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Abstract 

Non-sauropod sauropodomorphs, also known as 'basal sauropodomorphs' or 'prosauropods', 

have been thoroughly studied in recent years. Several hypotheses on the interrelationships 

within this group have been proposed, ranging from a complete paraphyly, where the group 

represents a grade from basal saurischians to Sauropoda, to a group on its own. The grade-

like hypothesis is the most accepted; however, the relationships between the different taxa 

are not consistent amongst the proposed scenarios. These inconsistencies have been 

attributed to missing data and unstable (i.e., poorly preserved) taxa, nevertheless, an 

extensive comparative cladistic analysis has found that these inconsistencies instead come 

from the character coding and character selection, plus the strategies on merging data sets. 

Furthermore, a detailed character analysis using information theory and mathematical 

topology as an approach for character delineation is explored here to operationalise 

characters and reduce the potential impact of missing data. This analysis also produced the 

largest and most comprehensive matrix after the reassessment and operationalisation of 

every character applied to this group far. Additionally, partition analyses performed on this 

data set have found consistencies in the interrelationships within non-sauropod 

Sauropodomorpha and has found strong support for smaller clades such as Plateosauridae, 

Riojasauridae, Anchisauridae, Massospondylinae and Lufengosarinae. The results of these 

analyses also highlight a different scenario on how quadrupedality evolved, independently 

originating twice within the group, and provide a better framework to understand the palaeo-

biogeography and diversification rate of the first herbivore radiation of dinosaurs. 
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Outline 

 

1. The study of the origin of quadrupedalism in basal sauropodomorphs has produced a 

large body of literature. These studies are taxon-based, and they are connected by 

hypothetical scenarios on the evolution of basal sauropodomorphs. Comparative anatomy 

studies have also involved to a lesser degree the adaptations that led to herbivorous diets, 

gigantism, and pneumaticity. 

2. The hypothetical scenarios have produced conflicting evidence on the characters that 

support the clades, definitions and interrelationships within Sauropodomorpha. 

3. This work constitutes a revision of the literature on basal sauropodomorphs and presents 

the most complete and near-comprehensive dataset ever published. 

4. The new phylogenetic scenario obtained from the analysis of this revised dataset is 

contrasted with the previous knowledge of basal sauropodomorph anatomy, mainly 

locomotion, but also gigantism, feeding, and biogeography. 
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O World, why do you wish to persecute me? 

How do I offend you, when I intend only to fix beauty in my intellect, and never my intellect 

fix on beauty? 

Sor Juana Inés de la Cruz (1651-1695) 

Sonnet 146, as translated by Edith Grossman in Sor Juana Inés de la Cruz: Selected Works (2014) 

 

To my heroes that were dressed up in gold 

Only hoping one day, I could be so bold 

Where have all the gay guys gone? 

If we are all in the gutter, it doesn't change who we are 

'Ccause some of us in the gutter are looking up at the stars 

 

Michael Holbrook Penniman and Skyler Stonestreet 

Fragment of Good Guys, 2015 
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1 Evolutionary history and Palaeobiology of Basal 

Sauropodomorpha 

 

1.1 Definition of Sauropodomorpha 

Sauropodomorpha is one of the three major clades of non-avian Mesozoic dinosaurs 

that originated in the early Carnian (237-227 Mya), the other two being Theropoda and 

Ornithischia (Sereno, 1999a; Martínez et al., 2011; Baron et al., 2017a). Whereas the 

first sauropodomorphs were gracile, bipedal animals weighing less than 10 kg (Benson 

et al., 2014), by the Middle Jurassic there was an established trend towards gigantic, 

quadrupedal dinosaurs (Sander et al., 2011; Figure 1.1). Fossils of this group have been 

found on all continents, and by the Middle Jurassic, sauropodomorphs had reached a 

worldwide distribution (Upchurch, 1995; Upchurch et al., 2004a). 

The branch-based definition used here for Sauropodomorpha is the most inclusive 

clade that contains all taxa more closely related to Diplodocus than to Herrerasaurus, 

Passer or Triceratops (Baron et al., 2017a). This definition is the most appropriate for 

this study since the composition of the stem part of the clade is of interest for this work. 

The earliest sauropodomorphs have been identified from the Carnian aged strata of 

South America, including Saturnalia (Langer, 2003), Buriolestes (Cabreira et al., 

2016) and Bagualosaurus (Pretto et al., 2018) from Brazil, as well as the Argentinean 

taxon Panphagia (Martínez and Alcober, 2009), and Nyasasaurus from the Middle 

Triassic of Tanzania (Baron et al., 2017a). Furthermore, there is Eoraptor, for which 

there is some debate on whether or not it is a sauropodomorph (Sereno et al., 2012). 
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Figure 1.1. Time-calibrated phylogram showing the traditional relationship model between the 

three main dinosaur lineages (Ornithischia, Sauropodomorpha, and Theropoda). The red bars 

represent single genera, and the blue bars represent suprageneric taxa. In the traditional model, 

Sauropodomorpha and Theropoda share a common ancestor and form the clade Saurischia. 

Sauropodomorpha is comprised of two main groupings: basal Sauropodomorpha and Sauropoda. 

This phylogram ambiguously represents Basal Sauropodomorpha as the sister taxon of 

Sauropoda, but basal sauropodomorphs are paraphyletic with respect to sauropods. The 

silhouettes show the derived characteristic bauplan of Sauropoda, and the similar bauplans of 

non-sauropod sauropodomorphs, non-genosaurian ornithischians, and non-neotheropod 

theropods (modified from Sereno, 1999a). 

The synapomorphies that are used to diagnose Sauropodomorpha as a clade vary from 

study to study (Gauthier, 1986; Sereno, 1999a; Langer and Benton, 2006; Baron et al., 

2017a). Four major character sets that have been compiled to date, i. e. Upchurch et 

al., (2007), Yates, (2007), Pol et al., (2011), and Sekiya et al., (2013). The apomorphy-

based definition of Sauropodomorpha has been in constant flux as these datasets 

produce different results and have been used as the basis for many further analyses 

(e.g. Sertich and Loewen, 2010; Otero and Pol, 2013; McPhee et al., 2014, 2015a, 

2015b; Wang et al., 2017).  
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According to Upchurch et al. (2007), the apomorphy-based definition of 

Sauropodomorpha is1 (Figure 1.2):  

1) a reduced number (five to six) of neurovascular foramina (C15.1),  

2) a first dentary tooth inset a short distance from the anterior-most part of the dentary 

(C87.1), 

3) a strong constriction between the sacral rib and the transverse process of the first 

primordial sacral vertebra (C143.1),  

4) a fibular facet facing laterally and vertically oriented (C263.1), 

5) a concave lateral margin of the proximal end of metatarsal II  (C272.1), and 

6) a proximal width to length ratio of metatarsal V greater than 0.25 (C279.1). 

  

 
1 The notation for character statements and character states is as follows: C154 denotes character 
number (C) 154 in a list, C154.1 refers to character state 1 of character 154. 
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Figure 1.2. Illustration of the characters that are considered as synapomorphies of 

Sauropodomorpha according to Upchurch et al. (2007). The code number indicates the character 

number statement and the character states in the character list by Upchurch et al. (2007). 

 

  



 

23 

 

The analysis performed by Yates, (2007b) proposed the following synapomorphies for 

Sauropodomorpha (Figure 1.3):  

1) a skull to femur ratio less than 0.6 (C1.1),  

2) a height to length ratio of the dentary greater than 0.2 (C98.1),  

3) a straight long axis of the tooth crowns (C116.1),  

4) a loss of the postzygodiapophyseal lamina in the fourth to eighth cervical neural 

arches (C142.1), 

5) weakly developed laminae in the fourth to eighth cervical vertebrae (C143.1),  

6) a loss of the prezygodiapophyseal lamina and the associated triangular fossa in the 

middle dorsal vertebrae (C158.1),  

7) a humerus length to femur length ratio between 0.65 and 0.7 (C205.1),  

8) a transverse distal humeral width to humeral length ratio greater than 0.33 (C211.1), 

9) an iliac pubic peduncle longer than the anteroposterior width of its distal end 

(C251.1), and 

10) a posterior end of the fibular condyle on the proximal articular surface of the tibia 

placed anteriorly relative to the posterior margin of the proximal articular surface 

(C304.0). 
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Figure 1.3 Illustration  of the characters that are considered as synapomorphies of 

Sauropodomorpha according to Yates (2007b). The code number indicates the character number 

statement and the character states in the character list by Yates (2007b). 
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By contrast, the analysis of Pol et al., (2011) indicates the following synapomorphies 

(Figure 1.4):  

1) a skull to femur ratio less than 0.666 (C1.1),  

2) cervical vertebrae longer than the anterior dorsal vertebrae (C128.1),  

3) a deltopectoral crest slanting perpendicular to the transverse axis of the distal 

condyles (C173.1), 

4) a humeral distal width accounting for more than three times the humeral length 

(C175.1), 

5) a radius 80% shorter than the humerus (C180.0), 

6) a triangular and pointed preacetabular process (C207.1), 

7) an iliac pubic peduncle twice the length of the anteroposterior width of its distal 

width (C217.1), 

8) an expanded distal ischial end with respect to the rest of the shaft (C225.1), 

9) an asymmetrical fourth trochanter with a steeper distal slop than the proximal slope 

(C247.1). 



