761 

Animantarx 0.575589 0.419672 -0.27843 -0.25746 -0.63862 -0.54328 0.346213 -0.88804 -0.10721 0.008777 

Ankylosaurus -1.00699 0.77084 0.060041 0.269742 0.166081 -0.1628 0.262219 -0.13958 0.202865 -0.15911 

Anoplosaurus 0.185851 0.458024 0.22909 -0.3052 -0.07274 -0.19273 -0.13954 0.045565 -0.15872 -0.17167 

Antarctopelta 0.133674 -0.0978 0.167313 -0.14476 -0.02049 -0.33345 0.044835 0.134484 -0.01208 0.021241 

Cedarpelta -0.09603 0.268976 -0.30355 0.154269 -0.0714 -0.27863 0.706722 0.289564 0.053018 -0.13538 

Chuanqilong -0.17666 0.427073 0.667994 0.374394 -0.17473 0.132123 -0.03306 -0.68779 -0.11109 0.334868 

Chungkingosaurus -0.33148 0.110628 -0.97089 0.180851 0.519919 0.034824 -0.22192 -0.51068 0.282302 -0.74511 

Dacentrurus 0.486759 0.254519 0.2412 -0.81689 -0.20618 0.11345 0.673381 -0.05073 -0.51078 -0.36693 

Dongyangopelta -0.27637 0.238511 0.551411 0.000672 0.048196 0.231438 0.324939 0.124812 -0.24488 -0.0925 
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Dracopelta -0.05087 -0.11865 -0.06636 -0.06827 -0.05673 0.128425 0.183817 0.274088 0.278023 -0.19054 

Dyoplosaurus 0.125309 0.32587 -0.00426 -0.05224 -0.28032 0.039426 -0.2608 -0.19512 -0.21493 0.129768 

Edmontonia_longiceps 0.170788 0.236382 0.130737 0.16349 0.110958 0.096227 -0.18846 0.42011 -0.7104 0.267851 

Edmontonia_rugosidens -0.21969 0.220679 -0.34277 0.458164 -0.2433 -0.05465 -0.76931 -0.4996 -0.45906 -0.05727 

Euoplocephalus 0.280688 0.265114 -0.4909 0.127183 0.514247 -0.2364 0.161989 1.028718 0.384924 0.110721 

Europelta -0.07836 0.232586 -0.0307 -0.01329 0.034542 0.21972 0.123237 -0.34937 -0.48187 0.465929 

Gargoyleosaurus -0.36655 -0.60511 -0.37208 0.74821 -0.02947 -0.08481 0.626536 0.287919 -0.59527 -0.16312 

Gastonia_burgei 0.210321 -0.42415 -0.33534 0.135137 -0.75789 0.908333 0.540699 -0.39708 0.561606 0.15236 

Gastonia_lorriemcwhinnyae -0.1134 -0.37205 -0.01405 -0.95698 -0.18956 0.586426 -0.45478 0.260194 0.366995 0.29062 

Gigantspinosaurus -0.6344 0.117156 -0.56485 -0.43445 -0.44303 -0.04865 -0.59617 0.231646 0.036574 -0.19982 

Hesperosaurus 0.73126 -0.24261 -0.36878 -0.20135 0.527594 0.120639 0.02831 0.07048 -0.58362 0.656394 

Hoplitosaurus -0.361 -0.35856 -0.05279 0.180848 -0.20897 -0.17525 -0.14606 0.086641 -0.27322 -0.12634 

Huayangosaurus 0.086271 -0.28974 -0.03439 -0.07043 -0.00171 0.035458 -0.58413 -0.43812 -0.02486 0.139375 

Hungarosaurus 0.032465 0.212205 -0.29955 -0.00039 -0.18735 -0.04408 0.122597 0.04202 0.829748 0.767722 

Jinyunpelta -0.3982 0.118954 -0.08318 -0.17685 -0.02266 0.222493 -0.28858 0.025459 -0.37528 -0.26316 

Kentrosaurus -0.36071 -0.60741 0.21055 -0.15593 -0.52808 -0.53548 0.633578 -0.12234 0.369337 -0.31588 

Laquintasaura 0.362073 0.040232 -0.17079 0.213361 -0.44135 0.461531 -0.28101 0.138508 0.315469 -0.44007 

Lesothosaurus 0.068564 -0.45979 0.042828 -0.07938 -0.22706 -0.71497 0.161383 0.063162 -0.81584 -0.34716 

Liaoningosaurus 0.196235 0.238279 -0.28174 0.10093 0.278232 0.115544 0.691059 0.271013 0.175519 -0.36626 

Loricatosaurus -0.3693 -0.29737 0.472679 -0.39703 0.717553 -0.27673 0.394246 -0.60137 0.432364 -0.10963 

Miragaia -0.68255 0.295326 0.40017 0.236727 -0.61865 -0.38566 -0.23899 0.93012 -0.00959 0.131261 

Mymoorapelta 0.602513 0.070306 0.644599 -0.42879 0.550627 -0.41374 -0.52687 0.117879 0.70155 -0.13165 

Niobrarasaurus -0.11356 0.189985 0.190777 0.283367 0.070343 0.066314 0.207117 0.3238 0.124691 -0.05795 

Nodosaurus -0.31192 -0.37125 8.13E-05 -0.16591 -0.01719 0.366844 0.25081 -0.01126 0.256729 0.103311 

Panoplosaurus 0.089703 -0.24621 -0.3713 -0.15456 -0.29652 0.094663 0.308338 -0.22251 -0.35624 0.302294 

Paw_Paw_juvenile 0.246919 -0.06664 -0.57048 0.084954 0.481594 -0.06309 -0.35992 -0.08865 0.462905 0.131848 

Peloroplites -0.00251 0.606239 0.153741 -0.61053 0.805908 -0.03021 -0.09888 -0.4718 -0.31998 -0.56859 

Pinacosaurus_grangeri -0.01685 -0.84012 0.779795 -0.14066 -0.00888 -0.22655 -0.4165 -0.01643 -0.18723 0.307674 

Pinacosaurus_mephistocephalus 0.466312 0.000421 0.391459 0.259967 0.230689 0.3524 0.270207 0.057434 -0.09776 -0.29987 

Polacanthus -0.13924 0.128326 -0.01991 -0.12557 -0.09736 -0.43752 -0.4938 0.285233 -0.0239 0.258681 
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Spearpoint ankylosaur -0.13164 -0.29497 -0.18075 0.339627 0.087926 -0.48884 -0.40127 -0.0099 -0.1253 0.075887 

Saichania -0.17442 0.118326 0.135635 0.12914 0.142589 0.07638 0.027414 0.076921 0.143186 -0.13236 

Sauropelta 0.231927 -0.61512 0.267828 0.10652 0.347788 0.56179 -0.23849 0.198408 -0.21726 -0.47898 

Scelidosaurus -0.41828 0.021178 0.507962 0.069184 0.201374 0.391749 0.275723 -0.2701 0.164202 0.852949 

Scolosaurus 0.321523 -0.46527 0.165512 -0.20239 -0.18433 0.004201 -0.05176 0.393657 0.236366 -0.42923 

Scutellosaurus -0.39363 0.042145 0.16002 -0.03088 -0.07909 0.06667 0.154886 0.140722 0.157338 0.316022 

Silvisaurus 0.174411 -0.33775 -0.42905 0.570182 -0.25659 -0.30739 -0.25721 -0.31307 0.335589 0.058306 

Stegopelta -0.32447 -0.19846 0.028042 0.016373 0.393257 -0.27036 0.224102 -0.23927 -0.07234 -0.32464 

Wuerhosaurus_homheni -0.34952 -0.44899 -0.02743 0.175019 0.300031 0.176732 -0.27935 -0.08865 -0.16335 0.089129 

Stegosaurus_stenops 1.014193 0.090629 0.435776 1.185897 0.230081 -0.20486 0.013256 0.158621 0.064802 0.019984 

Struthiosaurus_austriacus 0.181824 0.525444 0.839712 0.483273 -0.57035 0.335519 -0.45971 0.001579 0.437087 -0.55641 

Struthiosaurus_languedocensis 0.111014 0.576378 -0.3478 -0.69787 -0.24543 -0.03216 0.091822 0.464661 0.026424 -0.23322 

Struthiosaurus_transylvanicus -0.09049 0.36574 -0.27699 0.133152 0.360457 0.004539 -0.26994 0.005667 -0.10979 0.151976 

Talarurus 0.612176 -0.1357 -0.03849 -0.05132 -0.76761 -0.44938 -0.01725 -0.27637 0.046892 -0.17143 

Taohelong 0.306113 0.28462 -0.24982 0.251462 0.380371 -0.21536 0.265537 -0.20962 0.230488 0.398884 

Texasetes -0.20686 -0.84903 0.097794 -0.20345 0.424919 -0.2569 0.092359 0.003869 0.238854 -0.02901 

Tianchisaurus -0.03381 0.256983 0.269164 -0.24957 -0.14466 0.238162 0.150522 -0.09337 -0.08007 0.259091 

Tuojiangosaurus 0.035002 -0.01763 -0.21165 0.078086 0.102295 1.27862 -0.0068 0.295508 -0.44386 -0.11588 

Zhejiangosaurus -0.1845 0.103785 0.032963 0.244268 0.132547 0.319883 -0.08872 -0.39045 0.170569 0.016949 

           

 Axis.31 Axis.32 Axis.33 Axis.34 Axis.35 Axis.36 Axis.37 Axis.38 Axis.39 Axis.40 

Akainacephalus 0.871661 -0.21256 0.797004 -0.0815 0.582681 -0.45101 0.169263 0.545904 -0.42183 -0.32077 

Aletopelta -0.26098 0.001302 -0.08575 -0.01028 -0.39458 0.158 0.294068 0.138453 0.078758 0.136294 

Animantarx 0.03179 -0.45855 -0.25183 -0.19924 0.321028 0.273151 0.002514 0.346772 0.081415 0.202507 

Ankylosaurus 0.139498 0.389775 -0.18492 0.211998 0.247614 0.628626 -0.62286 0.242292 -0.42036 0.123515 

Anoplosaurus -0.27674 -0.14992 -0.07877 -0.04323 -0.07632 0.125644 0.454125 0.16648 -0.17029 0.186391 

Antarctopelta -0.14631 0.099284 -0.02202 -0.21246 -0.00515 -0.02602 0.229606 0.145248 0.027078 -0.08841 

Cedarpelta 0.257185 0.241406 0.069989 -0.20679 0.088516 0.060656 0.094394 -0.698 0.389195 -0.18354 

Chuanqilong -0.54541 -0.13508 0.839822 -0.55695 -0.09651 -0.47734 -0.09933 0.285105 0.433046 0.013298 

Chungkingosaurus -0.34647 -0.32149 0.319894 -0.44819 0.622597 -0.0674 0.296969 -0.21527 0.058821 -0.2566 
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Dacentrurus 0.425252 -0.53943 -0.48894 -0.17056 -0.52356 -0.10179 0.004903 0.565984 -0.04737 0.317339 

Dongyangopelta -0.14204 0.322689 0.203728 -0.06156 0.048801 -0.31202 -0.02698 -0.20701 0.003511 -0.05437 

Dracopelta 0.032125 0.005286 0.03123 0.034102 0.129877 0.035829 0.214265 -0.0816 -0.14477 0.257716 

Dyoplosaurus 0.307316 0.091779 0.038122 0.448182 -0.13527 0.0078 -0.1591 -0.25144 0.28862 -0.1539 

Edmontonia_longiceps -0.27833 0.238407 -0.80212 -0.61938 -0.12022 0.783573 -0.14675 -0.29398 -0.34617 -0.82147 

Edmontonia_rugosidens 0.181386 -0.19664 0.260426 -0.08666 -0.17048 -0.17589 0.212596 0.04064 0.187747 0.44515 

Euoplocephalus -0.03198 0.014111 0.128041 0.056368 -0.52208 -0.11536 0.019136 0.612681 -0.05775 0.621999 

Europelta -0.68936 0.267967 0.520465 0.607402 -0.45165 0.386615 0.089649 0.29874 -0.10611 -0.12513 

Gargoyleosaurus -0.48283 -0.18864 -0.28933 -0.00424 0.009695 0.060677 -0.0606 0.518734 0.194941 -0.04763 

Gastonia_burgei 0.154097 0.209877 -0.20776 0.781761 -0.06898 -0.09872 -0.25608 -0.07029 -0.66698 -0.0555 

Gastonia_lorriemcwhinnyae -0.22937 0.601221 -0.1242 -0.54532 0.251187 -0.04801 -0.18804 0.08327 0.779049 -0.06133 

Gigantspinosaurus -0.44482 -0.27979 -0.37963 0.004651 -0.02407 0.100752 0.675849 0.441018 -0.23399 -0.18956 

Hesperosaurus -0.49523 -0.14701 0.423327 0.115491 0.37029 0.505625 -0.14987 -0.53917 -0.62449 0.208236 

Hoplitosaurus -0.07273 0.004973 0.246473 0.341733 0.264209 0.070746 -0.13326 -0.04325 0.195315 -0.49737 

Huayangosaurus 0.917719 0.257366 -0.0889 0.315825 0.100332 -0.07714 -0.2417 -0.02425 0.002667 -0.03032 

Hungarosaurus -0.07256 -0.3495 -0.09073 -0.18937 -0.26288 0.133467 -0.46671 -0.30013 0.467424 -0.50657 

Jinyunpelta 0.092791 0.094034 -0.30903 0.528572 0.177351 0.051842 -0.4512 -0.18253 -0.0807 -0.01138 

Kentrosaurus 0.04713 -0.07407 0.548306 -0.27596 -1.03036 0.0709 -0.44906 -0.22372 -0.05644 -0.53302 

Laquintasaura 0.054542 0.054873 0.321217 -0.11491 -0.18794 0.199988 0.092604 -0.37981 0.069654 0.196726 

Lesothosaurus 0.263699 0.768961 0.251051 0.019812 0.146892 0.289854 -0.38547 0.468328 0.342999 0.063723 

Liaoningosaurus 0.387701 -0.47826 0.352201 0.163477 0.093445 0.552832 0.377893 -0.25805 -0.03368 -0.25256 

Loricatosaurus -0.12722 0.355904 -0.05263 0.014456 0.658013 0.022675 0.295243 -0.2187 -0.09635 0.214463 

Miragaia -0.2198 0.040135 0.053903 0.70587 -0.05496 -0.4755 0.251722 -0.2585 0.148131 0.398941 

Mymoorapelta -0.56305 0.16809 0.328803 0.054565 -0.182 0.467896 -0.44935 0.281148 -0.05241 -0.02102 

Niobrarasaurus 0.165983 -0.10852 -0.27773 -0.04263 0.055151 -0.01999 -0.21157 -0.15349 -0.11692 0.18254 

Nodosaurus 0.100358 0.058381 0.09195 0.102735 0.58936 0.427527 -0.05888 0.586316 0.596746 0.221362 

Panoplosaurus -0.03898 -0.06752 0.090357 -0.18707 -0.10359 -0.18773 0.336646 -0.49878 0.609096 0.349259 

Paw_Paw_juvenile 0.114743 0.114651 -0.21444 0.35372 -0.42179 -0.02575 -0.19785 0.229021 0.191586 0.079993 

Peloroplites 0.274716 0.070869 -0.36898 0.474253 -0.48087 -0.77 -0.1137 -0.27741 0.096405 -0.37036 

Pinacosaurus_grangeri 0.190632 -1.10825 -0.33116 0.373842 0.261418 0.550248 -0.12879 -0.37678 0.223708 0.377831 
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Pinacosaurus_mephistocephalus -0.11823 -0.13168 0.411482 0.159546 -0.40212 0.10727 0.286219 -0.59225 0.255017 0.305144 

Polacanthus 0.696001 -0.2333 -0.1313 -0.48499 -0.09616 -0.06216 0.125557 -0.42305 -0.01581 -0.57801 

Spearpoint ankylosaur 0.19873 0.327521 0.259701 -0.27103 -0.16338 0.036952 0.140331 -0.50914 -0.50194 0.555724 

Saichania 0.033734 -0.16104 -0.03916 -0.1457 -0.04108 0.109111 0.091912 0.067624 0.025356 -0.0356 

Sauropelta -0.07519 -0.57626 0.446982 0.455028 0.257796 -0.51594 0.064123 0.342227 -0.24158 -0.76877 

Scelidosaurus 0.083368 0.385917 -0.47136 0.182161 -0.26428 0.100814 1.374813 0.0344 -0.06394 -0.18747 

Scolosaurus -0.06028 0.155434 0.018342 -0.02759 0.02764 -0.26971 0.405635 0.285487 -0.10561 -0.58635 

Scutellosaurus -0.65377 -0.92369 -0.48158 -0.29352 0.25133 -0.78961 -0.72252 -0.15565 -0.36926 0.234116 

Silvisaurus 0.154822 -0.02369 -0.21428 0.086332 -0.1187 0.023926 0.027287 0.361305 -0.12806 -0.08921 

Stegopelta -0.10459 -0.06319 -0.40383 -0.26887 -0.08726 0.049185 0.159325 0.010275 0.037056 0.030864 

Wuerhosaurus_homheni -0.00857 0.095837 0.16292 -0.19994 -0.3187 -0.00258 -0.13247 0.06301 -0.17165 -0.11524 

Stegosaurus_stenops -0.01684 0.284272 -0.66346 0.135862 0.487681 -0.37258 -0.02329 0.13568 0.717369 -0.14064 

Struthiosaurus_austriacus 0.387604 -0.11561 0.217341 -0.41842 0.24788 0.477683 0.157023 0.196786 -0.48673 0.173548 

Struthiosaurus_languedocensis -0.14819 0.072313 0.19041 0.489318 0.675412 -0.0157 -0.07787 -0.33294 0.374062 0.126724 

Struthiosaurus_transylvanicus -0.0579 -0.00487 0.114591 0.148415 -0.38644 -0.18764 -0.34052 0.017057 -0.01805 0.122131 

Talarurus -0.65473 0.676826 -0.31486 -0.02135 0.273562 -0.58352 0.031464 -0.34679 -0.65701 0.019993 

Taohelong 0.074446 0.080843 -0.11471 -0.11784 0.174658 -0.38587 -0.03324 0.136938 -0.18923 -0.15867 

Texasetes 0.328265 0.178921 -0.13451 -0.30788 -0.1303 -0.31513 0.044349 -0.07237 -0.30469 0.671174 

Tianchisaurus 0.057962 0.201967 0.204488 -0.14145 0.160663 -0.01698 -0.26028 0.159191 -0.25731 -0.02852 

Tuojiangosaurus 0.356597 0.311559 -0.08494 -0.82482 -0.00162 -0.20868 -0.35112 0.077968 -0.07889 0.357419 

Zhejiangosaurus -0.01935 -0.19418 -0.23971 0.214248 -0.25176 0.285918 -0.08101 0.100266 0.39157 0.075175 

           

 Axis.41 Axis.42 Axis.43 Axis.44 Axis.45 Axis.46 Axis.47 Axis.48 Axis.49 Axis.50 

Akainacephalus -0.14379 0.242006 0.071395 -0.46745 0.123474 -0.27498 0.316941 0.081392 0.048996 -0.20887 

Aletopelta 0.09411 -0.6689 -0.5971 0.000951 -0.23579 -0.0865 0.281176 -0.07291 0.055664 -0.16317 

Animantarx -0.06971 -0.05989 0.105505 0.246636 -0.11494 -0.26253 -0.11974 -0.17233 -0.63879 0.523314 

Ankylosaurus -0.32382 -0.34701 -0.04916 -0.53573 -0.52686 0.287779 0.283301 -0.6367 0.251422 -0.00725 

Anoplosaurus 0.434926 0.012436 0.509171 -0.10519 -0.31679 -0.24453 0.005301 -0.21428 0.046471 -0.53082 

Antarctopelta -0.12255 -0.2605 -0.20777 0.002417 -0.04502 0.087085 -0.10821 -0.07291 0.111067 -0.02214 

Cedarpelta 0.223423 -0.08267 -0.16934 -0.21665 0.204625 -0.11058 0.363537 0.223623 0.060006 -0.0242 
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Chuanqilong 0.554476 0.091007 0.016914 -0.0361 0.024454 -0.12926 -0.09394 -0.1843 0.254164 0.44916 

Chungkingosaurus 0.017833 0.227979 0.514192 0.138664 -0.00089 -0.43309 0.204435 0.209277 0.135453 -0.08544 

Dacentrurus -0.12353 0.501636 -0.52351 -0.23663 0.044608 -0.11422 -0.12986 -0.09516 0.300329 0.184884 

Dongyangopelta -0.29942 0.502613 0.153806 -0.08592 0.374813 0.157464 -0.14723 -0.02585 -0.0102 0.556885 