 

26 

 

 

Figure 1.4 Illustration of the characters that are considered as synapomorphies of 

Sauropodomorpha according to Pol et al. (2011). The code number indicates the character 

number statement and the character states in the character list by Pol et al. (2011). 
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Finally, the list compiled by Sekiya et al., 2013 includes the character lists published 

by Upchurch (2007) and Yates (2007b), and proposes a new set of synapomorphies 

for Sauropodomorpha: 

1) a skull that is 50% of the length of the femur (C1.1), 

2) an infratemporal fenestra bordered for more than 50% of its length by the squamosal 

(C87.0), 

3) a quadrate foramen completely encircled by the quadrate (C102.1), 

4) a dentary ventrally curved towards its tip (C132.1), 

5) a hindlimb to trunk length ratio less than 1 (C237.0), 

6) a ratio of the transverse width of the distal end of the humerus to the humeral length 

greater than 0.333 (C292.1), 

7) a ratio of the length of the penultimate phalanx of manual digit II  to the second 

metacarpal less than 1 (C331.9). 

8) a strongly laterally curved iliac blade in dorsal view (C355.1), 

9) an iliac pubic peduncle with an anteroposterior width twice as large relative to its 

distal width (C356.1), 

10) a transverse width of the distal articular surface of metatarsal V in distal view less 

than its anteroposterior depth (C480.1), and 

11) an ungual of pedal digit II  longer than pedal phalanx II.2 (C499.1). 

A more detailed comparison of these four analyses is presented in Chapter 2. These 

synapomorphy lists show that the proposed sets of synapomorphies partly conflict with 

each other. Although non-sauropod sauropodomorphs have been considered to form a 

grade from basal saurischians to sauropods, there is only partial consensus on the 

character states supporting the monophyly of Sauropodomorpha. 
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1.2 Importance of understanding Basal Sauropodomorpha interrelationships 

Sauropods have a very distinctive bauplan, possessing small heads, long necks and 

tails, complex vertebral lamination, a columnar gait, and a quadrupedal stance 

(Wilson, 2002; Upchurch et al., 2004a; Sander et al., 2011). It has long been 

established that sauropods are a monophyletic group (Gauthier, 1986; Upchurch, 1995; 

Wilson, 2002; Galton and Upchurch, 2004; Sander et al., 2011). The most recent 

common ancestor of Sauropoda was likely already quadrupedal (Sander et al., 2011), 

meaning that the acquisition of quadrupedality must have occurred before their 

radiation. To understand how these morphological adaptations led to this change, but 

also the origins of herbivory, or the trend of gigantism, we need to comprehend the 

phylogenetic history of no-sauropodan sauropodomorphs.  

Conversely, the taxa traditionally referred to as óprosauropodsô had more diverse 

bauplans than sauropods, ranging from gracile, bipedal and cursorial forms, such as 

Saturnalia, and Thecodontosaurus (Langer et al., 1999, 2007; Benton et al., 2000; 

Langer, 2003), to large-sized, bipedal animals such as Ruehleia, and Plateosaurus 

(Galton, 1999a, 2001a; Bonnan and Senter, 2007), and large quadrupedal taxa such as 

Melanorosaurus and Lessemsaurus (Galton, 1985a; Pol and Powell, 2007; Peyre de 

Fabrègues and Allain, 2016; Figure 1.5). This diversity of body plans has posed a 

challenge to our understanding of the interrelationships at the base of 

Sauropodomorpha. Two main scenarios have been proposed to describe this diversity: 

either óprosauropodsô form a sister clade to Sauropoda (Colbert, 1964; Galton, 1990; 

Sereno, 1999a; Galton and Upchurch, 2004), or they represent members of the same 

lineage of Sauropoda that gradually acquired adaptations to a quadrupedal stance and 

specialisations for a herbivorous diet (Langer et al., 2010b; McPhee et al., 2014, 

2015b; Foth et al., 2015). 
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Figure 1.5 The diversity of 

basal sauropodomorphs 

during the Late Triassic 

mapped on to a 

reconstruction of Pangaea 

(based on Langer et al., 2010). 

The colour scheme in the key 

box represents the consensus 

on the position that taxa have 

been found in iterations of the 

matrices analysed in this 

work . The map shows the 

high diversity of species with 

the different body plans 

adapted: from the gracile 

bipedal forms in Europe and 

Brazil to the large-sized 

quadrupedal animals of 

South Africa. This map also 

makes clear the lack of shared 

taxa between 

sauropodomorph-bearing 

formations during the Late 

Triassic and highlights the 

diversity of the different 

assemblages. The colour of 

the silhouettes corresponds to 

the most common placement 

of the taxa. Silhouettes to 

scale. 
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1.2.1 Origins of quadrupedality 

Previous analyses suggest that these adaptations originated in a step-wise fashion. This 

scenario necessitates a gradual appearance of these features from non-theropod, non-

sauropodomorph saurischians or non-saurischian dinosaurs to more derived 

sauropods. Although it has been widely accepted that this is the case (Yates and 

Kitching, 2003; Remes, 2007; Fechner, 2009; Yates et al., 2010), there are several 

problems related to the high degree of homoplasy that this scenario assumes (See 1.4). 

These homoplasies are mostly reversals, and their distribution varies greatly between 

different phylogenetic analyses (e.g. Upchurch et al., 2007; Yates, 2007; Pol et al., 

2011; Sekiya et al., 2013). 

Sauropods, a deeply nested clade within Sauropodomorpha, share a bauplan. All of the 

non-sauropodan dinosaurs have been referred to traditionally as óprosauropodsô (e. g. 

Galton, 1990; Galton and Upchurch, 2004) or more recently as óbasal 

sauropodomorphsô (e. g. Barrett and Upchurch, 2007; Upchurch et al., 2007; Yates, 

2007a). 

The earliest sauropodomorphs are from the early Carnian of Brazil and Argentina (see 

above). An early peak in sauropodomorph diversity occurred in the Norian (Late 

Triassic, 227-208.5 Mya) but was followed by a drop in the Rhaetian (Late Triassic, 

208.5-201.3 Mya; Barrett and Upchurch, 2005). The group survived the Triassic-

Jurassic mass extinction with no effect on their diversity, but non-eusauropod 

sauropodomorphs became extinct before the Middle Jurassic (Barrett and Upchurch, 

2005; Upchurch and Barrett, 2005). This decline on the diversity of basal 

sauropodomorphs coincides with the onset of a the eusauropod radiation (Barrett and 

Upchurch, 2005; Upchurch and Barrett, 2005; Mannion et al., 2011; McPhee et al., 

2016; Figure 1.6). 

The lack of consensus on the phylogenetic history of Sauropodomorpha from its basal-

most members to the origin of sauropods obscures many aspects of the biology of this 

group. The most frequently aspects are classification, diversity, and locomotion, but 

understanding biogeography and evolution of both feeding mechanism and body size 

rely on having a well-resolved phylogeny for this part of the tree. 

Moreover, a reconstruction of the ontogenetic series of various sauropodomorph 

genera is also needed to better understand the diversity of this clade, since the 
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taxonomic units included in previous phylogenetic analyses have included an 

assortment of specimens of all ages, from juveniles such as Ignavusaurus (Knoll, 

2010), Massospondylus (Chinsamy, 1993; Reisz et al., 2013), Mussaurus (Cerda et al., 

2014) and Yunnanosaurus (Sekiya et al., 2013), to sub-adults, e. g. Aardonyx, (Yates 

et al., 2010) and adults. 

1.2.2 Origins of herbivory  

óProsauropodsô were initially  regarded as carnivorous due to the morphology of their 

teeth and claws (Von Huene, 1932; Swinton, 1934; Lull,  1953). Plateosaurus was 

considered as a large-sized carnivorous predator (Swinton, 1934), whereas 

Anchisaurus (Lull,  1953) and Ammosaurus (Von Huene, 1932) were thought of as 

small active carnivores. The morphology of the teeth and manus supported the idea of 

large prosauropods being carnivorous, as originally hypothesised for Melanorosaurus 

(Charig et al., 1965) and Massospondylus (Cooper, 1981). A scavenging habit was 

proposed for the latter taxon, even though they were starting to be recognised as 

members of the same group that included sauropods by this time (Cooper, 1981). 

Several studies based on comparisons of óprosauropodô dentitions with those of 

iguanid lizards led to the suggestion that all óprosauropodsô were largely herbivorous 

as with the more derived sauropods (Galton, 1973, 1976, 1984, 1985b, 1986a; 

Fairman, 1999; Barrett, 2000). Over time, this suggestion became the consensus on 

prosauropod diet, and ideas of a carnivorous diet were side-lined. Some studies 

continued to suggest that carnivorous or omnivorous diets were still plausible based 

on tooth morphology. For example, it was observed that in óprosauropodsô, the 

maxillary and dentary teeth are mesiodistally expanded, are taller than they are wide, 

are labiolingually compressed, lack cingula, are not recurved, and have serrated 

margins (Barrett, 2000). This contrasts with ornithischian teeth, which are presumed 

to be associated with herbivory, which have a triangular shape and are asymmetrical 

in both distal and mesial views.  

In the case of iguanids, it was initially  thought that Iguana and Ctenosaura were 

exclusively herbivorous, but further studies have shown that iguanid herbivory is 

present only in more advanced taxa, whereas more primitive iguanids such as 

Brachylopus and Diprosaurus have carnivorous or omnivorous diets (Barrett, 2000). 

Moreover, Iguana has been shown to have facultative herbivory, with evidence of 
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scavenger and predatory habits. Phylogenetic studies indicate that the adaptations to 

herbivory were acquired in the context of a primitively carnivorous diet (Barrett, 2000; 

Cabreira et al., 2016). 

As óprosauropodsô were considered sauropodomorph dinosaurs, a hypothesis of 

phenotypic plasticity in the group was proposed, so that animals like Plateosaurus 

were herbivorous, but Anchisaurus was omnivorous (Charig et al., 1965). The cranial 

anatomy of óprosauropods' also indicated that adaptations to an exclusively 

herbivorous diet were not present in all members of the group, based on the absence 

of a ventrally displaced craniomandibular joint, a reduced coronoid eminence and the 

absence of a precise occlusion (Kermack, 1984). Kermack (1984) proposed the idea 

of omnivorous diets in óprosauropodsô, conciliating previous analyses that also showed 

that in many genera there were apical and mesial wear facets that suggested some 

degree of herbivory. 

The high diversity of species in sauropodomorph-bearing formations has led to the 

suggestion that phenotypic plasticity and niche partitioning also implied that an 

omnivorous diet was needed to complement the nutrients from scarce xerophytic 

plants and to avoid competition (Charig et al., 1965; Cooper, 1981; Barrett, 2000; 

Sander and Klein, 2005; Button et al., 2014; McPhee et al., 2015b). Several species 

come from formations whose lithology indicates arid, semi-arid, or dry season 

environments. The small gracile dinosaurs from Argentina (Panphagia, 

Chromogisaurus and Eodromaeus, also putatively Eoraptor) have been found in 

sediments that correspond to volcanically active floodplains with heavy rain seasons 

(Carnian, 235-221.5 Mya; Martínez et al., 2011), whereas large bodied 

sauropodomorphs such as Coloradisaurus, Leyesaurus and Riojasaurus, have been 

found in sediments from lacustrine, equatorial and humid environments (Norian, 

221.5-205.6 Mya; Bonaparte, 1972).  
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Figure 1.6 The diversity of 

basal sauropodomorph 

faunas during the Early 

Jurassic mapped on a 

reconstruction of Pangaea 

(based on the map on the 

PaleoMap Project). The 

colour scheme in the key 

box represents the 

consensus on the position 

that taxa have been found in 

iterations of the matrices 

analysed in this work. In 

this map the replacement of 

the basal sauropodomorph 

fauna by basal sauropod 

faunas occurs in many 

sauropodomorph-bearing 

formations. The highly 

diverse Lower Lufeng 

Formation is similar to the 

Upper Elliot Formation in 

taxonomic diversity. 

Silhouettes to approximate 

scale. 
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The sauropodomorphs from the Late Triassic of Germany (i. e. Sellosaurus, 

Plateosaurus Ruehleia and Efraasia) and England (i. e. Asylosaurus, Camelotia, and 

Thecodontosaurus, also Agnosphytis, potentially a silesaurid) include a range of 

gracile and large-sized animals, and come from sediments of lacustrine, fluvial, and 

deltaic environments deposited in semi-arid conditions (Sander, 1992; Hungerbühler, 

1998a; Galton, 2001a, 2007). These palaeoenvironmental reconstructions might 

indicate that omnivorous diets could allow these dinosaurs to increase their nutrient 

intake by having scavenger or predatory habits during the dry seasons (Cooper, 1981; 

Gow et al., 1990; Barrett, 2000). 

The palaeoenvironmental reconstructions and the high diversity of genera make the 

omnivorous diet scenario the most likely (Barrett et al., 2010), and thus a clear and 

concise phylogenetic scenario is needed to understand the origins of the specialisations 

of the feeding mechanisms seen in sauropods since tooth morphology alone is not 

necessarily a reliable predictor for diet. The first sauropods come from formations that 

correspond to fluvial and lacustrine environments deposited under semi-arid 

conditions (Smith et al., 1993; Racey and Goodall, 2009). 

A caveat on this hypothesis is the fact that taxonomic revisions of several genera are 

long overdue (Sun et al., 1985; Moser, 2003; Yates and Barrett, 2010). An interesting 

fact that contrasts with the high diversity of basal sauropodomorphs is the high level 

of endemism seen in the sauropodomorph-bearing formations. The South American 

and African faunas, for example, share no species between them, regardless of the 

palaeogeographic disposition of Pangaea, as can be seen in Figures 1.5 and 1.6. A 

consensual phylogeny can shed light into the similarities between the faunas and the 

biogeographic history of the group. 

1.3 Prosauropoda: basal sauropodomorphs in the precladistic era 

The first attempts to classify dinosaurs involved the selection of certain features that 

were considered important to understand the groupôs evolutionary history (Owen, 

1854; Cope, 1866; Huxley, 1870; Seeley, 1887, 1888; Marsh, 1895; Von Huene, 

1914a, 1914b; Matthew, 1915; Abel, 1919). Pre-cladistic methods aimed to produce a 

hierarchical classification in which there are lower classes nested in higher classes. 

This arrangement was based on seeking overall comprehensive similarities, which 

were used to create genera that were then grouped into families, which were then 



 

35 

 

grouped into orders, and so on. This paradigm has been referred to as a Haeckelian 

classification (Mayr and Bock, 2002). Under this scheme, earlier discoveries of 

prosauropod material were classified either as theropods (Table 1.1), or as dinosaurs 

that were related to theropods and sauropods (Table 1.2). For Prosauropoda, roughly 

half of all of the named taxa were discovered and described before the cladistic era, 

producing a large body of work that is still relevant as a source of characters and taxa, 

but that does little to shed light on relationships. Earlier Haeckelian classification did 

not produce testable phylogenetic hypotheses, since, in the end, all of the hypotheses 

rely on the level of agreement on the position that each taxon has on the evolutionary 

history (Mayr and Bock, 2002). 

The first classifications considered óprosauropods' as a type of theropod, until Huene 

(1932) established their similarity with sauropods and erected the group 

Sauropodomorpha, comprising two divisions: Prosauropoda and Sauropoda. The 

relationship between these two groups was obscured by the poor fossil record and the 

poorly understood stratigraphy of the Triassic at the time (Lucas, 2010). On one hand, 

there was the idea that prosauropods were an independent lineage that originated 

before Sauropoda, but which shared a common ancestor with Sauropoda (Von Huene, 

1932; Young, 1942; Colbert, 1964; Charig et al., 1965; Steel, 1970; Galton, 1971). 