Dracopelta 0.025666 -0.07248 0.132337 -0.28266 -0.13242 -0.19207 -0.13222 -0.10996 0.305609 0.138736 

Dyoplosaurus -0.00466 0.174721 0.002229 0.119328 -0.14199 -0.1613 0.011602 -0.03682 0.426467 0.130114 

Edmontonia_longiceps 0.080612 0.141261 0.438101 0.319708 -0.12303 -0.45762 -0.05959 -0.09065 0.005002 0.14997 

Edmontonia_rugosidens -0.2921 -0.22705 -0.39663 -0.03033 0.216474 0.890947 -0.12713 0.048933 -0.10716 -0.28641 

Euoplocephalus -0.10627 0.102969 0.430525 0.096364 0.170453 -0.09744 -0.8586 0.366091 -0.0196 0.178693 

Europelta -0.70811 -0.07664 0.354889 -0.02393 -0.20304 0.044369 0.289769 0.394473 -0.47043 0.04379 

Gargoyleosaurus 0.144854 0.189746 -0.81453 -0.22146 -0.11014 -0.41252 -0.13668 0.015095 -0.19936 -0.38372 

Gastonia_burgei 0.628775 0.280638 0.422167 0.133779 0.480878 0.263012 0.091782 -0.105 0.155716 0.110076 

Gastonia_lorriemcwhinnyae -0.31365 0.456336 0.132758 -0.07068 -0.25621 0.373873 -0.48224 -0.01145 -0.36268 0.064615 

Gigantspinosaurus 0.073513 -0.05545 0.51225 -0.42087 0.622055 0.548231 0.033679 -0.21196 -0.01192 0.182192 

Hesperosaurus 0.353854 0.276143 -0.44042 0.03194 0.140388 0.422589 0.055511 -0.21248 -0.00758 0.377672 

Hoplitosaurus -0.42665 0.136101 -0.60038 0.032763 0.596555 -0.00052 -0.31195 0.247248 0.645005 0.28251 

Huayangosaurus 0.007284 -0.11017 0.137154 -0.22374 -0.52099 -0.33666 -0.53721 -0.25728 -0.39508 0.063403 

Hungarosaurus 0.236868 -0.449 -0.25483 -0.63645 0.470362 -0.09513 -0.35524 -0.35105 -0.22854 -0.16718 

Jinyunpelta 0.121536 0.433755 -0.29569 -0.28623 -0.19226 -0.11651 0.080121 0.971822 -0.81665 -0.08418 

Kentrosaurus -0.48468 -0.01483 0.270102 0.484314 -0.27095 0.099776 0.002612 -0.0443 -0.11476 -0.23167 

Laquintasaura -0.32435 0.154805 -0.21092 -0.80576 -0.00836 -0.67057 0.21418 -0.13723 -0.07362 0.393773 

Lesothosaurus 0.761271 -0.15684 0.563972 0.015909 0.14477 0.46627 -0.05662 -0.11063 0.256164 -0.04947 

Liaoningosaurus -0.27054 -0.58206 0.100656 0.259502 -0.01256 0.5291 -0.54205 0.421063 -0.17338 0.19378 

Loricatosaurus 0.348905 0.13342 -0.39463 0.004848 0.10656 0.094412 -0.61755 -0.14664 -0.26677 -0.15226 

Miragaia 0.681056 -0.26712 -0.08183 0.342501 -0.06038 -0.32985 0.088152 -0.01213 -0.39053 0.194832 

Mymoorapelta 0.270616 -0.21334 -0.15401 -0.2185 0.342356 -0.23341 0.44566 0.37858 0.078239 -0.07276 

Niobrarasaurus 0.190035 0.279435 0.358306 -0.31238 0.124261 -0.03291 -0.01636 -0.04048 -0.07401 -0.26456 

Nodosaurus 0.026247 -0.3035 -0.0617 0.944365 0.162793 -0.58612 0.272236 0.131772 -0.04169 0.179592 

Panoplosaurus 0.082834 0.201237 0.580936 -0.2822 -0.17444 -0.09396 0.239324 0.425037 0.195075 -0.48187 

Paw_Paw_juvenile 0.104629 0.710914 -0.20012 0.390082 -0.3927 0.109577 0.080607 0.021417 0.738693 -0.36794 
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Peloroplites -0.03184 -0.31777 0.043338 0.223777 0.81849 -0.31814 0.085395 -0.01252 -0.10301 -0.02795 

Pinacosaurus_grangeri -0.31234 -0.27427 0.439157 -0.01202 0.438289 -0.01601 0.08416 0.00108 0.209492 -0.23691 

Pinacosaurus_mephistocephalus 0.279322 0.126751 -0.03558 -0.05074 -0.29965 0.312017 0.152246 -0.34595 -0.23103 -0.1838 

Polacanthus 0.493211 0.006444 -0.29381 0.267989 -0.49005 0.359346 0.081073 0.334172 0.117507 0.33334 

Spearpoint ankylosaur -0.42733 0.347997 -0.01776 0.408601 0.383486 -0.48952 -0.40632 -0.71607 -0.31144 -0.34655 

Saichania 0.032725 -0.02635 -0.21428 0.026769 0.026055 0.217748 -0.07425 -0.04826 -0.01688 0.144637 

Sauropelta 0.130042 -0.41237 0.225039 -0.23261 -0.71321 -0.19992 -0.42132 -0.32027 0.06234 -0.00486 

Scelidosaurus -0.24005 -0.09067 -0.16468 0.196643 -0.14788 -0.16722 0.007327 0.008549 0.312443 0.008489 

Scolosaurus -0.07858 0.388409 -0.31635 0.184326 0.156157 0.424407 0.655804 -0.52704 -0.62636 -0.25594 

Scutellosaurus -0.26808 0.115824 0.029146 0.393978 -0.28696 0.208314 0.12163 0.029284 0.064438 -0.05844 

Silvisaurus 0.015099 0.050748 -0.09981 0.178093 0.218053 -0.2447 0.332657 -0.09563 -0.07122 0.218072 

Stegopelta 0.174413 0.227491 0.07077 -0.29425 -0.00026 0.052395 0.071172 -0.05052 0.134606 0.051353 

Wuerhosaurus_homheni -0.01208 0.141447 0.030529 -0.13916 0.138276 -0.05946 0.000856 0.226468 0.198963 0.165448 

Stegosaurus_stenops -0.65478 0.015882 0.340674 -0.1826 0.100697 0.328537 0.192744 -0.09226 -0.06495 0.087429 

Struthiosaurus_austriacus 0.039233 0.412329 -0.1689 0.377459 0.037475 0.118491 -0.05853 0.507174 0.086353 -0.19718 

Struthiosaurus_languedocensis -0.43797 0.086611 -0.14708 0.38001 -0.33793 0.048815 0.248069 -0.4807 0.418274 -0.08557 

Struthiosaurus_transylvanicus -0.1345 0.005427 0.092025 0.371947 -0.12961 0.029174 0.031523 -0.30638 -0.04092 0.303541 

Talarurus -0.19607 -0.62037 -0.14962 -0.10854 -0.22497 -0.09752 -0.52191 0.508746 0.443076 -0.05542 

Taohelong 0.29311 -0.112 0.001044 0.267128 -0.10972 0.336312 0.228289 0.213383 -0.36861 -0.23098 

Texasetes -0.24369 -0.31836 0.134816 -0.34081 -0.35206 0.123407 0.738507 0.307863 -0.01401 0.70775 

Tianchisaurus -0.32398 -0.14121 -0.02701 -0.14209 0.248291 -0.06132 -0.01033 0.24731 0.060437 -0.92342 

Tuojiangosaurus 0.097537 -0.91991 -0.08201 0.312434 0.309145 -0.01994 0.178132 -0.13915 0.020382 -0.15766 

Zhejiangosaurus 0.357123 0.006197 -0.04445 -0.15158 -0.29224 0.212599 -0.24442 0.16742 0.05332 -0.06942 

 

 Axis.51 Axis.52 Axis.53 Axis.54 Axis.55 Axis.56 Axis.57 Axis.58 

Akainacephalus 0.206846 0.001877 0.199781 0.058932 0.105807 -0.20449 -0.06107 0.006125 

Aletopelta 0.318302 0.210514 0.370201 0.16231 0.370069 0.176706 0.104876 -0.1663 

Animantarx 0.213044 -0.13295 0.025882 -0.05991 0.22574 0.111465 0.01914 -0.03348 

Ankylosaurus -0.14535 -0.17512 0.204575 -0.15469 0.293155 0.088168 -0.09181 0.040219 
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Anoplosaurus 0.164197 -0.05938 -0.13345 0.269301 0.271653 -0.70634 0.204682 0.063863 

Antarctopelta -0.20196 0.099958 -0.14231 0.213309 -0.28801 0.194295 -0.06986 0.079837 

Cedarpelta 0.45101 0.80139 -0.08303 -0.29768 -0.3405 -0.09083 -0.05592 -0.01489 

Chuanqilong -0.11148 0.372327 0.384118 -0.27849 0.069241 0.068374 -0.08444 0.003553 

Chungkingosaurus 0.234684 -0.15004 -0.14134 0.059645 0.068408 -0.10871 -0.04099 -0.05491 

Dacentrurus 0.095529 -0.03866 -0.04855 -0.1704 -0.13949 0.09469 -0.12086 0.007967 

Dongyangopelta -0.23871 0.203988 -0.29622 0.57539 0.2116 -0.14809 0.100851 -0.19113 

Dracopelta 0.313315 -0.23629 -0.21835 -0.22571 -0.42147 0.520108 -0.0301 -0.03049 

Dyoplosaurus 0.012804 -0.20795 -0.25416 -0.13123 -0.35978 -0.14428 0.570478 0.010343 

Edmontonia_longiceps -0.17653 0.107538 0.11348 -0.03191 -0.06766 -0.03284 -0.10891 0.020389 

Edmontonia_rugosidens -0.05417 0.197007 -0.24295 0.197076 -0.16473 -0.0061 -0.08059 -0.06493 

Euoplocephalus -0.02317 0.072643 0.059082 0.040275 0.124732 -0.03614 -0.09233 -0.00599 

Europelta -0.15054 0.375697 -0.15099 -0.24455 -0.09814 0.196359 0.006002 -0.01567 

Gargoyleosaurus -0.38175 -0.08485 -0.22594 -0.17733 0.057449 -0.19922 0.117296 -0.01546 

Gastonia_burgei 0.00951 0.118911 -0.01151 0.117964 0.052485 -0.01054 -0.06575 0.032879 

Gastonia_lorriemcwhinnyae 0.364538 -0.06884 0.031275 -0.03517 0.045357 -0.10263 0.023242 0.033331 

Gigantspinosaurus -0.48677 -0.12335 0.116736 -0.23904 -0.07176 0.003508 0.036813 0.003077 

Hesperosaurus -0.13607 0.05477 -0.04648 0.078433 0.032092 -0.16365 0.01345 0.005628 

Hoplitosaurus 0.441275 -0.64912 0.24884 -0.00968 0.390981 -0.09627 -0.03497 0.125403 

Huayangosaurus -0.19976 0.027453 -0.02405 0.174874 -0.07631 0.151703 0.015273 -0.01154 

Hungarosaurus -0.21695 0.053868 -0.04233 0.206456 0.154356 -0.03526 -0.01706 0.040125 

Jinyunpelta 0.270499 0.108792 0.441019 0.161235 0.13521 0.063385 -0.02597 0.04022 

Kentrosaurus 0.09481 0.04213 0.001401 0.066634 0.232607 -0.15501 0.025392 -0.01885 

Laquintasaura -0.39354 -0.11321 -0.5065 -0.08147 0.171842 -0.05512 -0.05403 0.02397 

Lesothosaurus 0.10223 -0.13969 -0.05472 0.0305 0.031274 0.070459 0.028067 -0.04119 

Liaoningosaurus -0.15292 -0.01376 0.315249 -0.03055 -0.08812 -0.04584 0.090757 0.004888 

Loricatosaurus -0.27315 0.207204 0.20751 -0.4292 -0.05679 -0.07907 0.059095 0.016968 

Miragaia 0.019081 0.051063 -0.09976 0.062405 0.071798 0.04694 -0.06383 0.047126 

Mymoorapelta 0.174428 -0.24708 0.105815 0.041734 -0.18553 0.163763 0.06176 -0.02051 

Niobrarasaurus 0.222894 -0.12418 0.175609 -0.34439 -0.04811 0.224483 0.150959 -0.25626 
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Nodosaurus -0.61027 -0.21499 -0.22404 0.154765 -0.15794 0.009882 -0.10351 -0.03612 

Panoplosaurus -0.40122 -0.21768 0.432013 -0.19742 0.072531 0.33556 0.034566 0.154977 

Paw_Paw_juvenile -0.49937 0.51335 0.05239 -0.15498 0.339063 0.045311 -0.00423 -0.00345 

Peloroplites -0.34674 -0.0767 0.055185 -0.11499 0.15576 -0.05029 -0.0421 -0.00094 

Pinacosaurus_grangeri 0.206996 0.384567 -0.29867 -0.22869 0.241395 -0.00182 -0.10343 0.006977 

Pinacosaurus_mephistocephalus -0.14123 -0.85409 0.345565 0.289534 -0.0216 0.034234 -0.14684 -0.0073 

Polacanthus -0.53881 -0.23184 -0.08586 -0.08718 -0.06895 0.05488 -0.13168 -0.08877 

Spearpoint ankylosaur 0.091625 -0.01496 0.126384 -0.06857 -0.03459 0.086385 0.016927 -0.01076 

Saichania 0.121221 0.218168 -0.12904 0.146846 -0.13627 0.178672 0.627578 0.147664 

Sauropelta 0.010616 0.301228 0.041551 0.013403 -0.04388 0.115922 -0.01388 0.009189 

Scelidosaurus 0.396009 -0.19296 0.072125 0.084938 0.122148 0.031733 -0.01646 -0.0386 

Scolosaurus 0.097676 0.065014 -0.07586 -0.37984 -0.07595 -0.02163 -0.08718 0.015844 

Scutellosaurus -0.0223 -0.22891 0.182779 0.097583 -0.18463 0.067102 0.099596 -0.04226 

Silvisaurus 0.168923 0.042348 0.692772 0.362013 -0.49368 -0.13726 0.070221 -0.03826 

Stegopelta 0.21989 0.399301 -0.15999 0.968963 -0.10734 0.360992 -0.18641 0.145548 

Wuerhosaurus_homheni 0.268085 -0.22707 -0.23855 -0.08468 0.029258 0.359544 0.012816 -0.12416 

Stegosaurus_stenops -0.1042 -0.00623 0.179988 -0.01452 0.057843 -0.06387 -0.00246 0.003278 

Struthiosaurus_austriacus -0.10725 0.214411 0.023704 -0.08628 0.192671 0.055101 -0.03092 0.09106 

Struthiosaurus_languedocensis 0.094641 0.252561 0.041423 0.225082 0.02602 0.063261 -0.0852 -0.06622 

Struthiosaurus_transylvanicus 0.43841 -0.13837 -0.13488 -0.35502 -0.43096 -0.161 -0.18993 0.218144 

Talarurus -0.03401 0.013094 -0.10023 -0.13528 -0.01151 -0.10598 -0.11121 -0.01009 

Taohelong 0.272844 -0.38165 -0.87769 -0.05168 0.42754 0.335703 0.042882 0.05505 

Texasetes -0.27518 0.018564 0.042897 -0.04726 0.036395 -0.48043 0.079455 0.038525 

Tianchisaurus -0.41005 -0.20404 -0.14032 0.298478 -0.58395 -0.14149 -0.06322 -0.01604 

Tuojiangosaurus 0.241462 0.146754 0.156709 -0.08539 0.237207 -0.0559 0.057527 0.039855 

Zhejiangosaurus 0.49605 -0.12251 -0.25826 -0.12488 -0.29605 -0.6686 -0.25256 -0.10747 
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Eigenvectors of Osteoderm Partition 

 Axis.1 Axis.2 Axis.3 Axis.4 Axis.5 Axis.6 Axis.7 Axis.8 Axis.9 Axis.10 

Ahshislepelta 1.601755 2.591214 0.877252 1.222689 1.302519 -1.02544 -0.44093 0.708415 0.092803 0.416494 

Akainacephalus 0.328873 0.527503 -0.6568 -1.43569 0.539028 -0.11749 -0.76034 0.108313 0.773841 -0.95609 

Alcovasaurus 0.894305 0.55107 -1.66473 2.733949 -0.84267 -1.26013 0.743965 3.135787 -0.32383 -2.79701 

Aletopelta 0.235107 -3.04484 -2.16117 -1.43432 0.793452 -0.44051 1.426589 0.564948 1.001338 -0.27744 

Animantarx 0.15598 -2.04383 -0.37052 0.954065 -0.19659 -0.32392 -0.7927 0.506683 1.009222 -0.70381 

Ankylosaurus 0.305433 0.578406 -0.1529 -2.59696 0.841655 0.570606 0.09148 -0.96829 2.100788 -0.38635 

Anodontosaurus 1.042114 1.518683 1.378608 -1.27965 0.904232 0.22416 0.232704 -0.60679 1.508514 0.477717 

Antarctopelta 1.529493 -0.96108 1.458034 1.80954 1.410911 -2.41039 -0.72555 -1.30565 0.231918 -0.6337 

Borealopelta 1.190191 0.100557 -0.68614 -0.30755 -0.60803 -1.00195 -1.14352 0.622977 2.001165 0.091996 

Cedarpelta 0.964438 -1.5552 0.422131 0.23919 -1.67388 -0.05136 -0.34455 -0.88987 -1.00943 -0.55391 

Chuanqilong -0.03923 -1.55065 0.916897 1.256972 0.146823 -0.63406 3.929954 -1.07145 1.168759 -0.39288 

Chungkingosaurus -2.76544 1.784692 -2.9633 1.487451 -1.83251 -1.5311 0.191318 -0.70587 -0.03475 1.527169 

Dacentrurus -2.58862 2.757157 -2.6057 0.351875 -0.81315 -1.10063 -0.99997 -0.50776 1.28738 2.093491 

Dongyangopelta 0.813083 2.770541 2.325853 0.494334 0.31654 0.526665 -0.13317 0.895513 1.280343 -0.04156 

Dracopelta 0.85455 0.543396 1.147412 1.055794 1.037604 -0.82701 -1.97474 -1.04114 -1.2291 -0.43115 

Dyoplosaurus 0.6254 2.223192 0.369476 -1.67081 1.823492 -0.51102 -1.2394 -3.36481 -2.14244 -1.47115 

Edmontonia_longiceps 0.713713 -1.27978 -0.76455 0.275217 -0.52165 -0.86743 -1.26954 1.00517 0.319144 0.188531 

Edmontonia_rugosidens -0.25157 0.318042 1.108224 0.711751 0.539714 0.922161 -3.34719 0.533326 0.727222 -0.17472 

Emausaurus -1.61191 -2.12002 0.487693 2.758626 2.78729 0.34136 1.165634 0.734623 0.385709 0.363324 

Euoplocephalus 0.996195 0.302083 -0.88647 -2.92785 0.40498 -0.2264 1.190091 -1.64789 0.825458 -0.31345 

Europelta 0.939348 -1.65223 0.495322 -0.10099 -1.44463 -0.53058 -1.44437 -1.86585 0.909621 0.295667 

Gargoyleosaurus 0.494942 0.673847 0.689993 -1.44225 -1.59942 1.84507 -1.05661 0.131168 1.602664 0.955598 

Gastonia_burgei 0.202445 -0.1594 1.275931 -0.39702 -1.37708 2.047342 -0.88929 -0.38701 -0.9461 0.737154 

Gastonia_lorriemcwhinnyae 0.588209 0.810885 1.434468 1.204715 -2.67405 1.298474 0.379486 0.364591 -1.50046 -0.0442 

Gigantspinosaurus -2.80188 1.573836 -0.27426 0.762805 -0.26512 -1.30431 0.838275 -3.60426 -1.95574 1.592407 

Gobisaurus 0.771979 0.015874 0.374835 0.349949 -0.63176 0.317789 0.412853 0.61228 -0.78654 -0.01282 

Hesperosaurus -3.21924 -0.6592 0.797241 0.765241 0.312323 1.157829 -0.94138 0.122771 0.947785 -2.71782 
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Hoplitosaurus 0.58392 0.152254 -1.28923 -0.43041 0.173557 1.235933 2.157063 3.120807 -4.33783 1.415653 

Huayangosaurus -1.94975 -2.05444 -0.20412 0.951762 1.928593 1.549885 -0.31942 0.504912 0.126101 1.315085 