Alternatively, Prosauropoda was also considered as the lineage that gave rise to 

sauropods (Van Heerden, 1979; Cooper, 1981, 1984; Galton, 1985a; Galton and Van 

Heerden, 1985). The different degrees of similarity defined several families, and the 

taxonomic composition of these was largely debated on the characters that were 

considered important. Although several groupings were proposed, and an assortment 

of families erected, their taxonomic content varied greatly through time depending on 

the characters chosen to define them. 
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Table 1.1 Comparative table of the different classification systems proposed in the late 19th 

century. The blue shading indicates the place where óprosauropodsô were placed in each 

classification system. 

 

 

Table 1.2 Comparative table of the composition of the order Saurischia as defined by Marsh 

(1895) and subsequent classifications derived from it in the early 20th century that considered 

óprosauropodsô as an independent saurischian lineage (Pachypodosauria). The light blue shade 

indicates the groups were the families of óprosauropodsô were classified. In Marsh (1895), 

óprosauropodsô were classified as carnivorous dinosaurs, whereas in Huene (1914a, b) the order 

Pachypodosauria was erected to include carnivorous dinosaurs and sauropods. Subsequent 

classification models were amendments to restrict the definition of Pachypodosauria to include 

anything that was not a coelurosaurian, a theropod, or a sauropod. 
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During the pre-cladistic era, the origin of dinosaurs was widely disputed, and many 

studies aimed to understand the origins of large body size. Some of the earliest 

scenarios of the evolution of quadrupedalism, for example, in sauropods were based 

on the assumption that saurischians and ornithischians did not share a common 

ancestor (Seeley, 1887, 1888; Baur, 1891; Huene, 1914a; Colbert, 1964; Romer, 

1971). This model proposed that the families of prosauropods, Thecodontosauridae, 

Plateosauridae, Plateosauravidae, Anchisauridae, and Melanorosauridae, were part of 

a transformational sequence that gradually lost their bipedality because of an increase 

in body size. Under this model, quadrupedalism in sauropods was a reversal, with 

melanorosaurids as a transitional group. 

The main challenge to this scenario came from stratigraphy. The beds that contained 

plateosaurids and thecodontosaurids in Europe were younger than the beds in South 

Africa that yielded melanorosaurid material (Charig et al., 1965). Moreover, 

anatomical considerations of the reduction of the manual and pedal digits in 

prosauropods and sauropods led to the proposal that quadrupedality was the default 

condition from a pseudosuchian to sauropod gait, making prosauropods offshoots from 

this main quadrupedal lineage (Charig et al., 1965). The key character that linked 

Thecodontosauridae and Plateosauridae to the sauropodomorph lineage was their 

spatulate dentition. This stratigraphic incongruence led to the proposition that 

prosauropods were so-called ñdead-endsò, a term that at that time alluded to the 

extinction of side-shoot branches, or that prosauropods and sauropods had different 

origins (Charig et al., 1965). 

The monophyly of Prosauropoda started to be widely accepted based on several 

characters but most significantly the highly reduced digit V in the pes (Cruickshank, 

1975; Van Heerden, 1978, 1997). Although weakly supported, it became the more 

plausible option when the adaptations that dinosaurs acquired for an erect gait were 

considered to be too complex to evolve independently several times from 

óthecodontianô reptiles (Colbert, 1964; Cruickshank, 1975). 

Overall, the frameworks to test the many arrangements proposed by Haeckelian 

classifications were not strong enough to provide falsifiable explanations for the origin 

of quadrupedality (Figure 1.7). Moreover, much of the taxonomic work done during 

this period was not contested for a long time, due to the small number of dinosaur 
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specialists that worked on these animals. The taxonomies of Plateosaurus (Moser, 

2003), Eucnemesaurus, Euskelosaurus (both discussed in Heerden, 1979; Yates, 

2007b; McPhee et al., 2015), Melanorosaurus (Peyre de Fabrègues and Allain, 2016) 

and Yunnanosaurus (Barrett et al., 2007; Lü et al., 2007; Sekiya et al., 2013) have been 

recently addressed, but there is still no complete revision of all of the materials referred 

to these taxa. 

1.4 Basal Sauropodomorpha: the cladistic era 

The advent of cladistics came in the first half of the 20th century when method started 

to be developed to study the classification of birds (Mitchell, 1901), on insects with 

the first proposed character list (Tillyard, 1921), and to understand evolutionary 

patterns in plants (Zimmerman, 1943). The cladistic approach considers each character 

transformation as evidence of grouping (Schuch and Brower, 2009) This transformed 

from an ordering system based solely on hierarchical arrangement to a proper ordering 

system based on patterns of descent (Mayr and Bock, 2002). Instead of trying to put 

emphasis on the place that each individual taxon would have in the hierarchy, there is 

an emphasis on the character distribution and character history (Bryant and Wagner, 

2001; Mayr and Bock, 2002; Sereno, 2007a). This approach is known overall as a 

Henningian cladification, where the groups that are produced are clades: hypothetical 

scenarios were all the taxa contained in a clade have a shared ancestry (Mayr and Bock, 

2002). 
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Figure 1.7 Timeline showing the 

different groups (orders or 

families) erected during the pre-

cladistic era. The content of each 

group is inside the blue boxes to the 

right. Whilst some of these names 

are still in use, they do not relate to 

the initial definitions proposed 

here.  
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Cladistics provides testable frameworks since there are two sets of hypotheses: a hypothesis of 

primary homology, which are hypotheses of homology based on similarity of structure, 

position or function, and a hypothesis of secondary homology, which is supported by its 

distribution in a tree, i.e. there is evidence from topology that it is not homoplasy (Patterson, 

1988). The first phylogenetic analysis to apply a cladistic rationale to sauropodomorphs was 

performed by Paul (1984), who proposed that a group called Segnosauria was related to 

ornithischians and that prosauropods, as a monophyletic group, were linked with 

ornithischians, in a óPhytodinosauriaô hypothesis similar to the one suggested by Bakker and 

Galton (1974). Gauthier (1986) performed the first true cladistic analysis to test the monophyly 

of dinosaurs and birds and he also provided several comments on Sauropodomorpha. He 

suggested that Sauropodomorpha was a lineage of saurischian dinosaurs, the sister-group of 

theropods, and not related to ornithischians. He also presented limited evidence that 

prosauropods were a paraphyletic group, with some taxa closer to sauropod origins than others 

(Gauthier, 1986). Segnosauria were shown to be a group of theropod dinosaurs (Perle, 1979; 

Barsbold and Perle, 1980; Barsbold, 1983), now referred to as therizinosauroids (Russell and 

Dong, 1993), and have been excluded from further consideration of sauropodomorph 

phylogeny (Figure 1.8). 

The term ósauropodomorphô is applied here as coined by von Huene (1932), comprising 

óprosauropodsô and ósauropods.ô The cladistic term óbasal sauropodomorphô is loosely applied 

here to refer to any non-sauropod that is in the sauropodomorph lineage, including the most 

primitive sauropodomorphs, an evolutionary grade rather than a clade. 

Galton (1990) did not perform a numerical cladistic analysis but he was the first to look at a 

large number of the relevant taxa, and recovered prosauropods as a monophyletic group, which 

he regarded as the sister-taxon to Sauropoda (Figure 1.9). Two families were proposed: 

Plateosauridae and Melanorosauridae. The other families formed a grade leading towards 

plateosaurids and melanorosaurids. The same arrangement was later obtained by a more formal 

numerical cladistic analysis (including 18 ingroup sauropodomorphs) that retrieved a 

monophyletic group with two clades: Plateosauridae and Melanorosauridae, but with different 

definitions (Gauffre, 1996). 

Monophyly of Prosauropoda was supported by the first cladistic analyses, but these were 

applied to only small datasets where sauropods were assumed to represent an outgroup. In 

Sereno (1999)óProsauropodaô is the sister-taxon to Sauropoda. In this new view, the 
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prosauropods are unified by a large claw pointing inwards with a twisted thumb, proportionally 

long cervical vertebrae, such as those found in Plateosaurus and Massospondylus, and a highly 

conserved skeletal design (Sereno, 1999). In contrast, an alternative analysis placed 

Coloradisaurus in a basal position, even more basal than Thecodontosaurus, and the existence 

of Plateosauridae and Melanorosauridae was supported (Benton et al., 2000). Subsequent 

cladistic analyses continued assuming prosauropod monophyly (Upchurch, 1998; Wilson and 

Sereno, 1998; Wilson, 2002; Galton and Upchurch, 2004; Figure 1.10). 

In one of the earliest works that included a comprehensive assessment of 212 osteological 

features and 20 taxa (Yates and Kitching, 2003) some of the óprosauropodsô were recovered as 

basal sauropods for the first time, whereas the rest of them were clustered in a ócore 

Prosauropodaô clade that was the sister clade of Sauropoda. After Yates and Kitching (2003), 

the name óProsauropodaô became less inclusive since the most robust forms, such as 

Melanorosaurus readi or Blikanasaurus cromptoni, were placed within Sauropoda. The 

position of Anchisaurus was challenged based on the findings in Yates and Kitching (2003), 

and a re-description of the material led to the conclusion that Anchisaurus polyzelus and 

Melanorosaurus readi were the most basal members of the clade Sauropoda, rather than 

prosauropods, this being the first time that Anchisauridae was considered a derived family 

within Sauropodomorpha rather than a primitive one. Prosauropoda contained Lufengosaurus, 

Massospondylus, Riojasaurus, Plateosaurus and possibly Efraasia (Yates and Kitching, 2003; 

Yates, 2004; Figure 1.11). 
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Figure 1.8 Early phylogenetic models for the relationship of monophyletic prosauropods with other 

dinosaurs. A) evolution of herbivorous dinosaurs and ósegnosaursô from thecodonts (based on Paul, 1984); 

B) the monophyletic evolution of herbivorous dinosaurs and ósegnosaursô from basal dinosaurs (based on 

Paul, 1984); C) derivation of ósegnosaursô dinosaurs independently of herbivorous dinosaurs (based on 

Paul, 1984), and D) the monophyletic saurischians showing the transitional position of the prosauropods 

towards Sauropoda, considering ósegnosaursô as prosauropods (Gauthier, 1986). 
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Figure 1.9 First cladistic scenarios of monophyletic óprosauropods' as sauropodomorphs. Above. 

Cladogram representing the relationships of prosauropods as the sister taxa of Sauropoda, obtained by 

Galton, 1990. Below. Cladogram showing a division of prosauropods in two families with a different 

composition from that in Galton, 1990. Analysis performed by Gauffre, 1996. 
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Figure 1.10 Summary of results from several studies that supported the relationships of Prosauropoda as 

a monophyletic group: A) Sereno (1999), B) Benton et al. (2000), C) Galton and Upchurch (2004). 
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Figure 1.11 Cladogram showing a partial paraphyly of prosauropods, having a ócore Prosauropodaô 

(=Plateosauridae), as a paraphyletic series of melanorosaurid sauropodomorphs, according to Yates and 

Kitching (2003). 
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Another analysis published by Yates (2003b) produced a phylogeny that included 164 

osteological features, compiled from the ones used in previous analyses (Galton, 1985c; 

Gauthier, 1986; Sereno, 1993; Sereno and Novas, 1993; Novas, 1994; Wilson and Sereno, 

1998; Benton et al., 2000; Rauhut, 2003a). This thorough reassessment confirmed that amongst 

14 ótraditional prosauropods' there was no evidence of subgroupings. This led to the proposition 

that óProsauropoda' was completely paraphyletic with respect to Sauropoda (Yates, 2004a). 

After the removal of Coloradisaurus, a reduced cladistic consensus of the five most 

parsimonious trees showed that there were only two potential groupings within the paraphyletic 

óProsauropodaô (Figure 1.12). 

A thorough discussion of the cladistic analyses that were performed between 2004 and 2018 is 

presented in Chapter 2. 

 

Figure 1.12 Cladogram showing the complete paraphyly of óprosauropodsô as retrieved by Yates (2003b). 
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1.4.1 Phylogenetic definitions proposed to describe relationships inside 

Sauropodomorpha 

New analyses performed on larger collections of taxa and characters led to either partial or 

near-complete paraphyly of Prosauropoda (Galton and Upchurch, 2004; Smith and Pol, 2007; 

Upchurch et al., 2007a; Kutty et al., 2007; Ezcurra, 2010; Sekiya, 2010; Yates et al., 2010; 

Novas et al., 2010; Pol et al., 2011; Sekiya et al., 2013; Otero and Pol, 2013; McPhee et al., 

2015b, 2015a; Otero et al., 2015; Peyre de Fabrègues et al., 2015; Wang et al., 2017; Chapelle 

and Choiniere, 2018; Zhang et al., 2019). Several phylogenetic clades have now been erected 

to capture these alternative groupings and are listed chronologically below. Table 1.3 

summarises this information in a hierarchical order for context. 

Guaibasauridae Bonaparte et al., 1999 was originally named to include only Guaibasaurus 

at the base of óProsauropodaô, but after the discovery of a second, more complete specimen, 

this clade was expanded to include Saturnalia, as the earliest diverging lineage within 

Sauropodomorpha, although this was suggested without a phylogenetic analysis (Bonaparte et 

al., 2007). Subsequently, Ezcurra (2010) extended this definition to include Agnosphitys, 

Panphagia, and Chromogisaurus forming the basal-most clade Sauropodomorpha (Ezcurra, 

2010; Novas et al., 2010; Sekiya et al., 2013; Figures 1.19 and 1.21). Yates et al. (2010) 

recovered Guaibasauridae as the sister clade of Sauropodomorpha rather than its most basal 

lineage (Knoll, 2010; Yates et al., 2010; Pol et al., 2011; Otero and Pol, 2013; McPhee et al., 

2015b, 2015a; Peyre de Fabrègues and Allain, 2016; Figures 1.17, 1.22 and 1.23). 

Plateosauria Tornier,  1913 was defined as a node-based taxon containing the most recent 

common ancestor of Plateosauridae and Massospondylidae (Sereno, 1998, 1999b). The same 

definition was employed by Galton and Upchurch (2004) but Massospondylidae was replaced 

by Jingshanosaurus. Upchurch et al. (2007) proposed Jingshanosaurus as a basal sauropod, 

redefining Plateosauria as the clade containing Plateosauridae and Massospondylidae, and 

possibly Lufengosaurus (Figure 1.14 and Figure 1.18). Few studies applied this definition for 

Plateosauria (Kutty et al., 2007; Sekiya, 2010; Figure 1.15 and Figure 1.17). The results derived 

from the dataset of Yates (2007) have defined Plateosauria as including all sauropodomorphs 

except for the most basal forms (Ezcurra, 2010; Knoll, 2010; Novas et al., 2010; Yates et al., 

2010; McPhee et al., 2015b; Figure 1.17). 

Plateosauridae Marsh, 1895 has been proposed as a stem-based taxon that includes all taxa 

more closely related to Plateosaurus than to Massospondylidae (Sereno, 1999) or 
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Yunnanosaurus and Massospondylus (Galton and Upchurch, 2004). In Upchurch, et al. (2007), 

this clade is defined as including Plateosaurus Riojasaurus, and Coloradisaurus, whereas the 

inclusion of Lufengosaurus is equivocal (Figure 1.14). In Yates (2007), Plateosauridae is 

restricted to Unaysaurus and Plateosaurus and it was retrieved as such in several subsequent 

analyses (Smith and Pol, 2007; Ezcurra, 2010; Sertich and Loewen, 2010; Figure 1.17). In 

Yates, et al. (2010), Plateosauridae includes also Ruehleia, a conclusion that was also followed 

by Knoll (2010) (who made it more inclusive by grouping therein Riojasauridae, 

Massospondylidae, and Anchisauria), and Chapelle and Choiniere (2018). Sekiya (2010) used 

the dataset from Upchurch et al. (2007) and defined Plateosauridae as a core group of 

prosauropods placed as the sister taxon of Sauropoda. Novas et al. (2010), included in this 

family the Indian prosauropod Jaklapallisaurus. Plateosauridae contained Unaysaurus and 

Plateosaurus in subsequent studies (Otero and Pol, 2013; McPhee et al., 2015b, 2015a; Wang 

et al., 2017) but is retrieved unresolved in Peyre de Fabregues and Allain (2016) (Figure 1.23). 

Massopoda Yates, 2007 is a stem-based clade containing all those taxa more closely related 

to Saltasaurus loricatus than to Plateosaurus engelhardti, effectively containing Anchisauria, 

Massospondylidae and Riojasauridae (Yates, 2007a; Ezcurra, 2010; Knoll, 2010; Novas et al., 

2010; Yates et al., 2010; Pol et al., 2011; McPhee et al., 2015b, 2015a; Figures 1.17, 1.19 and 

1.22). The content of Massopoda is different in Peyre de Fabregues (2016) since Riojasauridae 

is placed in a more basal position than Plateosauridae (Figure 1.23). 