Hungarosaurus 1.011824 -1.45449 0.327707 0.691539 -0.65219 -0.45583 -0.33263 -0.4325 -1.48533 -0.09944 

Hylaeosaurus 2.051304 0.533103 0.927812 1.600632 -0.66731 -0.21316 0.720707 -0.25479 -0.27749 0.536525 

Invictarx 1.405737 -2.34305 -0.24809 2.244184 -0.68481 -1.78739 0.730494 -0.93064 0.47447 -0.05913 

Jiangjunosaurus -3.40386 0.704343 -0.54991 1.381698 1.435922 -0.11816 1.081681 0.227573 -0.78433 -1.93797 

Jinyunpelta 0.572372 -0.5488 -0.29912 -2.02027 -0.11012 1.646136 -0.32897 -0.36228 -2.2363 0.476542 

Kentrosaurus -3.61198 -0.45175 -0.72445 0.800529 -0.1151 -0.22586 -0.37048 -0.58289 0.734465 2.053593 

Kunbarrasaurus 0.191992 0.108603 1.248854 1.555084 0.894991 0.402843 -0.91662 0.730421 -2.06018 1.185228 

Laquintasaura -2.82545 -0.54919 3.088268 -3.7696 -1.32238 -5.37846 -0.24427 3.105793 -1.44475 0.288464 

Lesothosaurus -4.41281 -2.10647 4.462323 -3.26516 -0.32428 -1.09478 -0.31982 0.903059 0.265134 0.087052 

Liaoningosaurus -0.79228 -0.36112 -4.07324 -1.00704 -1.689 0.593813 -2.3346 2.358009 0.419133 0.633934 

Minmi 1.653829 0.243474 2.187321 1.646251 -0.3693 -0.0778 -0.11937 -0.43455 -0.36825 0.097506 

Miragaia -3.28172 0.406187 0.574514 1.23617 1.004286 0.861976 0.39266 -0.19605 -1.1009 -1.6251 

Mymoorapelta 1.314072 2.481963 1.371292 0.861637 -0.36406 0.656931 -0.03573 2.007727 2.316186 0.565814 

Niobrarasaurus 1.396788 1.749873 -0.91309 -0.49592 1.563144 -0.25761 -0.65017 0.598936 -1.2307 0.422662 

Nodosaurus 1.368835 -2.61648 -1.73984 0.342851 0.027159 -0.71862 0.799324 -0.45306 0.272685 0.222054 

Panoplosaurus 1.006708 0.335437 -0.59858 0.508886 0.178961 -1.23304 0.210607 2.29208 0.5703 0.535773 

Peloroplites 0.845215 -1.91239 -0.02561 0.07238 -2.2687 0.248341 -1.05234 -0.17438 0.006663 -0.38549 

Pinacosaurus_grangeri 0.649526 -0.15621 -1.79571 -2.03408 0.761162 -0.11004 0.485659 1.073697 -0.98942 -0.42625 

Pinacosaurus_mephistocephalus 0.705498 -1.40966 0.23442 -1.15343 0.840704 -0.43431 0.364271 -1.86604 0.872637 -0.45645 

Polacanthus 1.078298 2.776779 2.045667 0.404535 0.34045 0.15301 1.155171 0.630768 -0.72714 0.020185 

Spearpoint ankylosaur -0.49634 4.360391 -1.34204 -0.59756 0.058461 0.636533 0.160638 -0.49871 0.249004 -0.58509 

Saichania 0.984017 1.625611 0.790495 -0.40601 0.691561 -0.95629 0.78666 0.309002 1.704379 -0.31277 

Sauropelta 0.667266 -1.02291 1.277809 -0.6311 -2.82791 1.197204 0.169197 -1.08307 -0.49434 0.469859 

Scelidosaurus -1.50635 -1.61088 0.917381 -0.01438 0.869052 2.638337 0.197124 0.586193 0.304335 0.225781 

Scolosaurus 0.273759 0.316856 -0.88117 -2.27248 -0.37709 0.418346 2.110664 0.220079 0.147677 -0.79711 

Scutellosaurus -2.32215 -1.95172 1.049413 0.122723 1.739686 2.589556 0.79279 0.230872 0.158851 0.342946 

Shamosaurus -0.8376 2.419565 0.118911 0.098484 -2.79829 1.086269 0.293373 -0.7779 0.28276 -0.45952 

Silvisaurus 0.61942 1.254493 0.554996 -0.11667 1.219844 -0.24539 -1.75093 0.714055 0.439961 1.07685 
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Stegopelta 1.41218 -1.65409 -1.53315 0.550796 2.102012 -0.96108 -3.40154 0.019938 -1.54356 0.588274 

Wuerhosaurus_homheni -1.78793 1.314086 -1.70486 -0.02111 -0.84465 0.567013 -0.82397 -0.34003 -0.59654 -5.8799 

Stegosaurus_stenops -3.64412 -0.75415 -0.63835 0.013013 0.16312 1.180634 -0.53081 0.370796 1.268276 -0.25845 

Struthiosaurus_austriacus 0.453764 1.411229 0.667994 1.168817 0.632737 -0.50011 0.721774 0.32878 0.246675 0.086554 

Struthiosaurus_languedocensis 1.817186 -0.22333 -0.25804 -0.37132 0.543627 1.786146 0.426688 0.215179 0.36117 0.69292 

Talarurus 0.709605 -0.9516 -1.24722 -0.98609 -0.70587 -0.33389 0.963632 -0.1092 0.284718 0.007536 

Taohelong 1.788881 -1.33027 -1.28771 -0.02661 2.225852 -1.57298 -0.76483 -0.94213 0.792475 -0.07138 

Tatankacephalus 0.470972 -1.75369 0.263356 0.448024 -2.22767 0.528155 -0.2381 -0.95016 -0.52061 -0.18888 

Texasetes 1.817186 -0.22333 -0.25804 -0.37132 0.543627 1.786146 0.426688 0.215179 0.36117 0.69292 

Tianchisaurus 1.796059 -1.13544 -0.10058 0.794077 -2.48392 -0.34867 0.594139 -0.87535 -0.41538 -0.56982 

Tuojiangosaurus -3.45961 1.089737 -1.20792 1.227596 -0.2779 -0.69057 1.111202 -1.46086 0.174301 2.569839 

Zhejiangosaurus 1.817186 -0.22333 -0.25804 -0.37132 0.543627 1.786146 0.426688 0.215179 0.36117 0.69292 

Ziapelta 1.033156 0.62034 -0.03669 -0.26215 0.008266 -1.03265 3.486666 0.434165 1.029363 -0.1356 

Zuul 0.865732 0.279684 -1.26656 -2.93872 1.940125 0.109616 0.669936 -0.76854 -1.85629 0.114379 

           

 Axis.11 Axis.12 Axis.13 Axis.14 Axis.15 Axis.16 Axis.17 Axis.18 Axis.19 Axis.20 

Ahshislepelta -0.73959 1.217594 0.831151 -0.29427 0.177107 0.993222 0.69788 0.234488 -1.0809 0.846644 

Akainacephalus -2.00743 -1.96639 -1.60942 1.70005 -0.60993 -0.82343 -0.57317 3.416987 -0.12802 -0.86336 

Alcovasaurus -1.91125 -0.69998 -0.98229 0.591603 -0.02775 0.266721 -0.82692 0.810631 -0.54817 -1.60525 

Aletopelta -1.27949 -0.73675 -1.10574 -2.75351 -0.58177 0.453014 -0.62423 -0.33869 -1.59079 1.360603 

Animantarx -0.43632 -0.92405 1.165083 0.142438 2.231726 -0.75119 -0.81954 0.092401 1.44643 0.825624 

Ankylosaurus -0.4627 0.68242 0.377888 1.439144 0.648007 -1.44372 -0.80083 -1.11485 0.702158 0.797881 

Anodontosaurus 1.18647 0.382942 1.181407 0.831478 -0.77247 -0.19854 1.518367 -0.60503 -1.7612 0.832857 

Antarctopelta 0.292703 1.292638 -0.61727 0.57799 0.403115 -0.52186 0.148177 -1.2869 -0.70321 -0.38188 

Borealopelta 0.483129 0.510082 -0.67315 -1.75698 -0.21185 -1.06503 0.684899 -1.85552 -0.37472 -0.87032 

Cedarpelta -0.95507 -0.48747 -0.67239 0.982203 0.796379 0.783858 -2.04961 -1.45569 -0.81225 -0.15296 

Chuanqilong -1.35703 1.059972 -0.19566 -1.85061 -0.57713 0.088341 0.765198 1.254558 0.727193 -1.51254 

Chungkingosaurus -0.7636 -0.44129 -1.07762 0.996286 0.522047 0.091546 -0.395 0.178119 -0.13301 0.659311 

Dacentrurus -0.46982 0.633509 1.179426 1.116248 -0.61564 1.005516 1.198314 -0.39553 0.343046 1.350738 

Dongyangopelta 0.265962 -0.60947 -1.39701 -1.16451 -0.3943 -0.56764 -0.76348 0.323429 -0.3332 0.036798 
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Dracopelta -2.43773 2.123343 0.539931 0.398823 -0.06155 -0.0682 -0.57972 0.913426 1.375924 -0.16229 

Dyoplosaurus 0.980475 0.576102 -0.20025 -0.85316 1.181731 1.069735 -0.28934 1.627426 -0.40834 -0.39209 

Edmontonia_longiceps 1.275359 -0.6174 -1.79617 -0.88254 1.56119 0.360047 0.050891 -1.64878 -1.3363 -0.63556 

Edmontonia_rugosidens -1.21627 0.953145 -0.32489 1.105093 -1.22729 -1.41301 -1.60803 1.816756 1.638389 0.201458 

Emausaurus 0.619658 -0.85062 -0.07295 -0.59731 1.668601 -0.16683 1.582354 1.283512 0.400886 0.244922 

Euoplocephalus -0.09311 -0.28268 1.096824 -1.55306 1.111216 1.231198 -2.88091 -0.06246 1.362075 0.374634 

Europelta 0.16071 2.001706 1.395923 0.152849 0.312323 -0.51523 -0.26614 -1.04177 -0.21313 -1.05076 

Gargoyleosaurus 2.155279 -1.34031 -0.44284 -1.69028 -0.18945 -0.46874 -0.31553 0.994417 1.051247 -2.84787 

Gastonia_burgei 0.940025 -0.92583 0.56478 -0.28039 -0.19421 -1.1143 1.516765 1.128114 1.45512 -0.87971 

Gastonia_lorriemcwhinnyae -1.67459 -2.48793 1.740566 -0.03153 0.180674 -0.61581 -0.21119 -0.22007 -0.85102 0.684214 

Gigantspinosaurus -0.25075 -0.26535 -2.36891 -1.38441 1.307479 -0.25916 -0.2683 1.078648 0.010255 0.116177 

Gobisaurus -1.34947 2.08493 -0.23319 -1.43835 -2.75481 -0.37274 0.282466 1.144885 -0.57484 1.040212 

Hesperosaurus 1.342441 1.152504 -0.39844 0.401869 -1.05198 1.748528 0.775836 -1.23443 1.218202 0.091688 

Hoplitosaurus 1.685673 2.677788 -1.17149 1.502503 -0.20502 -0.12211 -0.16169 -0.79526 1.244221 0.05131 

Huayangosaurus -0.67733 -0.33055 0.24352 -0.82003 0.256217 0.046152 0.749126 0.551366 -0.55481 1.339385 

Hungarosaurus -0.86204 -2.86477 0.165041 -0.9307 0.727333 2.529827 -1.55706 -2.00741 0.622121 0.275124 

Hylaeosaurus 1.822688 -1.04829 0.271464 0.265837 0.063985 0.965904 1.48069 0.114196 0.598932 -0.55429 

Invictarx 1.988092 -0.36869 0.297278 0.369648 -0.75799 0.189641 0.242603 0.719023 1.221285 0.069416 

Jiangjunosaurus 1.019359 -0.84552 2.210996 0.282564 -0.17875 -1.61465 -1.90563 -0.12068 -1.54741 -1.7711 

Jinyunpelta -1.06357 0.151579 1.574317 -1.70012 -1.94782 1.008646 -0.7892 -1.62033 0.903779 1.063518 

Kentrosaurus 0.399693 -0.10182 -0.36152 1.936813 -0.15028 0.227631 -1.54272 0.121762 -0.07409 -0.71198 

Kunbarrasaurus 0.204369 0.275834 -0.35027 0.17269 -1.92069 1.285447 -1.30713 -0.58373 2.697891 -0.29652 

Laquintasaura 0.329792 -0.65245 1.826951 0.139529 1.767487 -0.20149 1.52388 1.311102 1.775809 0.743728 

Lesothosaurus -0.81486 0.201218 -1.31123 -0.99294 -0.93084 -0.31913 -0.91445 -0.31964 -1.27613 -0.44108 

Liaoningosaurus 0.284937 1.602846 -0.42414 -1.88015 1.188511 -1.2705 0.623499 0.516277 0.136511 -0.48016 

Minmi 1.309179 0.190133 -1.53855 -0.23871 0.688392 -1.38032 0.274213 -0.69834 0.334619 -0.21772 

Miragaia 0.116803 -1.12611 0.432246 -0.21218 -1.63628 -2.67732 0.178177 -1.46525 -1.59333 0.551018 

Mymoorapelta 0.157657 -0.77439 0.957475 -0.30703 -0.7397 1.317138 0.440443 -0.34364 0.857869 0.158748 

Niobrarasaurus 0.231174 -1.25765 1.033674 0.133905 1.043837 -0.20605 2.602313 -1.12441 -1.56439 -1.64903 

Nodosaurus 0.811722 -0.69451 0.666391 -1.27282 -0.85307 -0.70649 -0.3461 -0.82163 1.391444 0.89773 
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Panoplosaurus 3.120395 1.690435 0.153211 -0.60706 0.489272 -0.37024 -3.08433 1.214259 -2.31828 1.756449 

Peloroplites -0.75219 -0.29785 -1.37294 1.114471 -0.3379 -0.92858 1.034668 -0.14646 -0.46696 2.01187 

Pinacosaurus_grangeri -1.24236 -1.59553 -1.98822 2.321631 -0.95226 -1.21152 0.847499 -1.9066 0.727315 -0.31975 

Pinacosaurus_mephistocephalus 1.13911 -2.10982 -2.22198 1.726832 -1.00599 -1.01006 1.964815 -0.72647 0.972029 1.125585 

Polacanthus -0.06352 -1.08465 -0.41259 -0.3481 -0.43247 0.606434 -0.37708 -0.01091 -1.4291 1.528898 

Spearpoint ankylosaur 0.448837 -1.55565 0.433667 -1.18452 -0.48415 -2.8352 -1.55181 -0.32604 1.114168 0.005319 

Saichania -0.20781 0.342449 -0.65596 2.337978 -0.31455 1.42078 -0.49019 -0.6697 -0.41929 0.587395 

Sauropelta 1.076886 1.364191 -0.89436 1.753167 0.245737 0.036204 -0.71471 -0.71285 -1.20063 -1.43084 

Scelidosaurus -0.02718 -0.43524 1.223615 0.433914 2.267566 0.605755 -0.26124 -0.52465 0.244659 1.373168 

Scolosaurus -1.88463 1.273252 0.136623 1.710479 1.335101 1.405406 0.359196 -0.20898 -0.68539 -3.05189 

Scutellosaurus 0.118877 0.900875 -0.85774 0.836294 1.725615 0.490739 0.067256 1.370691 -0.8183 -0.25122 

Shamosaurus -1.19006 0.584218 -1.82677 -0.96457 0.906086 1.640295 1.926202 0.707882 -0.70538 2.93158 

Silvisaurus 0.36332 -0.43315 -0.86292 -0.43905 -0.0847 2.467298 -0.84915 -1.03272 -1.2173 -1.49759 

Stegopelta 0.032199 -0.99662 -0.61734 -0.47338 -1.01737 0.557454 0.746807 1.171164 -0.71539 -0.5596 

Wuerhosaurus_homheni 2.009815 0.947904 -0.08631 -0.71922 1.099061 1.578896 1.159563 0.090118 1.371988 0.508478 

Stegosaurus_stenops 0.121664 0.476956 1.136822 0.70803 -2.04716 1.560207 0.401136 -0.90154 -0.21314 0.000862 

Struthiosaurus_austriacus -2.80681 1.099217 1.815721 -0.99428 1.518072 -1.68926 1.298527 -2.25064 0.969188 -1.07867 

Struthiosaurus_languedocensis -0.45563 0.016156 0.090955 0.364302 1.394394 -0.03265 0.040809 0.787837 0.311671 0.16421 

Talarurus 0.613226 -1.75562 2.238291 0.60106 -2.60599 2.4297 0.732619 2.489135 -0.84478 -1.27739 

Taohelong -1.05682 0.970564 1.00649 0.502781 -0.52971 -0.05069 0.009439 -0.01915 0.275344 0.682416 

Tatankacephalus -1.14417 1.562449 0.715427 -1.41974 -1.16024 -0.75989 1.451 0.530828 -1.72457 -1.51567 

Texasetes -0.45563 0.016156 0.090955 0.364302 1.394394 -0.03265 0.040809 0.787837 0.311671 0.16421 

Tianchisaurus 1.221551 0.165591 2.663794 2.17023 0.157512 -1.32859 -0.90903 1.21163 -1.29133 1.535636 

Tuojiangosaurus 0.304601 -0.03494 0.662282 -0.04187 -0.07666 0.212911 0.083058 -0.69098 0.460111 -1.30048 

Zhejiangosaurus -0.45563 0.016156 0.090955 0.364302 1.394394 -0.03265 0.040809 0.787837 0.311671 0.16421 

Ziapelta 0.615024 1.217473 -1.6212 -0.44479 -1.42149 -0.46706 -0.38186 0.216133 2.148688 -0.034 

Zuul 1.315631 0.585028 0.532574 -0.02716 -0.70334 -1.06163 0.875034 0.290879 -1.22482 0.639545 

           

 Axis.21 Axis.22 Axis.23 Axis.24 Axis.25 Axis.26 Axis.27 Axis.28 Axis.29 Axis.30 

Ahshislepelta -1.51398 1.104546 -0.36985 -0.73853 2.551666 0.43535 -0.00274 -1.5217 0.633987 0.552485 
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Akainacephalus -0.68758 1.764126 2.681086 3.042833 1.526886 -0.43722 1.581104 -1.68228 0.935902 0.567727 

Alcovasaurus 0.147137 -0.52507 -0.34866 -0.16227 -0.06776 0.347611 -0.96348 0.672294 0.091185 0.163662 

Aletopelta 0.069175 0.574753 -0.35168 -0.68521 -0.53855 0.392497 0.418054 -0.26088 -0.1073 -1.34449 

Animantarx 0.296437 3.192619 -0.24791 -1.61367 -1.8031 -1.82915 -0.91791 -0.04743 0.372032 1.352566 

Ankylosaurus 2.341112 -2.59079 -1.30895 0.21882 1.702187 0.560717 1.195955 -0.32157 -1.82845 2.059247 

Anodontosaurus 1.290022 1.564137 0.799649 1.522548 1.853861 -2.34022 -0.14071 1.463069 3.189576 -1.83462 

Antarctopelta 0.486459 0.987162 0.745188 0.007603 -0.39885 -0.76126 -0.83712 -0.53994 0.128547 -0.4497 

Borealopelta -3.513 0.026057 -1.6127 -2.07066 2.886149 0.222381 0.478585 -0.65279 -0.86149 -0.76412 

Cedarpelta 0.406611 -1.91478 -0.47015 -0.46304 0.42423 -0.86388 1.017351 -0.85374 -0.25753 -1.74279 

Chuanqilong 1.009754 -0.65111 1.312413 0.132121 -0.15871 -0.46745 -0.42599 0.157036 -0.86176 0.927532 

Chungkingosaurus 0.032964 0.09252 -0.08591 0.406618 -0.02474 -0.75315 -1.6618 1.043289 -0.17044 -0.37888 

Dacentrurus 0.52558 -0.40663 0.201696 -0.09821 -0.44933 -0.21697 0.561551 -1.06631 -0.47651 -0.70934 

Dongyangopelta -0.71058 -0.53256 0.101262 -1.96855 -0.14886 -0.15476 0.784076 1.03105 -0.61568 -1.16874 

Dracopelta 0.191483 0.973013 -1.24658 0.330422 -0.36332 -0.79003 1.230959 0.205868 -0.15802 -1.03879 

Dyoplosaurus 0.328105 0.598594 -0.78559 -1.66226 -0.4024 -0.06878 -0.15976 -0.38384 -0.77026 -0.67796 

Edmontonia_longiceps 2.344749 -1.27232 -1.54799 3.854823 -0.15125 -1.41511 -1.00402 -1.42786 0.348352 -1.59441 