Massospondylidae Huene, 1914b has been defined as a stem-based taxon that includes all 

taxa more closely related to Massospondylus than to Plateosaurus thus including 

Massospondylus and Yunnanosaurus (Sereno, 1999b) or Massospondylus, Coloradisaurus, 

and Lufengosaurus (Yates and Kitching, 2003; Yates, 2007a; Figure 1.18). Subsequent 

analyses applied the same definition as Yates and Kitching (2003), but it has also included 

Glacialisaurus (Ezcurra, 2010, Knoll, 2010), Jingshanosaurus (Yates et al., 2010), Pradhania 

(Novas et al., 2011), Adeopapposaurus and Leyesaurus (Otero and Pol, 2013; McPhee et al., 

2015b, 2015a; Otero et al., 2015), Ignavusaurus (Chapelle and Choiniere, 2018) and 

Sarahsaurus (Chapelle and Choiniere, 2018). Several analyses concluded, however, that this 

clade contained only Massospondylus (Yates, 2003a; Galton and Upchurch, 2004; Kutty et al., 

2007; Pol and Powell, 2007a; Upchurch et al., 2007a). In the topology produced in Sekiya 

(2010), the clade is synonymous with Plateosauria. Pol et al. (2011), retrieved a clade 

Massospondylidae containing Massospondylus, Yunnanosaurus, Gyposaurus, and 
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Lufengosaurus (Figure 1.20). Finally, this clade was restricted to Massospondylus, 

Adeopapposaurus, and Leyesaurus, whereas Jingshanosaurus is placed as the sister taxon of 

Anchisauria, and Lufengosaurus and Glacialisaurus are placed within their own family as the 

sister taxon of Anchisauria + Jingshanosaurus in Peyre de Fabregues et al. (2016) (Figure 

1.23). 

Anchisauria Galton and Upchurch, 2004 was defined as the most inclusive node-based taxon 

that includes the most recent common ancestor of Anchisaurus and Melanorosaurus (Figure 

1.13). The term was originally defined to comprise Anchisaurus, Ammosaurus, and 

Melanorosauridae (Galton and Upchurch, 2004). More recent analyses changed the topology 

so that this clade contained all  sauropodomorphs except for the most basal forms (Kutty et al., 

2007; Upchurch et al., 2007a; Figures 1.14 and 1.16). In the topology obtained by Yates (2007), 

Anchisauria was restricted to exclude basal sauropodomorphs, plateosaurids, massospondylids 

and riojasaurids (Smith and Pol, 2007; Yates, 2007a; Ezcurra, 2010; Knoll, 2010; Novas et al., 

2010; Yates et al., 2010; Pol et al., 2011; Otero and Pol, 2013; McPhee et al., 2015b; Peyre de 

Fabrègues and Allain, 2016; Figues 1.17, 1.19, 1.20, 1.22 and 1.23). With this definition, some 

topologies include massospondylids within Anchisauria (McPhee et al., 2015b), or include all 

sauropodomorphs, except the basal-most forms, such as Thecodonotosaurus or Efraasia 

(Sekiya, 2010; Sekiya et al., 2013; 1.18 and 1.20) 

Anchisauridae Marsh, 1885 was originally defined as comprising only Anchisaurus and 

Ammosaurus but later recovered only in Galton and Upchurch (2004); Upchurch et al. (2007), 

Kutty et al. (2007) and Sekiya (2010). In Upchurch et al. (2007), this clade is weakly supported. 

Subsequent studies have not included Ammosaurus as a separate OTU. 

Sauropodiformes Sereno, 2007b was originally defined as the least inclusive clade containing 

Mussaurus patagonicus and Saltasaurus loricatus (Figure 1.22). This definition is not 

applicable to several phylogenies because of the exclusion of Mussaurus from the dataset (e.g. 

Kutty et al., 2007; Yates, 2007a; Ezcurra, 2010; Knoll, 2010; Pol et al., 2011; Yates et al., 

2011; Sekiya et al., 2013; Peyre de Fabrègues and Allain, 2016). In analyses where Mussaurus 

is included, Sauropodiformes is retrieved as all the sauropodomorph dinosaurs that are at the 

base of the melanorosaurid grade, excluding Anchisaurus and the massospondylids, which 

altogether form Massopoda (McPhee et al., 2015a, b; Otero and Pol, 2013). In earlier analyses 

that used Mussaurus, Sauropodiformes becomes a synonym of either Plateosauria (Galton and 
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Upchurch, 2004), an unranked clade between Sauropodomorpha and Anchisauria (Upchurch 

et al., 2007; Kutty et al., 2007), or Plateosauridae (Sekiya, 2010). 

Riojasauridae Yates, 2007 was defined as a stem-based clade containing Riojasaurus 

incertus, but not Plateosaurus engelhardti, Massospondylus carinatus, or Anchisaurus 

polyzelus. In previous works, this clade was synonymised with Melanorosauridae (Galton and 

Upchurch, 2004; Kutty et al., 2007) or Plateosauridae (Kutty et al., 2007; Upchurch et al., 

2007a; Sekiya, 2010) with different contents. However, this clade consistently contains 

Eucnemesaurus in subsequent works (Ezcurra, 2010; Knoll, 2010; Novas et al., 2010; Yates, 

2010; Otero and Pol, 2013; McPhee et al., 2015b, 2015a; Peyre de Fabrègues and Allain, 2016; 

Figures 1.19 and 1.22). 

Melanorosauridae Huene, 1929 was first conceived as containing Melanorosaurus, 

Camelotia, and Lessemsaurus (Galton and Upchurch, 2004, Upchurch et al., 2007, Figure 1.14, 

Kutty et al., 2007, Figure 1.16). However, in the analyses based on the dataset of Yates (2007), 

this definition is extended to include sauropod-like óprosauropodsô and sauropods, which 

almost overlaps the definition of Anchisauria, with the exclusion of some basal forms, such as 

Yunnanosaurus and Anchisaurus (Yates, 2007a; Ezcurra, 2010; Knoll, 2010; Novas et al., 

2010; Yates et al., 2010; Pol et al., 2011; Otero and Pol, 2013; McPhee et al., 2015b, 2015a; 

Peyre de Fabrègues and Allain, 2016; Figures 1.17, 1.19, 1.20, 1.22, and 1.23). Discussions on 

which basal óanchisauridsô are excluded from the ómelanorosauridô grade are still controversial, 

to the point where the basal part of Anchisauria has been resolved as a polytomy of all the basal 

members (Peyre de Fabregues and Allain, 2016; Figure 1.23). 

Sauropoda, Marsh 1878. As a cladistic definition, this term has been applied to several 

dinosaurs. In a thorough revision of the group, Sauropoda was defined as the least inclusive 

clade containing all the taxa that are more closely related to Saltasaurus than to  

Melanorosaurus (Yates, 2007a). The definition used here to distinguish between sauropods 

and basal sauropodomorphs is as the clade containing the most recent common ancestor of 

Vulcanodon karibaensis and Eusauropoda (Salgado et al., 1997). This definition is preferred 

because óprosauropodsô and sauropods were recognised as part of the same lineage based on a 

detailed description of Vulcandon (Cooper, 1984; Figures 1.13 and 1.14).  

Eusauropoda Upchurch, 2004 was defined as a node-based taxon that includes the most 

recent common ancestor of Shunosaurus and Saltasaurus, and all the descendants of that 
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ancestor. Nonetheless, Wilson and Sereno (1998) re-defined Eusauropoda as a stem-based 

including all taxa more closely related to Saltasaurus than to Vulcanodon. 

 

 

Figure 1.13. Cladogram depicting the monophyly of Prosauropoda, showing two families: Plateosauridae 

and Anchisauridae=Melanorosauridae, after Galton and Upchurch (2004). 
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Figure 1.14. Cladogram published in Upchurch et al. (2007) showing a ócore Prosauropodaô 

(=Plateosauridae). 
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Figure 1.15. Cladogram depicting a partial paraphyly of prosauropods based on the two different datasets 

including the Indian prosauropods, Pradhania and Lamplughsaura, based on the dataset by Yates and 

Kitching (2003) retrieving a ócore Prosauropodaô as the sister taxon of Sauropoda in Kutty et al. (2007). 
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Figure 1.16. Cladogram depicting a partial paraphyly of prosauropods based on the two different datasets 

including the Indian prosauropods based on the dataset by Galton and Upchurch (2004) showing 

Prosauropoda as the sister taxon to Sauropoda in Kutty et al. (2007). 
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Figure 1.17. Topology produced in Yates et al. (2010) with the modifications done by Smith and Pol (2007). 
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Figure 1.18. Topology produced by Sekiya (2010) based on the dataset by Upchurch et al. (2007). 
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Figure 1.19. Topology produced by Novas et al. (2011), including Indian prosauropods, based on the dataset 

published by Ezcurra (2010), which is in turn an amended version of the dataset published by Smith and 

Pol (2007). This topology recovers Guaibasauridae as the basal-most part of the tree. 
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Figure 1.20. Topology produced in Pol et al. (2011) based on an original dataset. This recovers guaibasaurid 

dinosaurs as basal theropods and a complete paraphyly for óProsauropodaô. 
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Figure 1.21. Topology produced in Sekiya et al. (2013). This is the only topology to have been produced 

after merging two datasets: Upchurch et al. (2007) and Apaldetti et al. (2011), which is an amended and 

extended version of Yates et al. (2010). It includes guaibasaurid dinosaurs as sauropodomorphs, but still 

recovers a ócore Prosauropodaô. 

  



 

60 

 

 

Figure 1.22. Topology produced in McPhee et al. (2015b), including the revision of Eucnemesaurus. This 

recovers a complete paraphyly, but resolves three families of óprosauropodsô: Plateosauridae, 

Riojasauridae and Massospondylidae. Noteworthy, Guaibasauridae is considered a basal theropod, 

whereas Eoraptor  is moved to the basal-most part of Sauropodomorpha, agreeing on the position of 

Eoraptor  as a sauropodomorph as posited by Martinez et al. (2011), and as redescribed later by Sereno et 

al. (2013). 
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Figure 1.23. Topology obtained in Peyre de Fabregues and Allain (2016) after the revision of 

Melanorosaurus. Only Massospondylidae is retrieved as a cluster, although with a more reduced definition, 

and does not resolve the basal part of Anchisauria. 
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Table 1.3. Definitions of clades pertaining Sauropodomorpha in hierarchical order from more primitive to 

more derived. 

Clade Definition  Type 

Sauropodomorpha The clade including all the taxa more closely related 

to Diplodocus than to Herrerasaurus, Passer or 

Triceraptops 

Stem-based 

Guaibasauridae The clade containing all taxa more closely related to 

Saturnalia than to Plateosaurus. 

Stem-based 

Plateosauria The clade containing the most recent common 

ancestor of Plateosauridae and Massospondylidae 

Node-based 

Plateosauridae The clade including all the taxa more closely related 

to Plateosaurus than to Massospondylidae 

Stem-based 

Massopoda The clade including all the taxa more closely related 

to Saltasaurus than to Plateosaurus 

Stem-based 

Riojasauridae The least inclusive clade of taxa more closely 

related to Riojasaurus than to Plateosaurus 

Massospondylus, or Anchisaurus 

Stem-based 

Massospondylidae The clade including all the taxa more closely related 

to Massospondylus than to Plateosaurus 

Stem-based 

Anchisauria The clade including the most recent common 

ancestor of Anchisaurus and Melanorosaurus 

Node-based 

Anchisauridae The clade containing Anchisaurus and Ammosaurus 

but not Plateosaurus or Massospondylus 

Stem-based 

Sauropodiformes The least inclusive clade containing Mussaurus and 

Saltasaurus. 

Node-based 

Melanorosauridae The clade containing Melanorosaurus and 

Sauropoda, but not Yunnanosaurus nor Anchisaurus 

Stem-based 

Sauropoda The least inclusive clade containing the most recent 

common ancestor of Melanorosaurus and 

Saltasaurus 

Node-based 

Eusauropoda The least inclusive clade containing the most recent 

common ancestor of Shunosaurus and Saltasaurus 

Node-based 
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1.4.2 Inconsistencies between the different topologies 

All the terms above have been given to different topologies through the literature. Overall, 

disagreements on whether there is a core-prosauropod clade, an arrangement of several smaller 

monophyletic groups, or whether the tree is essentially pectinate. 

In an analysis performed by Peyre de Fabregues et al. (2015), it was proposed that the source 

of discrepancies might lie in the choice of characters in each analysis. The three major datasets 

most often used to explore early sauropodomorph relationships (i. e., Upchurch et al., 2007, 

Yates, 2007 and Pol et al., 2011) were independent compilations of characters in the literature 

plus additions from personal observations. This study by Peyre de Fabregues et al. (2015) noted 

that character choice and character scoring are at the root of the inconsistencies found, however, 

character scorings are based mostly on the way in which the character states are defined. 

Therefore, essentially the same character can be linked to a different set of character states if 

these are defined incompatibly. 

For example, the characterisation of the complexity of character statements (number of 

character states) showed that while Upchurch et al. (2007) had only 2% of its characters worded 

as multistate characters, this number increases to 14% and 15% in Yates et al. (2010) and Pol 

et al. (2011), respectively. Upchurch et al. (2007) employed additive binary coding in all of the 

characters, whereas Yates et al. (2010) and Pol et al. (2011) used transformational characters 

more often. The three matrices have the same proportion of neomorphic characters (Peyre de 

Fabrègues et al., 2015). 

Nevertheless, there are two significant differences: the taxonomic scope and the character 

coding that affects the final topology through the character scores. This might be more 

important for the treatment of continuous characters since they can be coded through binary 

coding strategies or as multistate characters. Exploring these differences forms part of the scope 

of this thesis, where the information coded in each character statement is analysed and 

compared through the different matrices (see Chapter 3 and Chapter 4). 

 

1.5 Current hypotheses of the origin of quadrupedalism and giantism in Sauropoda 

There is an extensive literature regarding the locomotion and the stances of basal 

sauropodomorphs that dates from as far back as the beginning of the 20th century. Because of 

this, it makes sense to use this information to contrast the differences between versions of the 
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data sets that deal directly with the evolution of basal sauropodomorphs. An extensive 

summary of studies on locomotion in basal sauropodomorphs can be consulted in Appendix 1. 

Questions about the ancestral state of dinosaur locomotion have now been addressed via the 

application of cladistic methodology following the recognition of dinosaur monophyly (Remes, 

2007). It was initially  proposed that ornithodirans acquired an erect gait first, then bipedalism 

and finally the independent acquisition of flight in pterosaurs and birds (Sereno, 1997, 1999a). 

This model implies that ornithodirans are plesiomorphically bipedal and evolved 

quadrupedalism independently in several lineages, i. e. Sauropodomorpha (Sander et al., 2011), 

Ornithopoda, Thyreophora and Ceratopsia (Maidment and Barrett, 2012). During the 

evolutionary history of tetrapods, the reversion to quadrupedality from an ancestral bipedal 

stance has occurred only amongst ornithodiran archosaurs, where it has happened several times 

(Maidment and Barrett, 2011; Nesbitt, 2011). 

This model has several problems. First, the rise of Dinosauria is obscured by an incomplete 

fossil record, a small number of well-preserved specimens, and constantly contested 

phylogenetic relationships. The first dinosaurs are from late Carnian sediments in Argentina 

(Reig, 1963; Casamiquela, 1967; Sereno, 1993) and Brazil (Colbert, 1970; Bonaparte et al., 

1999; Langer et al., 1999), but by this time, dinosaurs had already differentiated into 

Ornithischia, Sauropodomorpha and Theropoda (Novas, 1996; Sereno, 1997; Langer and 

Benton, 2006; Baron et al., 2017a). Secondly, recent morphological studies suggest that the 

fully  erect hind limb was not present in basal dinosauromorphs, such as Lagerpeton (Fechner, 

2009), and that there is no conclusive evidence on the locomotion of basal dinosauriforms, such 

as Lewisuchus, or silesaurids (Remes, 2007; Fechner, 2009). 

Small-sized sauropodomorphs are often considered to be bipedal or facultatively bipedal, 

whilst large-bodied size animals were probably quadrupedal (Barrett and Upchurch, 2007). 