Edmontonia_rugosidens 0.286409 -2.51198 -0.46167 -0.60504 -1.38411 -1.05616 -1.75525 0.145073 0.18064 -2.08742 

Emausaurus 1.106857 -1.22991 -0.05208 -0.69199 -0.16369 1.025836 0.576691 0.201164 -0.31136 0.312505 

Euoplocephalus 0.768106 0.119024 -0.51655 -0.78373 0.122226 0.112245 0.168418 0.009782 2.034111 -0.5261 

Europelta -2.75315 -0.78992 2.080026 1.172447 -0.149 1.77407 -1.32951 0.822279 0.97347 1.432262 

Gargoyleosaurus 0.57551 0.882948 0.834818 0.200496 -0.73427 -0.67422 0.875831 2.59801 -1.84275 -1.01773 

Gastonia_burgei 0.439948 0.926122 -1.50833 -0.08298 -0.71322 2.766555 -2.25447 -3.6931 2.031399 -0.0738 

Gastonia_lorriemcwhinnyae 1.374719 -0.63495 1.465292 -2.06811 1.291505 0.471449 1.00708 -1.93162 -0.42133 -0.85532 

Gigantspinosaurus -0.9228 0.320914 0.007672 -0.00355 -0.36347 0.226976 0.541955 0.772101 0.698146 -0.13075 

Gobisaurus 0.180008 0.796605 -0.42411 -0.23576 -0.59628 -2.82254 0.927162 0.243229 -1.23471 2.009566 

Hesperosaurus 0.166783 -0.01199 1.798324 -0.52939 -0.79511 -0.37961 1.629257 -0.47899 0.912934 -0.2634 

Hoplitosaurus 0.370907 1.224471 0.4079 0.215042 0.604091 -0.17704 0.594158 0.361737 -0.4819 -0.70977 

Huayangosaurus 0.286612 -1.01369 1.205254 -0.67454 0.029741 0.706508 -0.37492 0.902207 0.947467 -0.51145 

Hungarosaurus -0.0467 0.769614 1.964755 0.24991 0.785797 -0.31683 -0.07452 0.411743 -0.93958 -0.79932 

Hylaeosaurus 1.749052 1.720186 -2.21656 0.063974 0.360485 -0.24368 1.362334 0.121725 -1.21237 0.507151 
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Invictarx -1.24621 -1.36554 -1.27547 0.744942 1.19599 -0.41834 -0.24692 -0.66265 -0.53838 0.0843 

Jiangjunosaurus -1.03999 0.483729 -1.1971 0.212793 0.691033 0.716451 -0.21212 0.705613 0.40783 -0.69241 

Jinyunpelta -1.27857 0.976192 -0.7462 1.915099 -0.43008 1.227714 -0.17484 0.266579 -0.77592 -0.81117 

Kentrosaurus 0.48993 1.365677 -1.78176 -1.26179 0.902897 0.475059 -1.30409 1.738829 0.932451 0.643522 

Kunbarrasaurus -0.07167 -1.23335 -0.43604 0.475492 0.6419 -0.12432 -0.44395 0.645747 0.733655 1.059045 

Laquintasaura -0.32865 -1.31102 0.413705 0.643069 1.066419 0.034225 0.138711 0.583502 -0.73068 -0.02702 

Lesothosaurus 0.407956 0.828742 -0.53318 -0.63369 -0.95731 0.070304 -0.34246 -0.28963 0.538759 0.406609 

Liaoningosaurus 1.526575 1.205268 0.183674 -0.36876 -0.25668 0.102914 -0.09714 -0.08782 -0.00411 0.288359 

Minmi -0.10905 0.067868 1.069564 0.252471 -0.87811 0.063806 -0.77977 0.043314 0.079376 -0.30138 

Miragaia -0.01663 -0.02297 -1.27496 1.460161 0.996587 -1.06673 -1.10114 0.055534 -1.11997 0.136534 

Mymoorapelta -1.3207 -0.69697 0.512403 0.090381 -0.97542 -1.10476 -0.16174 0.550827 0.124064 -1.08761 

Niobrarasaurus -0.09082 -0.57085 1.088767 -1.73531 -1.15052 -0.49 -0.66239 0.581609 1.006087 -0.45753 

Nodosaurus -0.35784 -1.19436 0.476635 0.213549 -0.53899 -0.33544 -0.95575 0.311779 1.401278 0.913872 

Panoplosaurus -1.18953 0.063287 0.053335 0.872278 -2.15842 1.367052 2.113025 -1.1688 0.385454 0.279284 

Peloroplites 1.388005 1.40469 -0.43627 -1.74744 1.052945 0.966572 0.235341 0.025834 -0.05675 0.290653 

Pinacosaurus_grangeri -1.33503 -0.48245 0.541417 -1.07947 -0.85004 0.956337 1.09026 1.901412 1.924591 0.656524 

Pinacosaurus_mephistocephalus -1.50661 0.446944 -1.29454 0.474345 -2.19256 -0.24662 1.426624 -0.61048 -0.9304 0.41949 

Polacanthus 0.91948 -0.57287 -0.00222 0.990887 -1.92932 0.937052 -0.3519 -0.50871 1.626859 1.648233 

Spearpoint ankylosaur 0.153413 -0.19435 0.414331 0.903426 0.674425 0.18958 -0.18531 -0.31665 -0.72172 1.415133 

Saichania 0.429591 2.02726 1.131686 0.605877 -1.04777 3.571915 -2.62815 0.515605 -3.80908 -1.08636 

Sauropelta 0.453238 -0.25845 0.298536 -0.24222 0.830808 0.025453 1.458788 0.627481 0.841228 0.56771 

Scelidosaurus -2.04305 1.864036 0.18552 0.774038 0.886174 -2.43898 -1.44474 -0.07408 -1.15902 1.692524 

Scolosaurus -1.45135 -0.58542 -1.30695 -0.27843 -1.75701 -2.00406 -0.98288 -2.03749 -0.15025 0.204544 

Scutellosaurus -0.91475 -0.68391 -0.46206 0.23964 1.338454 1.181662 1.176926 0.596944 -0.21922 -1.20011 

Shamosaurus -1.37701 -1.37817 -1.30425 0.841076 -0.12787 0.004947 -0.76546 1.397335 0.583759 0.428462 

Silvisaurus 1.446181 -0.776 0.084812 -0.87519 0.586306 0.087789 -0.31628 0.07952 0.244933 4.560745 

Stegopelta -1.26591 -0.14245 0.271543 0.018218 0.248735 0.03873 0.794238 -0.81181 -0.79873 0.51017 

Wuerhosaurus_homheni 0.32381 -0.2004 0.764579 0.271877 0.605918 0.704551 0.23579 0.555208 0.349803 0.450706 

Stegosaurus_stenops 0.383883 -0.04564 0.245799 -0.53177 -0.74289 0.229762 0.549974 -2.1056 -0.26909 -0.43855 

Struthiosaurus_austriacus 0.398398 0.67286 -1.6918 1.231545 -1.82118 1.300729 2.494847 0.875072 0.663435 -0.12218 
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Struthiosaurus_languedocensis -0.38336 -0.56605 -0.00484 0.492872 0.323827 0.176283 -0.1334 -0.01808 -0.20969 -0.08354 

Talarurus 0.061442 -0.06536 -2.34453 0.200956 -0.1755 0.451348 0.228957 1.459176 0.567857 -0.25737 

Taohelong 2.104185 0.256462 0.493568 0.39988 0.880845 1.077937 0.418383 1.232998 0.317638 -0.57444 

Tatankacephalus 0.604402 -0.01217 1.131497 0.896324 0.423623 1.267323 -0.85423 0.791051 -0.76315 0.333057 

Texasetes -0.38336 -0.56605 -0.00484 0.492872 0.323827 0.176283 -0.1334 -0.01808 -0.20969 -0.08354 

Tianchisaurus -0.39412 -0.45456 0.602797 -1.2011 -1.44026 -0.64223 0.727593 0.687105 -0.06198 0.381264 

Tuojiangosaurus -0.20447 -0.35165 2.218218 0.17501 -0.64377 -0.4808 1.801372 -2.02456 -0.81428 -0.15109 

Zhejiangosaurus -0.38336 -0.56605 -0.00484 0.492872 0.323827 0.176283 -0.1334 -0.01808 -0.20969 -0.08354 

Ziapelta 0.378169 0.68151 0.592065 -1.41303 1.792787 -0.14478 -1.45566 -1.59391 1.516825 -0.96208 

Zuul 0.59666 -1.59917 1.277316 -1.29392 -0.44644 -1.35515 -2.07203 -0.18125 -1.62038 -0.1566 

           

 Axis.31 Axis.32 Axis.33 Axis.34 Axis.35 Axis.36 Axis.37 Axis.38 Axis.39 Axis.40 

Ahshislepelta -0.5806 0.049402 0.378056 -0.41876 -0.53769 1.048335 0.105387 -0.40323 -1.34632 0.519524 

Akainacephalus -0.6521 -0.25856 -0.1945 1.460181 0.18629 -1.18017 1.240813 0.394308 0.512424 -1.46313 

Alcovasaurus -0.03806 0.197128 0.191187 0.418368 0.727263 -0.11251 0.11159 -0.30447 0.190291 0.38374 

Aletopelta 0.302529 -0.0915 -0.19914 0.007616 0.169806 0.03027 0.94761 -0.40994 -0.61488 0.926502 

Animantarx 0.802758 -0.90399 1.018856 -0.29162 3.726373 0.015392 0.037489 1.488453 -0.75734 -1.41347 

Ankylosaurus 2.331773 -2.31129 1.153314 0.4773 0.03454 0.64903 -0.09297 -0.54356 0.758392 -0.91633 

Anodontosaurus 0.17088 1.123321 2.797684 0.510176 0.961899 0.757041 -0.73502 -0.13237 -0.57725 1.143955 

Antarctopelta 0.178641 0.36782 0.205819 -0.60747 -0.43533 -0.97253 -1.94683 -0.46714 0.616592 1.145071 

Borealopelta -1.52553 -0.19211 0.409099 0.662866 1.42596 -1.6228 -0.09474 -0.3805 1.097793 -0.8856 

Cedarpelta -1.88991 -1.24486 0.613856 1.209986 -0.28917 0.694961 0.697451 0.814931 -4.21292 0.484931 

Chuanqilong -0.07583 -0.04369 0.455312 0.901991 0.021149 0.207195 -0.63748 -1.01361 0.034234 -0.18889 

Chungkingosaurus 0.27478 0.405066 0.963254 0.862382 -0.25584 -1.1835 0.248949 0.375701 -0.03084 -0.40761 

Dacentrurus 0.494696 0.201931 -0.76098 -0.44336 0.15481 0.965408 -1.10018 0.96902 0.097414 0.44816 

Dongyangopelta -0.07487 -1.08452 1.175192 -0.14832 -0.39729 -1.38823 0.393766 -0.08901 0.339456 -0.84659 

Dracopelta -0.08762 -0.74385 -0.58856 -0.33562 -0.36567 1.27074 1.398778 0.203294 0.326977 1.388621 

Dyoplosaurus 0.614341 -0.37852 -0.57809 0.153917 -0.42708 0.966312 -1.09276 -0.81251 -0.21451 -0.97536 

Edmontonia_longiceps -0.40213 -0.61981 -1.31949 -1.7969 0.116594 -0.42969 0.749091 -1.47872 -0.31866 -1.01412 

Edmontonia_rugosidens 0.71808 1.262613 -1.26895 0.602326 0.183499 -1.32845 -1.81281 -1.19537 0.640701 1.338419 
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Emausaurus -0.19088 1.740057 0.624721 1.6216 0.539991 -0.34809 -0.82036 -1.74242 -1.03693 0.288535 

Euoplocephalus -2.38705 3.523781 -1.02128 -0.97935 -0.92359 0.008131 -0.36471 -0.15304 1.103036 -1.18935 

Europelta 1.471425 0.242362 0.013359 -0.80371 -0.01905 1.142621 1.188981 0.087154 -0.95657 0.030679 

Gargoyleosaurus 0.353557 -0.58261 0.437393 -0.01242 -0.6118 2.101653 0.082883 0.723177 -1.65861 1.065129 

Gastonia_burgei -0.78285 -0.71256 0.586259 -0.17729 -0.54768 -0.77599 0.407242 0.138166 -0.32551 -0.58888 

Gastonia_lorriemcwhinnyae 0.943717 1.607603 0.999033 -0.65375 -1.21319 0.132513 0.492506 -0.70821 -0.41379 -0.03098 

Gigantspinosaurus 0.056527 -0.85027 -0.04131 0.368102 0.969143 -0.14333 0.074048 -0.75955 0.603864 -0.00923 

Gobisaurus -1.31119 0.707865 -0.48104 -2.96459 -1.29066 0.24907 0.101094 0.051315 -0.90364 -2.09401 

Hesperosaurus -0.45703 -1.07869 1.200628 -0.6657 -0.85348 -2.83436 0.876434 0.262401 0.287216 0.851964 

Hoplitosaurus 0.715337 0.99776 -0.16501 0.588351 0.403464 -0.5261 -0.30793 0.29662 0.143656 -0.62837 

Huayangosaurus -2.18682 -2.76052 -0.67113 0.960506 -1.58593 0.971655 -1.00431 3.477435 1.053129 -0.29642 

Hungarosaurus 2.630784 -0.03702 0.299782 -0.45086 -0.43244 0.260453 -0.22803 0.55837 2.986094 -0.50191 

Hylaeosaurus -0.96666 -0.30669 -0.26639 2.158592 -0.00212 0.125628 -0.21813 -0.25166 -0.00641 0.034399 

Invictarx 1.04252 -0.06767 0.815132 -1.92251 0.105334 0.39017 0.289005 0.219357 0.373405 -0.62334 

Jiangjunosaurus 0.456515 0.493631 -1.85003 -0.13387 0.399063 2.048027 0.571956 1.164425 0.174323 0.540192 

Jinyunpelta 1.272599 -0.39177 0.523205 1.485403 0.631902 -2.61433 -1.99452 0.344146 -1.72738 -0.06103 

Kentrosaurus 1.026475 0.680199 1.124541 0.618929 -3.26986 -1.23354 2.244633 -0.91461 -1.15758 -1.12449 

Kunbarrasaurus -1.73103 -0.82129 2.599496 -0.39096 0.966846 1.992548 1.03811 -0.77997 1.812071 -0.71766 

Laquintasaura -0.62062 0.432318 -0.51196 0.207578 -0.43855 -0.09831 -0.48267 0.677051 -0.48457 0.046726 

Lesothosaurus 0.314747 -0.54863 0.588544 -0.24267 0.780762 0.242619 0.029683 -0.80259 0.529831 0.090989 

Liaoningosaurus 0.072717 -0.20101 0.426925 -1.18096 -0.70269 0.786754 -0.30064 0.106787 0.356703 0.069836 

Minmi 0.200197 1.309542 -0.38428 0.678047 1.526514 0.419297 -0.44713 1.065968 -0.69665 -0.81957 

Miragaia -0.36983 -0.02943 -0.19048 -0.18057 -1.05822 -0.02677 -1.35853 1.776373 0.560134 -0.5123 

Mymoorapelta 0.901033 0.99246 -1.57466 0.807032 -0.81846 0.248434 1.295075 0.173879 0.316798 -1.21043 

Niobrarasaurus 0.184694 -1.78248 -0.46072 -0.63184 -0.80257 -0.27522 -0.46199 -1.04357 1.148128 -2.1723 

Nodosaurus -2.17349 0.394279 0.554124 0.866873 -0.74543 0.566177 0.175988 0.412207 0.112464 1.011456 

Panoplosaurus 0.955756 -0.31857 1.421704 1.614906 -1.23195 0.50935 -0.63611 -0.70242 1.262147 0.369104 

Peloroplites 0.127057 0.951248 0.052275 -0.42452 0.263197 1.072902 -0.05833 0.223642 2.073192 2.886079 

Pinacosaurus_grangeri -0.17733 -0.23646 -0.32217 -1.12943 0.183586 1.332292 -1.47904 -2.55596 -1.64747 0.038999 

Pinacosaurus_mephistocephalus 0.742069 1.979726 -0.40832 0.05875 -1.98525 0.314401 0.204915 1.203079 0.318911 -0.39271 
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Polacanthus 0.763293 -1.02214 -0.045 -1.14436 0.185089 0.617656 0.664993 -0.04941 -0.27992 0.462768 

Spearpoint ankylosaur -1.12263 0.311033 0.553008 -0.34234 1.140882 -0.37611 -1.12839 -0.48759 -0.0947 0.963558 

Saichania -2.80095 -0.24358 0.145891 -1.19591 0.115587 0.319243 0.167418 -0.07293 -0.12927 0.071546 

Sauropelta -1.74044 -0.44984 -2.90422 1.141645 0.857374 -0.33248 -0.02174 0.195885 2.076566 0.123104 

Scelidosaurus -0.51982 -1.26619 -1.9775 0.570474 -1.34032 -0.05687 0.048994 -3.42884 -0.0684 1.58277 

Scolosaurus -0.06123 0.286065 2.729481 1.048625 -1.11162 0.777203 -1.47901 1.655994 0.923335 0.533158 

Scutellosaurus 0.785061 1.392697 0.587249 -3.3806 1.488399 -0.67601 -0.19415 1.391459 -0.60845 -0.84417 

Shamosaurus 0.209135 -0.03685 -0.35205 0.903613 1.263866 0.504366 0.145668 0.269917 -0.10913 -0.35012 

Silvisaurus 0.506206 1.691617 -1.49217 0.225786 0.446743 -1.85189 -0.86345 2.281603 -1.21054 1.056246 

Stegopelta 0.571527 0.237996 -0.1496 0.596466 -0.03841 0.736688 0.356887 0.298261 -0.92874 0.984616 

Wuerhosaurus_homheni -0.01535 0.117501 0.338852 -0.03483 -0.83548 -0.00486 0.308768 -0.17302 -0.49572 0.265439 

Stegosaurus_stenops 0.234711 1.163454 -1.32211 1.884014 2.477773 2.541078 0.451891 -1.30172 -0.09107 -2.23485 

Struthiosaurus_austriacus 0.209507 0.324859 -0.73864 0.262114 -0.10199 -1.27214 2.476715 0.491323 0.469007 0.98789 

Struthiosaurus_languedocensis 0.070397 0.14252 -0.09903 -0.50334 -0.01687 -0.02192 -0.09187 0.142551 0.245366 0.41055 

Talarurus 0.28013 -1.38339 -0.34019 -1.38225 1.343433 -1.37845 -0.42182 -0.60575 0.888319 1.71543 

Taohelong -0.08563 -0.68345 -0.27687 0.657851 0.019212 -0.68658 -0.42246 0.072067 -0.42228 -2.13812 

Tatankacephalus 0.740677 1.039798 0.246499 1.021406 -1.01914 0.062257 -0.73429 -1.05441 0.354961 -0.90417 

Texasetes 0.070397 0.14252 -0.09903 -0.50334 -0.01687 -0.02192 -0.09187 0.142551 0.245366 0.41055 

Tianchisaurus -0.63552 -1.04661 -0.61726 -0.4596 0.33275 -1.64968 -0.54735 -0.07225 -0.86209 -1.12192 

Tuojiangosaurus -0.81478 -0.4838 0.029225 -1.82558 0.713204 -0.7494 -0.55864 -0.76273 -0.29044 1.569246 

Zhejiangosaurus 0.070397 0.14252 -0.09903 -0.50334 -0.01687 -0.02192 -0.09187 0.142551 0.245366 0.41055 

Ziapelta 2.619653 -2.16523 -2.77116 -0.07155 -0.63964 0.202588 -0.09518 1.013744 -1.19116 0.737795 

Zuul -0.00953 0.72676 0.283419 0.720322 1.515927 -1.08629 4.792497 0.347891 0.592093 1.289211 
 

 Axis.41 Axis.42 Axis.43 Axis.44 Axis.45 Axis.46 Axis.47 Axis.48 Axis.49 Axis.50 

Ahshislepelta -0.21728 0.008426 -0.68794 -1.14E-13 0 -0.97116 1.417405 -1.46699 -0.55591 0.717936 

Akainacephalus 0.901254 0.237838 -0.49919 -6.35E-14 2.24E-15 -0.64442 -0.0805 0.851742 0.05472 -1.40395 

Alcovasaurus 0.214749 -0.6848 0.288577 3.84E-14 -2.77E-14 0.113802 0.345663 0.190725 0.340874 0.268071 

Aletopelta -0.94905 0.1865 1.046274 1.19E-13 8.35E-15 0.764626 -0.43253 -0.43773 -0.84392 0.590964 



626 
 

Animantarx -0.78741 2.139717 0.37243 -2.77E-14 1.28E-13 -0.39922 -0.25631 0.060441 -0.70171 0.890873 

Ankylosaurus -1.1106 -0.95842 0.395982 8.93E-14 2.38E-14 0.91742 1.0175 2.023112 -0.29685 -0.07055 

Anodontosaurus -0.56476 -0.48903 0.41028 1.08E-13 -2.37E-14 1.31528 -1.22075 0.138729 0.270885 1.358712 

Antarctopelta 2.776626 0.59656 1.30154 2.31E-13 5.98E-14 1.730876 0.256383 2.185913 0.062958 -0.75174 

Borealopelta -0.24563 -0.44129 -0.0573 4.50E-14 1.78E-14 0.605404 0.501464 0.740858 -0.7734 0.217845 

Cedarpelta 0.350171 -0.32534 1.655334 1.71E-13 -7.96E-14 0.111327 -2.37901 0.801353 -1.07987 -1.45064 

Chuanqilong -0.84252 0.483675 -0.98846 -2.24E-14 5.13E-14 0.678908 -0.8919 -0.18296 -0.371 -0.27611 

Chungkingosaurus 0.11478 -0.90191 1.398211 2.43E-13 1.20E-15 2.061966 1.452485 -1.27826 0.67735 -0.59472 

Dacentrurus -0.63589 2.423703 -0.34518 -1.64E-13 3.09E-14 -1.81779 -1.4884 1.616704 0.834491 -2.20238 

Dongyangopelta 1.146752 0.720634 0.100638 -9.68E-14 -3.62E-14 -0.85496 -1.34973 -0.90364 3.884583 0.539036 

Dracopelta -2.03265 0.085049 0.7016 1.23E-13 3.23E-14 1.08155 3.106679 -0.92591 0.755047 0.384166 

Dyoplosaurus 0.72993 0.184982 -0.32736 -4.61E-14 2.70E-14 -0.22147 0.250121 0.057166 -0.00579 -0.45529 

Edmontonia_longiceps 0.27986 0.232167 -2.0198 -2.19E-13 2.16E-14 -1.04195 1.50754 -0.0156 1.250676 1.296472 

Edmontonia_rugosidens -0.56023 0.09171 -0.32782 -4.84E-14 -1.88E-14 0.110748 -1.40195 -0.19501 -0.46747 1.152122 

Emausaurus -0.32271 -0.2627 -1.41115 -3.49E-14 3.76E-14 0.568538 0.344936 0.303392 -0.22593 -1.6674 

Euoplocephalus -0.70413 0.2483 0.908625 -3.67E-14 -3.76E-14 -0.96154 0.245703 -0.32245 0.380898 -1.59588 

Europelta -0.28855 -0.98857 -0.88021 -2.50E-14 -3.95E-14 0.312221 -0.44311 0.456286 1.470661 -0.58883 

Gargoyleosaurus 1.170438 -0.6434 -0.04919 3.98E-14 -1.72E-14 -0.10971 1.391665 -1.01023 0.03507 -1.42869 

Gastonia_burgei -1.21931 -1.45891 1.814678 2.52E-13 -8.50E-14 1.836167 -0.4552 0.411654 0.830005 -0.56057 

Gastonia_lorriemcwhinnyae -0.08961 -0.05328 -0.73905 -1.37E-13 -1.25E-15 -1.16367 0.691018 0.78648 0.003936 1.620057 

Gigantspinosaurus 1.189965 -1.75055 0.357073 7.83E-14 -8.86E-14 0.058837 -0.51286 1.586449 -0.3899 0.816631 

Gobisaurus -0.66075 -1.2533 -1.33833 5.46E-14 3.14E-15 2.152152 -1.19159 1.198486 0.740864 -0.20622 

Hesperosaurus -1.47201 0.426524 0.012215 -2.73E-14 -3.11E-14 -1.00607 0.99662 0.912127 0.964341 -1.30427 

Hoplitosaurus -0.43712 -1.27715 0.715104 1.10E-14 -9.15E-14 -0.65371 -0.50256 1.279017 0.711544 -0.04447 

Huayangosaurus -0.20174 -0.71039 -0.54291 -3.92E-14 -3.28E-14 0.231625 -0.34934 -0.12693 0.857036 2.027677 

Hungarosaurus -1.38802 -0.44143 0.138808 6.43E-14 -8.29E-15 1.579438 -0.3868 -0.34281 0.966771 -0.15889 

Hylaeosaurus -0.80771 1.410806 0.109887 -1.93E-14 7.69E-14 0.215927 0.282111 1.0202 1.374362 0.360605 

Invictarx -0.05649 0.151943 0.102074 -2.88E-14 -3.76E-14 -0.47232 -2.76616 -1.7686 0.629267 -0.77539 

Jiangjunosaurus -0.24509 -0.17769 -0.85884 -1.01E-13 -1.72E-14 -0.60286 -0.72186 2.97682 0.957307 1.01825 

Jinyunpelta 1.257398 0.768085 -2.71889 -1.44E-13 1.23E-13 0.368525 0.347601 -0.01958 -0.51263 0.026394 
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Kentrosaurus -0.44067 1.287673 -2.14038 -1.53E-13 1.13E-13 0.358583 -0.2313 -0.51891 -0.86919 0.454704 

Kunbarrasaurus 2.079448 0.779551 0.741504 -5.95E-14 1.73E-14 -1.64648 0.029073 -0.02881 -1.70116 0.358867 

Laquintasaura 0.316901 0.43061 0.123672 5.96E-14 4.63E-14 0.908653 -0.09601 -0.56891 0.18627 0.330147 

Lesothosaurus -0.35638 -0.39469 -0.20118 -8.94E-14 -4.97E-14 -1.2252 0.011403 0.720633 -0.25392 -0.1456 

Liaoningosaurus 0.674465 -0.23915 0.492765 1.61E-14 -3.06E-14 -0.33441 -0.88683 0.576098 -1.18849 0.2726 

Minmi -2.94244 -2.06624 -1.25985 -2.31E-13 -1.38E-13 -2.06322 0.510701 -0.68092 -0.72228 -0.81556 

Miragaia -0.44017 0.354036 1.667673 9.53E-14 -1.73E-14 -0.1364 0.881877 -2.17852 -1.10851 -2.56303 

Mymoorapelta 0.097431 -1.00981 0.758415 1.44E-13 7.52E-15 0.87927 0.824026 2.019926 -3.34065 -0.2214 

Niobrarasaurus 0.209353 0.369998 -0.88697 -5.15E-14 4.43E-14 0.173787 -0.32949 -0.20805 -1.06832 -1.59739 

Nodosaurus 0.928773 0.860691 -0.98772 -5.29E-14 6.45E-14 0.189191 2.510081 1.819932 0.833154 -0.22599 

Panoplosaurus -0.76583 0.091956 0.658994 2.29E-14 -1.79E-14 0.100314 0.073112 -0.89369 -0.10803 -0.5481 

Peloroplites 1.976624 -1.57782 -2.15317 -1.20E-13 -7.50E-14 -0.51306 0.021831 -0.60346 -0.3621 -1.90234 

Pinacosaurus_grangeri -1.3951 0.778154 0.886681 6.73E-14 2.89E-14 0.344104 0.625134 -0.56261 1.196915 -0.08753 

Pinacosaurus_mephistocephalus 0.766256 -0.17633 0.741817 -5.14E-14 -1.87E-14 -0.92686 -0.30681 0.027176 -0.74049 2.804051 

Polacanthus 0.67629 1.152292 -0.39882 4.49E-14 1.03E-13 0.907745 -0.458 -0.48598 -1.46041 -0.37342 

Spearpoint ankylosaur -0.39536 0.482653 -0.88866 -4.87E-14 4.03E-14 0.401258 -0.60188 -0.7067 0.047526 0.752268 

Saichania -0.51159 0.21646 -0.2481 5.18E-15 1.70E-14 0.287626 -0.36295 0.573409 -0.27197 0.377165 

Sauropelta -1.1094 2.172068 -1.2329 -8.92E-15 1.58E-13 1.749287 -0.94103 -1.37677 -1.4998 0.484523 

Scelidosaurus 0.223004 -1.06342 1.122778 -8.80E-15 -1.52E-13 -1.49046 -0.952 -0.26099 0.353912 -0.36091 

Scolosaurus 0.173325 -0.6469 -1.56499 -1.85E-13 -3.40E-14 -0.84607 0.295394 -0.72916 0.102277 0.342128 

Scutellosaurus 1.00322 1.219345 0.438053 6.06E-14 1.03E-13 0.595734 1.445079 0.075981 -0.80697 -0.42862 

Shamosaurus -0.84065 0.337102 0.140691 -8.30E-14 -7.65E-15 -1.2136 0.558903 0.640152 0.631931 -0.36348 

Silvisaurus 0.660245 -1.04865 1.444661 1.15E-13 -6.78E-14 -0.31066 0.076492 -0.26754 0.837435 0.660268 

Stegopelta -1.25696 1.227386 -0.60093 -2.73E-14 8.42E-14 0.523524 -0.44572 0.173042 -0.33432 -0.25516 

Wuerhosaurus_homheni 0.390084 -0.21269 -0.3184 2.88E-14 2.21E-14 0.940792 -0.98729 -0.78302 -1.25599 1.571113 

Stegosaurus_stenops 2.399447 -0.7933 0.213023 1.17E-13 4.12E-14 1.702833 0.364091 -1.89795 1.836069 0.213481 

Struthiosaurus_austriacus 1.431877 -0.22328 0.216338 2.14E-14 -6.56E-14 -0.2586 -1.54648 -1.03459 0.292176 -0.63723 

Struthiosaurus_languedocensis 0.338765 0.486222 0.236389 6.015935 3.363799 0.532692 -0.23374 -0.11598 0.372471 0.234573 

Talarurus -0.71341 -1.54352 0.603611 3.45E-14 -1.35E-13 -0.84402 0.0425 0.363306 -0.38068 -0.24498 

Taohelong 0.013865 -2.49113 0.11079 -1.29E-13 -1.81E-13 -2.30627 -0.62391 -1.34947 -0.72863 0.459 



628 
 

Tatankacephalus -0.00315 2.678927 3.184435 9.35E-15 7.00E-14 -1.98111 0.549737 0.202619 -0.05356 1.276989 

Texasetes 0.338765 0.486222 0.236389 -0.09483 -6.89185 0.532692 -0.23374 -0.11598 0.372471 0.234573 

Tianchisaurus 1.61558 -0.69423 -0.0226 1.30E-14 -9.91E-15 -0.41798 1.918186 -0.30436 0.153479 0.419199 

Tuojiangosaurus -0.69994 -0.80643 0.331955 1.12E-14 -4.29E-14 -0.2734 0.577564 -0.98186 -1.3255 1.806239 

Zhejiangosaurus 0.338765 0.486222 0.236389 -5.9211 3.528053 0.532692 -0.23374 -0.11598 0.372471 0.234573 

Ziapelta 1.055264 0.977144 0.022961 -2.95E-14 3.89E-14 -0.51282 0.768321 -0.61459 -0.12509 -0.08509 

Zuul -0.12934 0.534431 0.256949 3.77E-14 -6.73E-15 -0.25468 0.063097 -0.40841 0.288226 -0.18046 
  

 Axis.51 Axis.52 Axis.53 Axis.54 Axis.55 Axis.56 Axis.57 Axis.58 Axis.59 Axis.60 

Ahshislepelta 0.575181 -0.74104 -1.52004 -0.39614 2.737545 -0.85522 0.558804 -2.49646 -0.87927 -0.56658 

Akainacephalus 0.732367 0.229219 0.16327 -0.07658 -0.57443 -0.55245 -0.19816 0.191626 0.450895 -0.3231 

Alcovasaurus -0.16393 0.048766 0.330401 0.399457 -0.57317 -0.23222 -0.65519 0.006044 0.115124 -0.78302 

Aletopelta -0.2375 1.378208 -0.52982 1.45771 0.14156 -0.75463 -2.26065 -1.02237 -0.06308 1.319327 

Animantarx 0.249778 0.695021 -0.79601 -1.15495 0.430392 0.955316 0.232029 0.061622 -0.50883 -0.18956 

Ankylosaurus -0.56459 0.059531 -0.13151 -1.22789 0.90723 -0.03058 -1.37341 0.087057 0.052218 -0.99757 

Anodontosaurus -0.41237 0.07821 0.824462 0.298107 -0.37023 0.352194 -0.74712 0.757647 -0.45778 -0.19754 

Antarctopelta 1.124149 0.634718 -1.506 -0.27906 0.905032 -1.91848 0.274132 -0.14083 1.450723 -0.63528 

Borealopelta 0.214253 0.647783 2.402103 -0.00262 -1.14383 -0.8164 1.360608 0.723868 1.163215 1.285996 

Cedarpelta -0.12724 -1.38807 -0.41929 -0.13529 -0.27242 -0.17802 0.472821 0.387903 0.191641 -0.41065 

Chuanqilong -0.08624 -0.3314 -1.98163 1.312815 0.803949 1.267344 1.175272 1.644886 1.611136 2.520187 

Chungkingosaurus -3.37705 -0.74393 -0.32054 -1.18696 0.909525 -0.59147 -0.06401 -0.45318 0.369644 1.778307 

Dacentrurus 1.423093 0.313344 1.099647 2.332815 0.468991 -0.71009 -0.84444 0.501393 0.052052 1.503248 

Dongyangopelta -0.01365 -0.69622 -0.6944 -0.47346 -0.85491 1.111624 -2.85337 0.772651 -1.40701 0.25126 

Dracopelta -0.51921 0.582513 0.025795 2.020853 -1.90551 -0.77297 0.51095 2.851386 -0.68572 -0.59906 

Dyoplosaurus 0.021083 0.533181 1.647813 -0.68277 0.330594 0.831596 -0.83178 -0.26102 0.69251 1.604407 

Edmontonia_longiceps 0.427657 1.199769 -0.46261 -0.01919 0.651949 0.800112 -0.01594 0.006711 0.071453 0.813112 

Edmontonia_rugosidens 0.60138 -1.03529 0.119709 -0.81946 -0.2386 0.308979 1.075585 -1.37932 0.195547 0.059216 

Emausaurus 0.036491 1.26768 0.686761 0.027635 -1.33893 -2.3415 -0.90087 -1.00887 -2.68035 -0.58012 

Euoplocephalus -0.88235 0.975353 -0.94933 -1.83805 -0.57525 -0.34825 0.030536 0.281941 0.420051 -0.73297 
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Europelta 0.617102 0.376832 -1.62053 -1.52245 -2.19644 -0.20216 0.145624 -0.44552 -1.20269 2.345314 

Gargoyleosaurus 0.257729 0.883421 0.239037 0.331349 0.776019 -1.09132 1.005027 -1.18373 0.508745 -0.55789 

Gastonia_burgei 0.336194 -0.03508 -0.27086 1.785073 0.298543 0.599313 -1.05417 -0.95487 0.378446 -0.08587 

Gastonia_lorriemcwhinnyae 0.167146 0.35814 -0.46262 -0.59694 0.541947 -0.23573 1.751486 1.689998 -0.98067 1.044491 

Gigantspinosaurus 0.616805 0.763499 0.550582 0.469926 1.462806 1.824516 1.356747 0.427583 -2.71946 -0.72044 

Gobisaurus -0.07971 -0.62032 0.607402 -0.03699 0.381072 -0.13621 -0.51053 -1.11855 -0.0505 -0.66419 

Hesperosaurus -2.50269 0.701007 0.259343 -0.13832 1.430872 0.329524 1.463754 -1.15227 -0.69984 0.410695 

Hoplitosaurus 0.799002 1.077403 -0.2924 -1.60723 -0.28541 -0.56525 0.285247 0.58763 0.254746 0.434523 

Huayangosaurus 0.483724 1.66578 0.134049 -1.21546 0.569388 -0.55216 0.866124 0.445913 1.749463 -0.18147 

Hungarosaurus 1.72964 -1.59888 1.12998 0.929982 0.020798 -0.84048 0.057503 -1.9166 0.075363 -0.39157 

Hylaeosaurus 0.318231 -0.96448 -0.8071 -0.64004 -2.4531 1.172089 1.43681 -1.79708 0.822218 0.794399 

Invictarx -1.089 2.019491 0.85949 0.450537 0.201231 0.248899 1.554292 0.78246 -0.16543 -2.7424 

Jiangjunosaurus -2.36737 -0.01239 -0.39683 1.166269 -0.1571 0.029052 -0.36245 -1.17977 0.512489 -0.27795 

Jinyunpelta -1.39284 0.514859 -0.71019 0.840629 -0.27781 0.191112 -0.21524 0.656051 -0.1854 -1.04407 

Kentrosaurus 1.663447 0.296817 0.403655 0.123101 0.06948 -0.24082 -0.27732 0.705552 1.355554 -0.68282 

Kunbarrasaurus -0.50556 0.301056 -0.89848 0.977513 0.103187 -0.93832 -1.63601 -0.53674 0.228003 1.55968 

Laquintasaura -0.69272 -0.14275 0.158474 0.231962 0.35294 0.590399 -0.47661 -0.15335 0.041236 0.325867 

Lesothosaurus 0.75241 -0.10967 -0.34813 -0.23151 -0.6406 -1.25245 0.80348 0.129508 0.140688 -0.52957 

Liaoningosaurus -0.47304 -1.45887 0.147305 0.079691 -0.79612 -0.75409 0.791125 0.452505 -1.91084 0.251048 

Minmi -0.35868 -1.37724 1.400057 0.031333 1.763607 -0.92861 -1.86462 1.555127 1.405349 0.029411 

Miragaia 2.117588 0.653969 -0.75317 -0.93297 -0.74979 1.083989 -0.01485 0.331284 -1.87606 0.924877 

Mymoorapelta 0.298488 1.723959 -0.48914 0.238045 0.184978 2.59975 -0.38094 -0.2196 -0.42629 -0.16519 

Niobrarasaurus -1.61364 -1.5127 -2.11613 0.665001 -0.87991 -0.64656 0.234702 1.413358 0.21053 -1.60548 

Nodosaurus 1.101476 -3.11351 1.778971 -0.28086 0.291077 1.30903 -0.36388 0.830403 -1.03085 -1.03342 

Panoplosaurus 0.456525 -0.7747 -0.92041 0.787174 0.407444 1.041984 0.902145 0.554446 0.563016 -0.36502 

Peloroplites -1.19069 0.772049 -0.69207 0.076675 -0.58849 2.448845 -0.8111 -0.1122 1.330125 -0.30138 

Pinacosaurus_grangeri 1.026209 1.115085 0.389204 0.692403 0.703127 1.478649 0.891385 -0.6202 0.583527 0.038587 

Pinacosaurus_mephistocephalus -1.04426 -1.20473 -1.00452 0.423647 -0.25674 -1.79934 0.179774 0.346287 -0.61279 0.763452 

Polacanthus -1.44239 0.164281 3.522578 -1.44268 -1.83937 -0.70311 1.381746 -0.22806 0.602804 1.214833 

Spearpoint ankylosaur -0.20314 -0.32084 -0.72915 0.732972 0.642496 -0.84538 1.039914 -0.32369 0.661981 -0.08648 
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Saichania 0.008997 0.024734 0.350591 -0.46069 0.219462 0.369809 0.175162 0.764839 -1.23368 -0.75991 

Sauropelta -0.49882 -0.26074 -0.24976 0.450795 0.980741 -0.44657 -0.74641 -0.66013 -2.16166 0.050005 

Scelidosaurus -0.87906 -0.98075 0.956917 0.396813 0.0483 0.262454 -0.3201 0.688575 0.380015 0.323688 

Scolosaurus 0.183862 0.454137 1.035878 0.107521 -0.24257 0.600246 -0.12712 -1.12678 -0.76725 -0.05151 

Scutellosaurus 0.093631 -2.81704 0.214842 0.874183 -0.16937 1.479434 0.331428 -0.14992 1.035596 0.351525 

Shamosaurus 0.671513 -0.3248 -1.8194 -0.11276 -1.11264 -1.04803 0.393694 -0.79884 1.058526 -1.84045 

Silvisaurus 0.074723 0.551026 -0.05056 1.766435 -0.16712 0.58238 0.166518 1.140207 -0.25056 -0.18026 

Stegopelta -0.80243 0.109031 -0.31918 -2.64614 0.803272 1.132835 -1.18818 0.325509 0.220367 0.166038 

Wuerhosaurus_homheni 1.871732 -0.02803 -0.04541 -0.0094 -0.35511 -0.15062 -0.936 1.031534 0.587919 0.03936 

Stegosaurus_stenops 0.109166 -0.61783 0.30156 -0.63122 0.76259 -0.24383 0.670032 0.972032 0.098374 -0.51562 

Struthiosaurus_austriacus 0.996372 -0.52287 0.848169 -1.20694 1.696982 -0.04901 -0.36404 -0.29474 0.723168 -0.13401 

Struthiosaurus_languedocensis -0.08063 0.599882 -0.04281 0.09733 0.264052 -0.34254 0.155606 0.29699 -0.14902 0.292856 

Talarurus 1.193524 -1.18955 -0.45287 -1.81505 1.287003 -1.12771 -0.06315 1.424375 -0.51094 0.782011 

Taohelong -0.26984 -1.04254 0.3494 1.321745 -1.27418 1.023892 1.317935 -1.91289 -0.46907 0.561305 

Tatankacephalus -1.12267 0.429704 1.688025 -0.44296 0.495876 0.44853 -0.69719 -0.40367 0.476654 -1.51621 

Texasetes -0.08063 0.599882 -0.04281 0.09733 0.264052 -0.34254 0.155606 0.29699 -0.14902 0.292856 

Tianchisaurus 0.726492 1.272221 0.659791 1.277082 -0.03572 -0.97815 -1.08596 -0.68916 0.44013 0.616279 

Tuojiangosaurus 0.440697 0.052538 -0.41003 -1.26873 -2.7074 0.776368 -1.86863 -0.73263 1.396457 -1.65082 

Zhejiangosaurus -0.08063 0.599882 -0.04281 0.09733 0.264052 -0.34254 0.155606 0.29699 -0.14902 0.292856 

Ziapelta -0.21238 -0.79027 0.203619 -0.61801 -0.51853 -0.43286 -0.29926 -0.07148 -0.70609 -0.3581 

Zuul 0.849093 0.032542 -0.19028 0.780532 -0.02336 0.08842 1.049468 -0.87637 0.411503 -0.58344 
  

 Axis.61 Axis.62 Axis.63 Axis.64 Axis.65 Axis.66 Axis.67 Axis.68 Axis.69 

Ahshislepelta 0.678381 1.383064 0.671222 0.692197 2.138057 -0.00961 -1.04343 0.429592 0.252331 

Akainacephalus 0.286949 -0.1705 -0.36171 1.141289 0.815839 -0.80786 0.312243 0.380158 -0.04717 

Alcovasaurus -0.44994 1.132891 0.370541 -0.21615 -0.11717 4.490309 0.2609 0.066534 0.848916 

Aletopelta -2.20492 0.652784 -1.03418 2.380421 0.314808 -0.68083 1.322459 0.277322 -0.65275 

Animantarx 0.643033 0.779373 -0.56335 0.492127 -0.445 0.024544 -0.77816 -0.37138 -0.39767 

Ankylosaurus -0.2075 0.90453 0.76096 0.592223 0.300444 0.23504 0.242279 0.439429 0.189682 
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Anodontosaurus -0.36271 -0.24273 0.471348 -0.67208 0.542449 0.905568 0.876566 -0.32852 -0.17574 

Antarctopelta 0.690592 0.234405 -0.53346 0.207796 -2.1167 -0.47532 0.211324 1.3488 0.284284 

Borealopelta 0.301041 0.75863 0.130624 -0.37673 -0.27885 -0.2742 -0.13277 -0.56102 -0.06455 

Cedarpelta -0.07962 -0.27144 -0.69123 -0.75033 0.736275 -0.13359 -1.36118 -0.01583 -0.17627 

Chuanqilong 1.281347 1.302522 1.004103 -1.36688 1.370417 -0.24966 0.205346 0.400315 -0.43439 

Chungkingosaurus 1.628341 -1.61086 0.898407 1.39369 0.024317 -0.56571 -0.32436 -0.78223 0.21596 

Dacentrurus 0.084931 0.502621 1.172945 0.737925 -0.38599 0.92758 -0.84545 -0.47711 0.325184 

Dongyangopelta 1.133978 0.592501 0.365397 -0.14602 -0.31264 -0.72687 -0.94674 1.03773 -0.08142 

Dracopelta -0.10011 -0.08075 0.061547 0.015251 -0.0491 -0.50442 -0.77405 0.422433 -0.52203 

Dyoplosaurus 1.607033 -1.45435 -2.36067 0.301872 1.378991 1.873124 0.93319 0.07422 -0.82592 

Edmontonia_longiceps 0.083706 -0.09713 0.22229 -0.32636 0.008057 -0.06796 -0.79725 -0.17117 -0.37178 

Edmontonia_rugosidens -0.82194 1.012238 0.347559 1.215368 1.163558 -0.76538 0.639574 -0.2885 -0.13534 

Emausaurus 0.599948 -1.23632 0.087725 -0.31424 -0.18161 -0.29449 -1.05556 0.012531 -0.46923 

Euoplocephalus -0.57724 0.708926 1.601553 -0.46991 -0.20386 0.330901 -0.21151 0.445897 0.59238 

Europelta -1.17406 -0.28592 -0.53008 0.951368 0.125716 0.928727 -0.4358 0.252 -0.05929 

Gargoyleosaurus 0.418322 1.832049 0.817383 0.802439 -0.86829 0.318254 0.436719 -0.52772 -0.35299 

Gastonia_burgei 0.716203 0.700909 0.72017 -0.25877 -0.5592 0.368824 0.061543 -0.03052 -0.44381 

Gastonia_lorriemcwhinnyae 0.558579 -0.57854 -0.09858 1.270983 -1.7943 0.057096 1.598151 -0.1491 -0.08933 

Gigantspinosaurus -2.271 1.188364 0.719666 -0.07523 -0.27119 -0.12997 -0.25313 -0.12124 0.76998 

Gobisaurus -0.29571 -0.41166 -0.61928 0.314912 -1.07506 0.073965 -0.37013 -0.8026 0.487444 

Hesperosaurus -0.99724 0.532229 -1.42751 -0.97483 0.36035 0.406309 0.498181 -0.01206 -0.04214 

Hoplitosaurus 0.144206 1.339645 0.188699 0.548798 0.866881 -0.06923 -0.45665 -0.25741 -1.76866 

Huayangosaurus -0.22279 -1.06386 0.345308 0.650913 0.06739 0.912117 -0.61724 0.816743 0.1011 

Hungarosaurus 0.011705 -0.17804 0.221654 -1.50722 0.934256 -0.36382 -0.46754 0.088981 -0.2415 

Hylaeosaurus -2.00802 -1.20741 0.256442 1.24026 0.582188 -0.24415 0.469843 0.33765 1.540661 

Invictarx 0.737477 -1.03464 0.316526 1.557511 0.979261 0.028553 1.03378 0.550837 -0.34409 

Jiangjunosaurus 1.329453 0.584691 -0.23734 -0.41531 0.114703 -1.62206 0.295073 -0.14062 0.186365 

Jinyunpelta 0.828831 0.03604 0.441758 0.386734 0.095493 0.580036 -0.06133 0.675895 1.137524 

Kentrosaurus -0.73914 0.786332 -1.3065 -0.93727 -0.17637 -0.02314 0.078464 0.369813 -0.04938 

Kunbarrasaurus -0.55508 -0.70676 -0.16468 -0.08452 -0.43533 -0.33645 0.803514 -0.24364 0.325986 
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Laquintasaura -0.78837 0.929638 -1.28561 -0.33278 -0.54465 -0.08811 0.140952 0.417591 0.02752 

Lesothosaurus 1.159072 -2.09555 1.477156 0.108579 1.048501 0.520063 -0.23669 -1.66544 0.412667 

Liaoningosaurus 0.770945 -0.92249 -0.12052 -1.54878 1.429446 -0.49831 1.10912 2.237636 0.77971 

Minmi -0.8952 -0.32036 -0.83824 0.342539 -0.25341 -0.69043 0.214116 0.903774 1.551438 

Miragaia -0.06415 0.814755 -0.55481 -0.42633 0.24944 -0.02857 0.699084 -0.12477 0.440534 

Mymoorapelta 0.655572 -1.78573 -0.12503 -0.19763 0.22654 0.136372 -0.99206 0.666165 -0.29138 

Niobrarasaurus -1.64618 0.629887 -0.0593 1.061438 0.678057 -0.22407 0.025242 -1.14711 -0.42276 

Nodosaurus 1.120443 0.56182 -0.58044 1.165447 0.704347 0.004374 0.552581 -0.70091 -0.88647 

Panoplosaurus 0.206753 -0.5465 -0.5409 0.085058 -0.94372 0.238738 -0.12954 -0.66474 0.234869 

Peloroplites -0.34083 0.211801 -0.55934 -0.24289 0.492942 -0.30445 -1.37878 -0.22882 -0.2614 

Pinacosaurus_grangeri 1.194596 -1.04795 0.0332 0.053728 -0.14443 -0.70937 0.076616 0.715435 0.733986 

Pinacosaurus_mephistocephalus 0.364879 0.791554 0.138161 -0.49914 0.512096 1.281582 -0.70726 -0.01972 -0.2316 

Polacanthus 0.236038 2.162814 0.499983 0.043506 -0.18709 -0.67454 -0.64223 0.851528 -0.13123 

Spearpoint ankylosaur -2.19854 -2.15305 -0.90157 -0.90076 -0.52816 0.67105 -1.4377 0.320705 -1.80001 

Saichania -0.36447 -0.41835 0.332517 -0.18837 0.324412 -0.51337 1.000493 -0.36115 -0.40991 

Sauropelta 1.43395 0.069496 0.123104 0.61325 -1.00401 0.784657 0.319172 0.375231 -0.37388 

Scelidosaurus -0.12452 -0.02795 0.890453 0.510262 -0.95876 0.608131 0.209781 0.543268 -0.23317 

Scolosaurus -0.88375 -0.55237 0.315914 0.055534 -1.17949 -1.13391 -0.01275 0.479092 -0.37799 

Scutellosaurus -0.99088 -0.80158 1.107966 0.781925 -0.46777 0.661717 -0.09717 0.686016 -0.48513 

Shamosaurus 0.768234 0.271221 -0.85347 -1.25253 -0.83363 -0.38476 1.879975 0.144285 -1.12668 

Silvisaurus -0.02105 -0.21063 -0.15818 0.422801 0.675661 -0.61095 0.642332 -0.36402 -0.36798 

Stegopelta -0.65218 -0.23558 2.547105 -2.43517 -1.38427 -0.15715 1.143262 -0.60755 -0.54346 

Wuerhosaurus_homheni 0.335353 -0.18695 1.500996 1.249512 -0.44709 -1.29201 -0.82517 -0.99045 0.627473 

Stegosaurus_stenops -1.01485 0.563952 -0.84332 -0.62396 -0.03783 -0.21612 0.119914 0.3474 0.120877 

Struthiosaurus_austriacus 0.011479 -1.15663 0.398143 0.012923 0.447288 0.112382 1.104831 -0.48578 -0.4235 

Struthiosaurus_languedocensis 0.225038 0.242823 -1.38385 -0.88173 0.245945 -0.25383 -0.05489 -1.35012 1.109102 

Talarurus 0.168304 -0.30175 -1.13366 -0.01178 -0.53855 -0.465 -1.1347 0.528933 -0.06223 

Taohelong 1.256134 0.54487 -0.26602 -0.38849 -2.48696 -0.05431 -0.04371 -0.53903 -0.36314 

Tatankacephalus -0.79945 -0.17908 -0.42785 -0.01591 0.161962 -0.39712 -1.80117 -0.25309 -0.24752 

Texasetes 0.225038 0.242823 -1.38385 -0.88173 0.245945 -0.25383 -0.05489 -1.35012 1.109102 
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Tianchisaurus -1.22125 -0.46593 2.039907 -1.80205 1.659412 -0.5755 0.920412 -0.04335 -0.23037 

Tuojiangosaurus 1.294933 0.693375 -0.88753 -0.092 0.288473 0.309428 0.324711 -0.16393 0.385021 

Zhejiangosaurus 0.225038 0.242823 -1.38385 -0.88173 0.245945 -0.25383 -0.05489 -1.35012 1.109102 

Ziapelta -1.05856 -1.54488 0.200618 -0.89495 -0.85843 -0.06636 0.287692 -0.69099 0.175812 

Zuul 0.715386 -0.35419 0.416873 -0.01004 -0.48695 0.401186 -0.51353 0.737946 0.940263 
 

Eigenvectors of Reduced Dataset 

 Axis.1 Axis.2 Axis.3 Axis.4 Axis.5 Axis.6 Axis.7 Axis.8 Axis.9 Axis.10 

Akainacephalus -0.22978 0.183361 0.011231 0.06649 0.312266 0.347661 -0.02915 0.117991 0.010248 0.073645 

Animantarx 0.02708 -0.26117 -0.16225 0.122813 0.222266 0.210977 -0.09978 0.037216 -0.45822 -0.18458 

Ankylosaurus -0.33879 0.10364 0.093129 0.095063 -0.08437 0.183333 0.268493 -0.03225 0.130846 -0.26655 

Anodontosaurus -0.40333 0.068728 -0.08288 -0.0593 -0.16102 0.245842 0.222 -0.14346 -0.23776 -0.10599 

Cedarpelta 0.119865 -0.16803 -0.27713 -0.04267 0.224146 -0.10617 -0.00941 -0.42216 -0.01707 -0.30005 

Chuanqilong -0.12299 0.084969 -0.24296 0.111584 -0.15698 -0.20491 0.094716 0.138935 0.460215 0.111089 

Chungkingosaurus 0.280476 0.075272 0.450595 -0.10584 -0.23413 0.148608 -0.09703 0.154671 -0.03518 0.184532 

Dyoplosaurus -0.37545 0.288588 0.225501 -0.0461 -0.12746 0.069892 -0.2283 0.068409 0.183884 -0.29916 

Edmontonia_longiceps -0.14702 -0.30852 0.24853 0.009724 0.259082 -0.08575 0.152499 0.124233 0.129689 0.204746 

Edmontonia_rugosidens -0.01897 -0.36386 0.143893 0.014654 0.411246 -0.30749 0.184983 -0.01589 0.009355 0.082635 

Emausaurus 0.72509 0.162343 0.050381 -0.39307 0.122497 0.155198 0.143546 0.191519 0.084101 -0.18959 

Euoplocephalus -0.37539 0.139681 0.05165 -0.05753 -0.13786 0.068314 -0.04612 -0.09441 -0.04854 -0.19922 

Europelta -0.00714 -0.45049 -0.00937 -0.04643 -0.07861 -0.14406 0.015406 0.2021 -0.02448 0.082408 

Gargoyleosaurus 0.00709 -0.3095 -0.16191 0.126689 -0.04907 0.433903 -0.00348 -0.12848 0.075221 0.260064 

Gastonia_burgei -0.01787 -0.35576 -0.18163 0.411978 0.135251 0.244708 -0.10992 -0.05504 0.016319 0.123676 

Gastonia_lorriemcwhinnyae 0.171574 -0.20003 -0.33045 0.436327 0.082155 0.309754 0.106028 0.228159 0.215087 -0.27117 

Gobisaurus -0.13308 -0.08472 -0.15782 0.298453 -0.33919 -0.14376 0.024898 -0.09554 -0.03773 0.135892 

Hesperosaurus 0.54632 0.157203 0.265361 0.295997 -0.06294 -0.11204 -0.01512 -0.1547 -0.13305 -0.05112 

Huayangosaurus 0.565308 0.147586 -0.12251 0.142548 -0.07891 0.018142 0.280286 -0.12412 -0.15915 0.243973 

Hungarosaurus 0.068536 -0.32813 -0.05177 -0.29421 -0.2635 0.0096 -0.58312 0.299596 -0.14332 -0.06839 

Jinyunpelta -0.05696 -0.00461 -0.09663 0.179924 -0.20084 -0.26559 -0.42558 -0.10079 0.247986 0.138288 
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Kentrosaurus 0.526511 0.287528 0.30935 0.265387 0.224695 -0.14303 -0.1593 0.038804 0.062879 -0.0003 

Kunbarrasaurus 0.099769 -0.19346 -0.31719 0.176292 0.052576 -0.41036 -0.33636 0.187129 -0.16038 -0.21682 

Lesothosaurus 0.599082 0.15144 -0.33623 -0.42362 0.179213 0.068108 -0.18989 -0.07672 0.123321 0.156393 

Minotaurasaurus -0.39001 0.322434 0.021111 -0.03261 0.17822 -0.25412 0.233366 0.00976 -0.15359 0.074449 

Miragaia 0.657642 0.088442 0.429428 0.09881 -0.14603 0.225269 0.185189 -0.01306 0.069033 -0.09262 

Panoplosaurus -0.11365 -0.28893 0.520035 -0.08566 0.216751 -0.13778 0.093513 -0.1468 -0.04287 0.045919 

Pawpawsaurus -0.07666 -0.5955 0.249784 -0.35045 -0.32715 0.020367 0.148063 -0.1343 0.068278 0.313552 

Peloroplites -0.06398 -0.20484 -0.30013 0.225464 0.083669 0.1389 0.096017 0.041469 -0.09847 -0.06654 

Pinacosaurus_grangeri -0.34965 0.223669 -0.00784 -0.05382 0.210002 -0.05553 0.122816 0.320027 0.098613 0.041026 

Pinacosaurus_mephistocephalus -0.37315 0.073495 -0.04781 -0.06123 0.35881 -0.09406 0.066315 0.400404 0.002613 0.083735 

Saichania -0.43688 0.232834 0.025479 -0.08928 0.130907 -0.0667 -0.05154 -0.09259 -0.23721 0.084877 

Sauropelta -0.03304 -0.4001 0.095927 -0.08966 0.052697 -0.1897 0.023064 -0.18275 0.016707 -0.29902 

Scelidosaurus 0.494831 0.227236 -0.46043 -0.23036 -0.00109 0.011617 -0.0226 -0.18171 -0.06534 0.174864 

Scolosaurus -0.48227 0.302752 0.005936 -0.1168 -0.23421 -0.05278 -0.00628 -0.06393 -0.08027 -0.08665 

Scutellosaurus 0.546157 0.210044 -0.52077 -0.38897 0.023027 -0.14202 0.198252 -0.05108 0.10157 0.016886 

Shamosaurus -0.21758 0.181225 -0.2265 0.383534 -0.38506 -0.28679 0.257979 -0.09786 0.146554 0.050984 

Silvisaurus 0.069676 -0.28827 0.292654 -0.15185 0.111499 -0.13245 -0.00838 -0.22783 0.29355 -0.18453 

Stegosaurus_stenops 0.511212 0.196418 0.33917 0.278216 -0.05333 -0.02884 -0.10263 -0.13686 -0.34659 0.047211 

Struthiosaurus_austriacus 0.133627 -0.30092 -0.03527 -0.24865 -0.47708 -0.00126 0.248657 0.427156 -0.21463 -0.10605 

Talarurus -0.33987 0.111746 0.044975 0.117632 -0.05805 0.259979 -0.2152 -0.05505 0.092077 0.189518 

Tarchia_teresae -0.42594 0.275084 -0.03549 -0.0799 0.046894 -0.12084 -0.07224 -0.00876 -0.35317 0.27757 

Tsagantegia -0.26704 0.098823 0.069318 -0.10273 0.1752 0.246253 -0.29397 -0.11716 0.240634 0.212894 

Tuojiangosaurus 0.344593 0.406033 0.231103 0.169238 -0.06385 -0.09086 -0.06943 0.286586 0.096975 -0.0915 

Ziapelta -0.26538 0.122498 0.030913 -0.25107 -0.07713 0.059117 -0.12114 -0.34814 0.078825 -0.25697 

Zuul -0.43257 0.183752 -0.04048 -0.225 -0.0152 0.101327 0.129884 0.027272 -0.00757 -0.074 

           

 Axis.11 Axis.12 Axis.13 Axis.14 Axis.15 Axis.16 Axis.17 Axis.18 Axis.19 Axis.20 

Akainacephalus 0.00083 0.005649 -0.2642 0.093812 0.215301 0.061514 -0.03435 -0.24242 -0.1372 -0.12463 

Animantarx -0.18156 0.091344 -0.31726 0.167649 0.153073 0.011582 -0.32407 0.079941 0.063454 -0.06931 

Ankylosaurus 0.291153 -0.02516 -0.07207 0.030587 0.16535 0.127798 0.106193 0.006968 0.111543 -0.02722 
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Anodontosaurus 0.248482 0.042717 0.087941 -0.22167 -0.03575 -0.18576 0.037219 0.007504 -0.07705 0.195836 

Cedarpelta -0.17682 0.086139 -0.22114 -0.01382 0.224768 0.070768 0.257171 -0.11436 -0.11521 -0.11646 

Chuanqilong -0.04507 0.294081 0.005647 0.153542 0.066519 -0.09581 0.133021 -0.0488 0.028253 0.040805 

Chungkingosaurus 0.122655 -0.02609 0.149391 -0.02461 0.213733 0.034579 0.43547 0.01818 0.019448 -0.39123 

Dyoplosaurus 0.257762 -0.03711 0.075579 0.043209 0.190004 0.014496 -0.12175 -0.08297 -0.14566 0.171013 

Edmontonia_longiceps -0.04121 -0.14086 -0.05456 0.168692 -0.15009 -0.3374 -0.13166 -0.10311 -0.2144 -0.14363 

Edmontonia_rugosidens 0.286712 -0.02951 0.110718 0.104525 0.109535 -0.24192 -0.03175 0.006367 -0.10529 0.177812 

Emausaurus -0.03875 0.212163 0.372646 0.060865 -0.15263 -0.06559 -0.19885 0.039243 0.091788 -0.04503 

Euoplocephalus 0.059121 -0.30587 0.128404 -0.05108 -0.00821 -0.09824 -0.07098 0.093915 0.042883 -0.25132 

Europelta -0.07948 -0.21363 -0.14528 -0.32826 0.285313 0.141353 0.045324 0.057308 0.096616 0.184432 

Gargoyleosaurus -0.10248 -0.06719 0.273143 -0.11909 0.065501 0.218751 -0.19725 -0.1051 0.18972 0.090829 

Gastonia_burgei -0.02784 -0.21372 0.319961 0.318221 0.20608 -0.02795 0.142027 0.222065 -0.01577 0.104229 

Gastonia_lorriemcwhinnyae 0.015812 0.029279 0.181996 -0.04007 -0.25002 0.144894 0.103856 0.123915 -0.20282 0.006259 

Gobisaurus 0.161809 0.150851 -0.18858 -0.04971 -0.01837 -0.00308 -0.19279 0.019713 0.140544 -0.16849 

Hesperosaurus 0.180688 -0.25863 -0.17273 -0.23471 -0.28395 0.045863 0.105909 -0.20829 0.023773 -0.03159 

Huayangosaurus -0.27141 0.208391 -0.00516 -0.25743 0.160236 -0.13999 0.274605 0.186186 -0.05544 -0.01263 

Hungarosaurus -0.12546 -0.0099 -0.00879 0.04181 -0.04251 -0.08677 0.053263 -0.01057 -0.13781 -0.0283 

Jinyunpelta 0.257418 -0.10345 0.009167 0.154005 0.016273 0.167461 -0.02744 -0.04204 0.009517 0.083153 

Kentrosaurus 0.077941 0.293718 0.056763 0.028368 0.024916 -0.00883 -0.22993 -0.06306 0.326398 -0.27234 

Kunbarrasaurus 0.116462 0.176132 0.104465 -0.15735 0.071719 -0.20486 0.043491 0.009102 -0.045 -0.00646 

Lesothosaurus 0.16832 -0.1665 -0.14109 -0.03787 -0.28128 0.187063 0.083338 0.183617 -0.05254 0.121179 

Minotaurasaurus -0.15976 -0.02837 0.218796 -0.09606 0.035148 0.335312 -0.08275 -0.31041 -0.12317 0.119528 

Miragaia 0.049299 0.117091 -0.23915 0.227224 0.111098 0.032089 -0.12294 -0.05316 -0.24229 0.178429 

Panoplosaurus -0.03776 -0.0123 0.074204 -0.02748 -0.22928 -0.00465 0.071874 0.278041 -0.25566 -0.09599 

Pawpawsaurus -0.02848 -0.08395 -0.12766 0.150028 -0.0393 0.104711 -0.09329 -0.10857 0.107262 -0.07761 

Peloroplites 0.22381 -0.09397 -0.04531 -0.11613 -0.30963 0.024066 0.064731 -0.19415 -0.01857 -0.30892 

Pinacosaurus_grangeri 0.049367 -0.0428 -0.21769 0.150472 -0.14823 0.194082 0.206639 0.18082 0.216755 0.039192 

Pinacosaurus_mephistocephalus -0.088 -0.01654 -0.22817 -0.0207 -0.02383 0.066141 0.125163 0.024838 0.264946 0.059639 

Saichania 0.067371 0.22603 0.165985 -0.02096 -0.14297 0.129918 0.084133 -0.01893 0.031583 0.143374 

Sauropelta -0.28177 -0.11918 0.159776 0.063191 -0.2285 0.052917 -0.00413 -0.22367 0.232201 0.062041 
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Scelidosaurus 0.088499 -0.15568 0.107377 0.057436 0.049755 0.002353 -0.12801 -0.14857 0.040132 -0.02642 

Scolosaurus -0.03172 -0.13078 -0.20006 0.032592 -0.11626 0.029547 -0.14553 0.267838 -0.22129 -0.02967 

Scutellosaurus 0.095441 -0.1352 -0.12394 0.083467 0.135404 -0.12124 -0.11271 0.090857 -0.08429 -0.03926 

Shamosaurus -0.25387 -0.00819 0.009617 0.100397 -0.09424 -0.10041 -0.08731 0.006416 -0.07066 -0.03952 

Silvisaurus 0.078614 0.209757 0.003764 -0.36967 0.197924 0.222756 -0.18238 0.289145 0.032247 -0.01569 

Stegosaurus_stenops 0.080502 -0.06063 -0.05806 0.211347 -0.06236 -0.12176 0.12197 0.045895 0.210079 0.38885 

Struthiosaurus_austriacus 0.043062 0.291766 0.001813 0.023983 -0.07049 0.053704 0.035737 -0.17502 -0.04143 0.125731 

Talarurus -0.20541 0.235944 -0.1343 -0.16163 -0.26466 -0.12318 -0.16799 0.275985 0.077651 0.088314 

Tarchia_teresae 0.02786 0.15058 0.266841 0.126795 0.108867 0.206207 -0.07902 0.097612 -0.20229 -0.17016 

Tsagantegia -0.07585 0.191711 -0.08788 -0.28964 -0.03659 -0.28161 0.082746 -0.37281 -0.14833 0.126324 

Tuojiangosaurus -0.50691 -0.42324 0.070226 -0.16703 0.101408 0.030199 -0.10598 -0.01337 -0.1151 0.023628 

Ziapelta -0.33047 0.143463 0.006517 0.322572 -0.06148 -0.01142 0.280499 -0.03165 0.124556 -0.0309 

Zuul 0.041086 -0.24836 0.09235 -0.1098 0.142699 -0.44968 -0.02153 0.059567 0.345931 -0.00781 

           

 Axis.21 Axis.22 Axis.23 Axis.24 Axis.25 Axis.26 Axis.27 Axis.28 Axis.29 Axis.30 

Akainacephalus -0.21539 0.085088 0.150225 -0.04637 -0.10734 0.275565 -0.21327 0.202754 0.187663 -0.07248 

Animantarx 0.102908 -0.20527 0.105564 0.037284 0.111487 -0.08057 0.105374 -0.05305 -0.16882 -0.23541 

Ankylosaurus -0.05511 -0.15484 -0.00323 0.459632 -0.06398 0.082164 -0.08737 -0.1798 -0.08751 0.254069 

Anodontosaurus 0.061965 0.075883 -0.10516 -0.06466 0.090871 0.149719 -0.10881 0.226173 0.029748 -0.07353 

Cedarpelta 0.155243 -0.12177 0.002156 -0.05668 -0.01002 -0.07924 -0.03312 -0.08122 -0.12406 0.113459 

Chuanqilong 0.107728 -0.09817 0.189849 0.033658 -0.07826 0.010987 0.231437 0.280517 -0.16765 -0.03458 

Chungkingosaurus -0.05313 0.045224 -0.04448 -0.03113 0.002958 0.007286 0.056842 -0.15602 -0.08136 -0.13744 

Dyoplosaurus -0.03723 -0.0141 -0.03508 -0.18809 0.021885 -0.15266 0.110237 -0.12554 0.066458 -0.11951 

Edmontonia_longiceps 0.155673 -0.068 0.00948 0.049973 -0.00992 -0.24253 -0.08091 0.072411 0.117602 0.156371 

Edmontonia_rugosidens -0.05132 -0.10359 -0.03672 -0.0295 -0.163 0.181003 0.200756 -0.09694 -0.05716 -0.28822 

Emausaurus 0.023799 0.077883 -0.00193 0.010896 0.096842 -0.08584 0.149842 0.016746 -0.06808 -0.01659 

Euoplocephalus 0.092717 -0.06971 -0.09235 -0.1357 0.004381 -0.14969 -0.19175 0.294879 -0.36677 -0.01584 

Europelta -0.20922 0.093978 -0.1401 0.104934 0.010143 0.020117 0.240743 0.33043 -0.10539 0.087363 

Gargoyleosaurus 0.235713 -0.00999 -0.03557 -0.07573 -0.32178 -0.03281 -0.10368 -0.04653 0.030429 -0.16671 

Gastonia_burgei -0.24386 0.0364 0.099626 -0.13219 0.277591 -0.16691 -0.04671 -0.03392 0.035157 0.183817 
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Gastonia_lorriemcwhinnyae 0.141037 0.12757 -0.01323 -0.05352 -0.02032 0.149109 0.101134 -0.01388 -0.10764 0.056375 

Gobisaurus -0.35381 0.073925 -0.16637 -0.30236 -0.07102 -0.05858 0.132368 -0.1684 0.019025 0.035852 

Hesperosaurus 0.160914 -0.02691 0.249473 -0.06545 0.114071 0.059487 0.181364 -0.07402 -0.08999 -0.04705 

Huayangosaurus 0.115248 -0.04246 -0.02391 -0.07499 0.178858 -0.0514 -0.04858 0.013678 0.191431 -0.0924 

Hungarosaurus 0.083977 -0.04134 -0.13238 0.095489 -0.11354 -0.00795 0.074173 0.008322 0.150504 0.124713 

Jinyunpelta 0.165867 -0.17777 0.132841 0.044125 0.285949 0.030026 -0.08127 0.025955 0.112772 -0.10364 

Kentrosaurus -0.095 0.009313 -0.03337 -0.04835 0.053023 0.057051 -0.12697 0.213293 -0.01181 0.115319 

Kunbarrasaurus 0.056714 0.286764 -0.02919 0.152954 0.039204 0.153838 -0.2729 -0.03455 -0.01459 -0.09621 

Lesothosaurus -0.32224 -0.06034 0.119399 -0.01437 -0.12483 -0.03825 -0.1774 0.007868 -0.15698 -0.14033 

Minotaurasaurus -0.06061 0.126368 0.209057 -0.01953 0.191731 -0.05588 0.034881 0.032236 0.009212 0.075327 

Miragaia -0.02265 0.14323 -0.30265 0.079804 0.132145 0.014691 0.014986 -0.017 -0.01159 -0.03998 

Panoplosaurus -0.15077 -0.23163 -0.00946 -0.04734 -0.02788 0.174044 -0.07263 0.039406 -0.00657 0.056403 

Pawpawsaurus 0.157189 0.254747 0.051183 0.156019 0.164183 0.047298 -0.07015 -0.00024 -0.10122 -0.0791 

Peloroplites -0.09402 0.059784 0.021429 0.197009 -0.08723 -0.23231 0.190499 0.07874 0.286476 -0.05828 

Pinacosaurus_grangeri 0.319541 0.035875 -0.22025 -0.13857 0.063606 0.046947 -0.13259 -0.03702 0.15511 -0.09316 

Pinacosaurus_mephistocephalus 0.018906 0.000189 -0.1186 -0.14575 -0.00808 -0.07669 0.04319 -0.13461 -0.11509 0.107292 

Saichania -0.12604 -0.13218 -0.25745 0.283992 0.106328 -0.31823 -0.02432 0.044493 0.019188 -0.15017 

Sauropelta -0.12891 0.148531 -0.12795 -0.10184 0.072605 0.180715 -0.07269 -0.14149 0.030835 0.048983 

Scelidosaurus 0.094389 -0.365 -0.31783 -0.02415 0.052847 0.283612 0.13747 0.04046 0.117762 0.226057 

Scolosaurus 0.093158 0.145971 0.013371 -0.18405 0.007984 0.02279 0.12766 0.063137 0.083458 0.10294 

Scutellosaurus -0.03247 0.293523 0.097264 0.076547 -0.00219 -0.13326 -0.06427 -0.11069 0.009206 0.052082 

Shamosaurus -0.09279 -0.07463 -0.15078 0.081664 -0.18479 -0.03785 -0.18091 -0.08818 -0.06342 -0.11553 

Silvisaurus 0.120468 -0.026 0.107847 -0.04006 -0.13562 -0.14562 -0.04206 -0.00749 0.240392 0.067169 

Stegosaurus_stenops 0.116731 0.127849 0.117978 0.022648 -0.35112 -0.12199 -0.03311 0.090706 0.012681 0.199973 

Struthiosaurus_austriacus -0.10743 -0.32281 0.274885 -0.19516 -0.02024 -0.02718 -0.2055 -0.04088 0.019959 0.090243 

Talarurus -0.08402 -0.018 0.148426 0.215534 0.161818 0.178217 0.07147 -0.11242 -0.04362 0.065104 

Tarchia_teresae 0.135256 0.154233 0.093284 0.050888 -0.1981 0.13596 0.10966 -0.13116 -0.11372 0.119985 

Tsagantegia 0.025222 0.056639 -0.08759 -0.10273 -0.00231 -0.10099 -0.02943 -0.13923 -0.18202 0.122651 

Tuojiangosaurus -0.06579 -0.12235 0.004357 0.139633 -0.08283 0.005715 -0.03061 -0.07071 0.053209 -0.11643 

Ziapelta -0.1286 0.068621 0.070882 -0.00241 -0.10479 0.05009 0.166713 0.140204 0.14086 -0.14228 
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Zuul -0.00995 -0.04071 0.217039 0.027998 0.0487 0.079994 0.050185 -0.12742 0.125912 -0.02669 

           

 Axis.31 Axis.32 Axis.33 Axis.34 Axis.35 Axis.36 Axis.37 Axis.38 Axis.39 Axis.40 

Akainacephalus 0.21654 -0.1957 -0.13601 -0.03069 -0.00451 0.031614 0.103105 -0.02567 -0.00306 -0.00017 

Animantarx -0.04468 -0.01815 0.193276 0.054734 -0.08132 0.152881 -0.00309 0.094272 0.054333 0.001302 

Ankylosaurus -0.17588 0.123678 0.033578 -0.20706 -0.01425 0.118504 0.064695 0.012677 0.056104 0.013235 

Anodontosaurus -0.06798 0.060128 0.20855 0.089764 -0.1642 -0.14012 -0.00124 0.058945 -0.15931 0.07204 

Cedarpelta 0.070991 0.02774 0.00191 0.114867 0.145013 -0.20989 0.000688 -0.14228 -0.18533 -0.10089 

Chuanqilong -0.00399 -0.20721 0.121497 -0.01847 -0.06534 0.187082 -0.06241 -0.10601 0.003697 0.105057 

Chungkingosaurus 0.109187 -0.01146 0.189871 0.063102 -0.05426 0.058835 0.03641 0.058921 -0.22781 0.044905 

Dyoplosaurus -0.02189 -0.03197 0.00565 0.048389 0.137339 -0.09243 0.010362 -0.00097 0.178505 -0.03609 

Edmontonia_longiceps 0.111518 0.067127 0.289684 -0.24374 0.041562 -0.19083 0.052095 0.052185 0.012262 0.07171 

Edmontonia_rugosidens 0.005657 0.217185 -0.25574 -0.10389 -0.05601 0.040525 0.028127 0.067005 -0.13695 -0.05985 

Emausaurus 0.017182 0.005801 -0.00059 0.08583 0.020236 -0.03663 0.070161 -0.06521 -0.0309 6.82E-05 

Euoplocephalus 0.118413 0.082181 -0.27828 -0.05652 0.074157 0.081722 -0.02449 0.056503 0.060258 0.158495 

Europelta -0.05003 0.006115 0.044618 0.042346 -0.00047 -0.18667 0.049377 0.002862 0.086093 -0.05465 

Gargoyleosaurus -0.2713 -0.07894 0.025767 -0.12868 0.106485 -0.05019 0.033742 -0.13857 -0.09592 0.066831 

Gastonia_burgei -0.08757 -0.08449 -0.05886 -0.0073 -0.17671 -0.00281 -0.13744 0.040612 -0.02054 -0.03167 

Gastonia_lorriemcwhinnyae 0.208773 0.002829 0.019135 -0.02056 0.143148 -0.00062 0.131314 0.09965 0.044786 -0.1811 

Gobisaurus 0.049362 -0.00783 0.1179 -0.09155 0.199753 0.03147 0.086528 0.089919 0.020795 0.056609 

Hesperosaurus -0.08437 -0.29036 -0.09502 -0.21226 -0.11265 -0.14298 -0.0865 0.050781 0.039729 0.008857 

Huayangosaurus 0.012248 0.173093 -0.13134 -0.1833 0.063 0.110662 0.079612 -0.09169 0.209945 0.012484 

Hungarosaurus -0.05873 -0.05781 -0.18475 -0.17246 0.077666 0.07061 -0.15538 -0.00193 -0.11885 -0.03878 

Jinyunpelta 0.031302 0.171689 -0.00431 0.138396 0.0233 -0.04607 0.211274 -0.11826 -0.01235 0.083476 

Kentrosaurus -0.20694 0.11643 -0.03567 -0.03785 -0.05002 -0.09287 -0.01861 -0.03133 -0.05062 -0.22013 

Kunbarrasaurus -0.06151 -0.04602 0.139038 -0.0424 0.08453 0.052131 -0.06702 -0.00547 0.054039 0.064374 

Lesothosaurus 0.078467 0.159765 0.187221 -0.1211 -0.00697 0.008211 -0.16846 -0.08537 0.058621 -0.05116 

Minotaurasaurus -0.0304 0.111581 0.048744 -0.04178 0.247615 0.171365 -0.18755 0.109661 -0.16242 0.027609 

Miragaia 0.026845 0.000947 -0.03847 0.001787 0.039444 -0.03302 -0.22905 -0.18313 0.01077 0.14003 

Panoplosaurus -0.28882 -0.22808 0.034839 0.235657 0.209371 0.088688 0.052385 -0.06806 0.082826 0.040505 
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Pawpawsaurus 0.080003 0.024768 -0.06069 0.087713 0.058446 0.060691 0.004227 0.058771 0.083347 -0.2034 

Peloroplites -0.0606 0.163536 -0.10063 0.269131 -0.06135 0.068642 -0.0859 -0.09866 0.040647 0.063892 

Pinacosaurus_grangeri -0.11918 -0.02968 0.008241 0.06314 -0.00189 -0.01953 -0.11875 0.179491 0.048788 -0.03826 

Pinacosaurus_mephistocephalus 0.030162 0.033718 -0.10265 0.04042 -0.02458 -0.05139 0.029618 -0.15581 -0.05489 0.149751 

Saichania 0.152355 -0.29584 -0.04373 -0.12245 -0.02707 -0.01391 0.167165 -0.02615 -0.02996 -0.12716 

Sauropelta 0.143706 -0.0289 0.045663 -0.06005 -0.20767 0.108532 0.101338 -0.13514 0.054691 0.128421 

Scelidosaurus 0.111856 -0.04954 0.052619 0.056742 -0.00311 0.071925 -0.049 0.128959 0.029543 0.01369 

Scolosaurus -0.10775 0.070416 0.052975 -0.13165 -0.16757 0.175781 0.122136 -0.20846 -0.15947 -0.18204 

Scutellosaurus -0.20334 -0.19964 -0.14223 0.059758 -0.01101 -0.03212 0.20488 0.138476 -0.06677 0.098054 

Shamosaurus 0.053436 -0.06619 -0.05792 0.13577 -0.10363 -0.0814 -0.18311 0.024284 -0.05533 -0.12696 

Silvisaurus 0.221304 -0.06189 -0.01277 0.023285 -0.17563 0.068646 -0.1273 0.130241 -0.00728 0.04763 

Stegosaurus_stenops 0.147399 0.032555 0.02885 0.17007 0.09529 0.118879 0.084252 0.04653 -0.01812 -0.00306 

Struthiosaurus_austriacus -0.02263 0.048411 -0.0944 0.028783 -0.07759 -0.09082 0.043108 0.031778 0.015285 -0.01946 

Talarurus 0.097704 0.060259 -0.13934 0.032182 0.077507 -0.13283 -0.01029 0.078263 -0.16294 0.146386 

Tarchia_teresae 0.064804 0.049927 -0.0123 0.036003 -0.15378 -0.20512 -0.04864 -0.08293 0.23887 0.050487 

Tsagantegia -0.13716 0.067088 -0.00447 0.129822 -0.14655 0.142268 0.022391 0.088205 0.117934 -0.08978 

Tuojiangosaurus -0.02263 0.086644 0.065844 0.08567 -0.07974 -0.00698 0.120875 0.066739 0.005914 -0.0044 

Ziapelta -0.14904 0.12626 0.014645 -0.10402 0.030813 -0.13721 0.005817 0.186556 0.087655 0.053594 

Zuul 0.117232 -0.10017 0.060062 0.044433 0.153241 -0.02325 -0.15143 -0.18119 0.063382 -0.15049 

  

 Axis.41 Axis.42 Axis.43 Axis.44 

Akainacephalus -0.03917 0.028742 0.078454 0.028372 

Animantarx -0.08453 0.017688 -0.02448 0.045983 

Ankylosaurus -0.05936 0.036891 0.053921 0.007638 

Anodontosaurus -0.14551 0.138646 -0.04449 -0.09452 

Cedarpelta -0.0024 -0.07807 0.059193 -0.08211 

Chuanqilong -0.02742 -0.03711 0.001026 -0.10595 

Chungkingosaurus 0.003101 -0.0346 0.002001 0.060745 

Dyoplosaurus -0.05439 0.071991 0.121059 -0.06656 
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Edmontonia_longiceps -0.00315 -0.01246 0.019512 0.02523 

Edmontonia_rugosidens 0.016186 -0.0469 0.004733 -0.01765 

Emausaurus -0.05727 0.047476 0.178178 0.064895 

Euoplocephalus 0.039922 -0.06735 -0.0102 0.004539 

Europelta -0.04086 -0.09353 0.046086 0.09989 

Gargoyleosaurus 0.066379 -0.03533 0.0071 0.021293 

Gastonia_burgei 0.062561 0.01492 0.03997 -0.03803 

Gastonia_lorriemcwhinnyae -0.0057 0.031378 -0.13451 0.029381 

Gobisaurus -0.02907 -0.02294 -0.00969 -0.06109 

Hesperosaurus 0.013124 0.052261 0.033094 0.017889 

Huayangosaurus -0.10436 0.049873 0.039374 -0.00657 

Hungarosaurus -0.23613 0.069219 -0.04135 -0.02843 

Jinyunpelta -0.08425 0.016874 -0.06456 0.098232 

Kentrosaurus -0.04647 0.002949 -0.07994 -0.0458 

Kunbarrasaurus 0.243316 0.016966 0.073833 0.016604 

Lesothosaurus -0.043 0.010338 0.001873 -0.02455 

Minotaurasaurus -0.05346 0.000823 -0.02172 0.037436 

Miragaia 0.096391 -0.08054 -0.11582 0.025264 

Panoplosaurus -0.02138 0.043346 -0.01915 0.010935 

Pawpawsaurus 0.081285 0.134199 0.030433 -0.10802 

Peloroplites 0.047565 -0.04074 0.015882 -0.03404 

Pinacosaurus_grangeri -0.07026 -0.20465 0.060171 -0.02033 

Pinacosaurus_mephistocephalus 0.104511 0.309244 -0.05048 0.007792 

Saichania 0.076729 -0.04516 -0.05528 -0.02358 

Sauropelta -0.15562 -0.10873 0.001352 -0.01907 

Scelidosaurus 0.159748 0.039599 0.031136 0.004777 

Scolosaurus 0.160994 -0.03827 0.052274 0.045131 

Scutellosaurus -0.073 -0.03716 -0.09365 0.004308 

Shamosaurus -0.10982 0.111237 0.061822 0.13051 

Silvisaurus 0.040856 0.052051 -0.04172 0.022447 
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Stegosaurus_stenops -0.01652 -0.00444 0.03212 0.004552 

Struthiosaurus_austriacus 0.129385 -0.09553 -0.02515 0.009179 

Talarurus 0.033593 -0.10018 0.074089 -0.03252 

Tarchia_teresae -0.05602 -0.05088 -0.03891 -0.02717 

Tsagantegia 0.008451 -0.05591 -0.03101 0.061106 

Tuojiangosaurus 0.088525 -0.00839 -0.0389 -0.14899 

Ziapelta 0.143962 0.075008 -0.05888 0.063046 

Zuul 0.002552 -0.07284 -0.1188 0.037826 
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A5.2. Appendix Eleven: Eigenvalues for all disparity analyses 

 

Eigenvalues of Full Dataset 

Principal Component Axes 
  
Eigenvalues Corrected eigenvalues Relative corrected eigenvalues 

1 2.851359814 49.15642901 0.033652398 

2 1.812979725 39.34623993 0.026936361 

3 1.446142565 39.04038961 0.026726976 

4 1.393084923 34.35997674 0.023522775 

5 1.181778833 32.57160346 0.022298458 

6 1.139815801 31.8450514 0.021801061 

7 0.950511678 31.06467812 0.021266819 

8 0.874522342 28.89530498 0.019781671 

9 0.830094252 28.12114547 0.019251683 

10 0.74586964 27.19381225 0.018616832 

11 0.696919301 26.92142028 0.018430353 

12 0.691244637 26.76565463 0.018323716 

13 0.645498718 26.58528852 0.018200238 

14 0.624500732 25.7730712 0.017644195 

15 0.585317173 25.44872276 0.017422147 

16 0.572416429 24.75128566 0.016944683 

17 0.532714549 24.41362146 0.016713519 

18 0.490138733 24.19705157 0.016565255 

19 0.458224481 24.10875941 0.016504811 

20 0.435982411 23.4066415 0.016024142 

21 0.410461934 23.09985152 0.015814114 

22 0.388446413 22.70987326 0.015547136 

23 0.357097052 22.64423057 0.015502197 

24 0.347602975 22.26696781 0.015243924 

25 0.316249756 21.83861816 0.014950676 

26 0.31445959 21.67124784 0.014836095 

27 0.265664345 21.24675046 0.014545485 

28 0.252678737 20.95029572 0.014342533 

29 0.207704604 20.8856222 0.014298257 

30 0.20127566 20.79996637 0.014239617 

31 0.185550494 20.55722308 0.014073436 

32 0.16364315 20.26459666 0.013873104 

33 0.160367605 20.22237654 0.0138442 

34 0.134330447 19.97086818 0.013672018 

35 0.119213667 19.87543 0.013606681 

36 0.114277144 19.74753753 0.013519127 

37 0.091498673 19.69122449 0.013480575 

38 0.086173812 19.51762194 0.013361727 

39 0.075101536 19.50377301 0.013352246 
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40 0.051250496 19.31047451 0.013219914 

41 0.047696963 19.17692873 0.013128489 

42 0.039285812 19.04400075 0.013037487 

43 0.029029951 18.94409736 0.012969093 

44 0.02300229 18.85613722 0.012908876 

45 0.018280096 18.57540871 0.012716689 

46 0 18.43486843 0.012620476 

47 -0.01091756 18.22365043 0.012475876 

48 -0.028567766 18.0171154 0.012334483 

49 -0.036514532 17.96198867 0.012296743 

50 -0.052644249 17.85342084 0.012222418 

51 -0.073203626 17.56650196 0.012025994 

52 -0.087114687 17.4346236 0.01193571 

53 -0.098025855 17.25029921 0.011809522 

54 -0.104457638 16.96151198 0.011611819 

55 -0.136212586 16.90524079 0.011573296 

56 -0.158783871 16.48586215 0.01128619 

57 -0.188054634 16.08439282 0.011011345 

58 -0.198842625 15.45679134 0.01058169 

59 -0.222588823 15.21569494 0.010416636 

60 -0.258788636 14.76226801 0.010106221 

61 -0.283276772 14.00364421 0.009586868 

62 -0.3032317 13.78261248 0.00943555 

63 -0.345724619 13.05853592 0.008939849 

64 -0.37546435 12.85206891 0.008798502 

65 -0.415831552 12.16786334 0.008330096 

66 -0.486404163 10.86526159 0.007438337 

67 -0.550005196 8.873257869 0.006074615 

68 -0.623675807 7.357846276 0.005037168 

69 -0.674862996 5.268375026 0.00360672 

70 -0.805253677 2.53008251 0.00173209 

71 -1.100675857 0 0 

72 -1.274004807 0 0 

 

 

Eigenvalues of Cranial Partition 

Principal Component Axes 
  
Eigenvalues Corrected eigenvalues Relative corrected eigenvalues 

1 2.88314193 42.76406355 0.041243326 

2 2.596663 37.58534566 0.036248769 

3 1.7772378 32.3223639 0.031172944 

4 1.51743573 31.52667039 0.030405547 

5 1.36934499 30.02874543 0.02896089 

6 1.26281906 29.50076312 0.028451683 
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7 1.07203897 26.76528422 0.025813481 

8 0.87528355 24.81589303 0.023933412 

9 0.78660854 24.52931477 0.023657025 

10 0.70261445 23.67144427 0.022829661 

11 0.57062822 22.33904444 0.021544643 

12 0.53564071 21.77157015 0.020997349 

13 0.48643749 21.23892156 0.020483642 

14 0.43745339 20.73405177 0.019996726 

15 0.39920476 20.39061887 0.019665506 

16 0.37306466 20.22089294 0.019501815 

17 0.34612651 19.51692497 0.018822881 

18 0.32354749 19.43669241 0.018745502 

19 0.31299899 19.26733153 0.018582164 

20 0.27514651 19.05777944 0.018380063 

21 0.26988722 18.94607095 0.018272327 

22 0.26175997 18.73044266 0.018064367 

23 0.19439403 18.31675708 0.017665393 

24 0.18523809 18.26431371 0.017614814 

25 0.17157838 18.13398215 0.017489117 

26 0.15707958 17.85150066 0.017216681 

27 0.11017501 17.64247997 0.017015094 

28 0.10436043 17.61751547 0.016991017 

29 0.0867243 17.19635263 0.016584831 

30 0.06218843 16.98358565 0.01637963 

31 0.0523003 16.96355436 0.016360311 

32 0.0332635 16.83020634 0.016231705 

33 0.02577365 16.74389577 0.016148464 

34 0.01289016 16.66075818 0.016068283 

35 0.00695242 16.33754683 0.015756565 

36 0 16.31098834 0.015730951 

37 -0.0057771 16.16443041 0.015589605 

38 -0.01854411 16.06042872 0.015489302 

39 -0.04697297 15.9229046 0.015356668 

40 -0.05394499 15.62142925 0.015065914 

41 -0.07205502 15.44741764 0.01489809 

42 -0.08598136 15.27092381 0.014727873 

43 -0.10809519 15.21341569 0.01467241 

44 -0.12931897 14.93112811 0.01440016 

45 -0.14917151 14.78298089 0.014257282 

46 -0.17957337 14.28485221 0.013776867 

47 -0.20872607 14.06348148 0.013563368 

48 -0.25734492 13.48650934 0.013006914 

49 -0.2967154 12.2078746 0.011773749 

50 -0.3662254 12.04816121 0.011619715 

51 -0.40202683 11.66759172 0.011252679 

52 -0.51500757 9.878978666 0.009527671 
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53 -0.56125966 8.831730026 0.008517664 

54 -0.63463627 7.738892319 0.007463689 

55 -0.75221449 6.235544499 0.006013802 

56 -1.35402224 0 0 

57 -1.55950839 0 0 

 

Eigenvalues of Postcranial Partition 

Principal Component Axes 
  
Eigenvalues Corrected eigenvalues Relative corrected eigenvalues 

1 2.44936385 20.07898793 0.04582135 

2 1.92991217 16.20679807 0.036984801 

3 1.49889622 15.39303636 0.035127752 

4 1.30797979 14.35001989 0.032747531 

5 1.22393315 13.54777635 0.030916767 

6 1.16826222 12.85202594 0.029329027 

7 0.91180045 11.91291601 0.027185927 

8 0.81116584 11.30241673 0.025792734 

9 0.74946751 11.05591598 0.025230206 

10 0.72371129 10.85335367 0.024767947 

11 0.648397 10.17149558 0.02321191 

12 0.59879703 9.630381321 0.021977057 

13 0.56913175 9.553995939 0.021802742 

14 0.52920088 9.280273013 0.021178091 

15 0.49287618 9.032886793 0.020613542 

16 0.43153444 8.799146616 0.020080134 

17 0.38698251 8.566171891 0.019548473 

18 0.36001747 8.294188565 0.018927792 

19 0.32536898 8.098825726 0.018481964 

20 0.29643091 7.870748607 0.017961479 

21 0.26011364 7.692646178 0.01755504 

22 0.25181065 7.660001445 0.017480543 

23 0.23348214 7.492263619 0.017097756 

24 0.20817798 7.359659686 0.016795146 

25 0.20323406 7.301755226 0.016663005 

26 0.18671552 7.286109659 0.016627301 

27 0.17325374 7.173204517 0.016369645 

28 0.13253655 6.947681584 0.01585499 

29 0.11363832 6.867598599 0.015672236 

30 0.09489866 6.726003968 0.015349109 

31 0.08664327 6.564136368 0.014979719 

32 0.06135461 6.528838319 0.014899167 

33 0.05417385 6.488107885 0.014806217 

34 0.05162348 6.41172805 0.014631914 

35 0.03461266 6.362174461 0.01451883 

36 0.01793694 6.296379924 0.014368684 
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37 0.01401428 6.280995665 0.014333576 

38 0 6.105139245 0.013932262 

39 -0.01080706 6.064034498 0.013838459 

40 -0.018999 5.944995369 0.013566805 

41 -0.03815677 5.868629666 0.013392534 

42 -0.0520156 5.727943941 0.013071482 

43 -0.06498534 5.683402556 0.012969836 

44 -0.08538157 5.551843387 0.012669611 

45 -0.09237188 5.488921265 0.012526019 

46 -0.10271507 5.408009426 0.012341374 

47 -0.13921058 5.234348394 0.01194507 

48 -0.15305864 5.110543061 0.011662539 

49 -0.15595931 4.905900814 0.011195534 

50 -0.19798872 4.673235234 0.010664579 

51 -0.20674374 4.455119746 0.010166827 

52 -0.28582868 3.978620544 0.00907943 

53 -0.31524127 3.559046307 0.008121939 

54 -0.37124981 3.233242099 0.007378436 

55 -0.39097557 2.809517077 0.006411472 

56 -0.46106015 2.572966286 0.00587165 

57 -0.54106799 1.180792509 0.002694633 

58 -0.68938204 0.354682612 0.000809405 

59 -1.05320323 0 0 

60 -1.33011015 0 0 

 

Eigenvalues of Osteoderm Partition 

Principal Component Axes 
  
Eigenvalues Corrected eigenvalues Relative corrected eigenvalues 

1 5.86576525 197.3380428 0.036211349 

2 3.95726004 166.2444676 0.030505706 

3 3.0827896 134.5464245 0.024689145 

4 2.22591335 131.1923122 0.024073668 

5 1.81821934 112.9316013 0.020722844 

6 1.31459184 109.0013425 0.020001646 

7 1.17861388 105.6087004 0.019379099 

8 1.06891043 104.3264379 0.019143805 

9 0.89858585 97.6916225 0.017926322 

10 0.86711871 95.99108446 0.017614275 

11 0.77779286 93.80162315 0.017212511 

12 0.71829694 92.5028059 0.016974179 

13 0.66528181 90.54864717 0.016615593 

14 0.62154503 90.14118795 0.016540825 

15 0.54159018 87.48380714 0.016053198 

16 0.49226431 87.01718449 0.015967573 

17 0.44392045 85.62474839 0.015712062 



647 
 

18 0.38842793 85.1849159 0.015631353 

19 0.35389866 83.8607063 0.015388362 

20 0.3176652 83.69118246 0.015357255 

21 0.29032554 83.01266233 0.015232747 

22 0.27636044 81.23090398 0.014905796 

23 0.25237513 80.59525004 0.014789154 

24 0.2160212 80.31760802 0.014738207 

25 0.19433344 79.44322674 0.014577759 

26 0.17043896 78.96463111 0.014489937 

27 0.16412379 78.37019067 0.014380858 

28 0.1585947 77.82874903 0.014281504 

29 0.12619304 77.6040481 0.014240271 

30 0.11166963 76.92257224 0.014115221 

31 0.09496829 76.52581894 0.014042417 

32 0.08009548 75.92306482 0.013931812 

33 0.06911927 75.77090261 0.013903891 

34 0.0634161 75.41031626 0.013837723 

35 0.0364816 74.62396344 0.013693428 

36 0.02474075 74.50951213 0.013672427 

37 0.0139596 73.99355149 0.013577748 

38 0.0094799 73.40073447 0.013468967 

39 0 73.32837011 0.013455688 

40 0 72.45974852 0.013296297 

41 0 72.34653023 0.013275521 

42 -0.00853682 71.67709082 0.01315268 

43 -0.02549872 71.47756186 0.013116067 

44 -0.0395292 71.25992183 0.01307613 

45 -0.04748311 71.25992183 0.01307613 

46 -0.07078145 70.7444113 0.012981534 

47 -0.09255379 69.97426532 0.012840213 

48 -0.10273494 69.55366278 0.012763033 

49 -0.11378721 69.11430584 0.012682411 

50 -0.1618611 69.00194069 0.012661792 

51 -0.16961946 67.43423404 0.01237412 

52 -0.18449375 66.86314629 0.012269326 

53 -0.18898993 66.73706248 0.012246189 

54 -0.21934127 65.96364499 0.012104268 

55 -0.24839945 65.55061559 0.012028477 

56 -0.25609377 64.76243516 0.011883847 

57 -0.26368042 64.03032439 0.011749505 

58 -0.29122645 63.66574115 0.011682605 

59 -0.32425708 62.50404619 0.011469435 

60 -0.38391296 61.88583325 0.011355993 

61 -0.44244728 60.58864162 0.01111796 

62 -0.45966625 57.9537981 0.010634468 

63 -0.53133538 54.06368698 0.009920637 



648 
 

64 -0.58560497 52.04469457 0.009550153 

65 -0.62012148 49.22988577 0.009033639 

66 -0.71320908 44.87944013 0.008235336 

67 -0.85038006 40.2131841 0.007379082 

68 -1.05684665 31.56438832 0.005792036 

69 -1.29598105 28.30963798 0.005194792 

70 -1.61103171 0 0 

71 -3.5965328 0 0 

 

Eigenvalues of Reduced Matrix 

Principal Component 

Axes 

  

Eigenvalues 

Corrected 

eigenvalues 

Relative corrected 

eigenvalues 

1 2.252447055 5.500970131 0.113905379 

2 1.025241994 2.890451492 0.059850893 

3 0.897214468 2.540091379 0.05259619 

4 0.692895497 2.107934945 0.043647779 

5 0.567260114 1.850081581 0.03830856 

6 0.470587995 1.627777005 0.033705429 

7 0.461535905 1.58614156 0.032843308 

8 0.414067874 1.497142249 0.031000451 

9 0.368061876 1.39384205 0.028861474 

10 0.357644821 1.362154937 0.028205348 

11 0.351150408 1.351355898 0.027981738 

12 0.338815721 1.318571457 0.02730289 

13 0.300865502 1.224086112 0.025346437 

14 0.273133998 1.158540668 0.023989226 

15 0.260252811 1.144942944 0.023707666 

16 0.232435184 1.100581932 0.022789108 

17 0.229163256 1.075553671 0.022270862 

18 0.220042203 1.063588792 0.022023113 

19 0.206139489 1.034855608 0.021428151 

20 0.182210192 0.966239908 0.020007366 

21 0.165460635 0.942819005 0.019522403 

22 0.148916934 0.901460622 0.018666019 

23 0.138537674 0.875630777 0.018131176 

24 0.116783891 0.827685818 0.017138407 

25 0.106742695 0.799830762 0.016561629 

26 0.102831095 0.791450494 0.016388104 

27 0.092100807 0.759877425 0.015734339 

28 0.074900287 0.725174139 0.015015758 

29 0.073962146 0.714346601 0.014791558 

30 0.061989888 0.702727875 0.014550976 

31 0.055983211 0.685621573 0.014196766 

32 0.038107119 0.647817895 0.013413987 



649 
 

33 0.023996143 0.614851252 0.012731366 

34 0.016049869 0.601943415 0.012464091 

35 0.000482608 0.55274313 0.01144533 

36 0 0.516658661 0.010698149 

37 -0.015589625 0.501708634 0.010388588 

38 -0.025707747 0.466624081 0.009662113 

39 -0.045607458 0.456354873 0.009449474 

40 -0.054816702 0.415437755 0.008602227 

41 -0.065029438 0.378104938 0.007829198 

42 -0.083867878 0.301953307 0.006252371 

43 -0.0994309 0.175798443 0.003640156 

44 -0.175138514 0.142682731 0.002954448 

45 -0.19145245 0 0 

46 -0.251102609 0 0 

 

 

 