Several approaches have been applied to infer the stance of sauropodomorphs and dinosaurs in 

general. One of these approaches involves the trunk to femoral length ratio, where ratios of 

1:0.69 to 1:0.9 indicate undoubtedly quadrupedal dinosaurs (Galton, 1970). Accordingly, 

Thecodontosaurus was fully  bipedal since the forelimbs are proportionally longer, with a ratio 

of 1:1.6, whilst other obligate bipedal dinosaurs have a range between 1:1.22 to 1:1.9 (Galton 

and Upchurch, 2004). As for the rest of the basal sauropodomorphs traditionally grouped as 

ñprosauropods", the range from 1:0.95 to 1:1.15 suggest a facultative bipedalism. Anchisauria, 
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melanorosaurids, and Riojasaurus had a trunk: forelimb ratio of 1:0.71, proposing an obligate 

quadrupedalism (Galton and Upchurch, 2004). 

The sauropodomorph bauplan remained relatively consistent throughout its evolutionary 

history. Their general morphology comprises a long neck, long tail, a small skull in proportion 

to the body size, and a large barrel-shaped body (Wilson, 2002; Galton and Upchurch, 2004). 

The columnar limbs first developed in the Anchisauria, in taxa like Anchisaurus and Aardonyx, 

with an accompanying increase in relative and absolute forelimb length (Barrett and Upchurch, 

2007). Neck elongation was established in eusauropods (Upchurch, 1995; Wilson and Sereno, 

1998) and it seems that this trend of neck elongation occurred at least twice independently 

(Wilson and Upchurch, 2009). In relation to diet, it is thought that basal sauropodomorphs were 

facultative herbivorous (Barrett, 2000), but more derived taxa exhibit trends towards an 

increased body size and dental occlusion, implying a shift towards an obligate herbivory. The 

increase in size is apparently correlated with the shift to obligate quadrupedality and herbivory, 

related to the need for larger trunk regions and the processing of large quantities of vegetation 

(Yates and Kitching, 2003; Galton and Upchurch, 2004; Upchurch et al., 2007a, 2007b; Yates 

et al., 2010). 

A Melanorosaurus + Sauropoda clade is recovered by many analyses, and three features in this 

clade are consistent with the evolution of obligate quadrupedality: 1) the increase of the 

humeral length relative to femoral length in juveniles and adults; 2) the development of a large 

anterolateral process at the proximal end of the ulna; and 3) the straightening of the femoral 

shaft (Yates et al., 2010). 

Sauropodomorpha has also been suggested to be the sister taxa of Herrerasauridae (Baron et 

al., 2017a). A fully  carnivorous feeding strategy is not recovered as a plesiomorphic condition 

for dinosaurs, as theropods and ornithischians share a common ancestor in this hypothetical 

scenario. Under this hypothesis, some of the anatomical similarities between herrerasaurids 

and theropods must be interpreted as convergences (Baron et al., 2017a). 

Now that more is known about the osteology of basal saurischians such as Eoraptor (Remes, 

2007; Fechner, 2009; Sereno et al., 2012) and Herrerasaurus (Remes, 2007; Sereno, 2007b; 

Fechner, 2009), it is possible to start making comparisons between sauropodomorphs, basal 

theropods and ornithischians. Reconstruction of the forelimb musculature of basal 

sauropodomorphs was performed by Remes (2007), based primarily on Efraasia minor 
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Thecodontosaurus, Pantydraco and Saturnalia. This study concluded that basal 

sauropodomorphs lacked adaptations for an efficient mode of quadrupedal locomotion in the 

forelimb and that if  quadrupedal locomotion was displayed, it would be through a semi-

sprawling gait. The skeletomuscular system of the shoulder shows an increase in the 

optimization for mobility of the forelimb, and indirect evidence for a grasping hand, but not 

for agility and velocity. This confirmed an ability to manipulate branches with the hands that 

was suggested previously (Galton and Upchurch, 2004), but the forelimbs were still 

generalized enough as to allow some level of quadrupedal locomotion (Remes, 2007). This 

trend seems to be observed in the forelimbs of most non-sauropod sauropodomorphs, which 

exhibit only minor modifications in the forelimb compared to basal sauropodomorphs. The 

anatomy of Antetonitrus ingenipes and Pulanesaura eocollum show the starting point for major 

modifications of the forelimb skeletomuscular system as seen in derived sauropods (Yates and 

Kitching, 2003; Remes, 2007; Upchurch et al., 2007a; McPhee et al., 2014, 2015b; McPhee 

and Choiniere, 2017). 

Mussaurus has not been included in the matrices derived from the dataset of Yates (2007b), 

but this taxon has specimens of all the ontogenetic stages, from hatchlings to adults (Bonaparte 

and Vince, 1979; Pol and Powell, 2007b; Otero and Pol, 2013). A recent joint range of motion 

analysis showed that the glenohumeral protraction was greatly constrained, and that a small 

amount of active pronation of the manus could have been possible in Mussaurus via long-axis 

rotation at the elbow to achieve semi-pronation of the entire antebrachium (Otero, 2018). The 

position of Mussaurus is therefore crucial to understand the origins of quadrupedalism in 

Sauropodomorpha. 

One of the most studied prosauropods is Plateosaurus which was originally suggested as a 

digitigrade biped (Von Huene, 1910). Further studies considered it to be quadrupedal, as were 

many other archosaurs, with a sprawling stance and plantigrade feet (Jaekel, 1910; Fraas, 1912; 

Tornier, 1912; Müller-Stoll, 1935). More recent mechanical analysis of the vertebrae started to 

test the locomotion suggested for Plateosaurus and many other ornithischians. One approach 

involved the calculation of the bending moment of the vertebrae along the vertebral column 

(Christian and Preuschoft, 1996). This study employed assessments of extant birds and 

mammals to establish a mechanical difference between bipedal and quadrupedal stances. This 

study showed that in bipedal animals there is a maximum bending moment in the hips, whilst 

in quadrupedal animals, there is an additional local maximum in the shoulders. By comparing 
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the results from extant animals with those for non-avian dinosaurs, there was some evidence 

that Plateosaurus may have been a habitual quadruped, with the possibility to use a bipedal 

stance infrequently, probably restricted to standing or fast movements (Christian and 

Preuschoft, 1996). By contrast, the ornithischian Iguanodon showed a maximum bending 

moment in the hip region and in bending moments in the shoulder girdle, concordant with a 

frequent bipedal posture with but less with a frequent quadrupedal stance (Christian and 

Preuschoft, 1996). However, these conclusions proved that vertebrae can convey information 

about body posture, and the correlation between the pattern of bending moments and mass 

distribution and body posture, but it is limited to the assumption that the vertebral column 

serves only for locomotion and that the epaxial muscles do not extend beyond the neural spines 

of the vertebrae (Christian and Preuschoft, 1996). Moreover, recent reassessments of the hand 

of Plateosaurus concluded that the animal was not able to sustain a quadrupedal stance since 

the pronation of the manus was not possible (Bonnan and Senter, 2007; Mallison, 2009; 

Mallison et al., 2009).  

The increase of the forearm: hindlimb ratio is beneficial for a quadrupedal stance, and the basal 

members of Sauropodomorpha (Euskelosaurus, Lufengosaurus, Plateosaurus Efraasia, and 

Anchisaurus) have a humerus: femur ratio less than 0.8 (Cooper, 1981). This proportion is not 

preserved in hatchling individuals, and this coincides with other indications of obligate 

quadrupedality, as shown in early stages of Massospondylus, characterised by a proportionately 

enormous skull, horizontal neck, the small caudal vertebrae with weakly developed transverse 

processes and chevrons (Reisz et al., 2005). This hypothesis has been recently revisited, and a 

modification of this method in addition with detailed studies of the inner ear show that 

Massospondylus possessed bipedal skeletal proportions from embryo to adult (Chapelle, 2018; 

Neenan et al., 2018) 

The anterolateral process of the ulna defines a radial fossa that holds the radius into a medially 

shifted position, maintaining the radius laying anteromedially to the ulna. This allows the 

pronation of the hand, making the flexion-extension of the wrist parallel to the direction of 

travel (Bonnan, 2003). The evolution of a flat dinosaurian hand into a digitigrade and semi-

tubular structure relied on the shift in the position of the radius relative to the ulna, altering the 

digital arch. In this context, as proposed by Bonnan (2003) the sauropod manus originated as 

an exaptation, tied more to achieving pronation than to the redistribution of weight. 
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In basal sauropodomorphs, the proximal lateral margin in anterior view is markedly convex, 

whereas in Melanorosaurus is straightened, a feature observed in basal sauropods. The 

columnar femur is associated with the reduction of limb excursions during locomotion, a clear 

trend towards graviportal gaits (Yates et al., 2010). Graviportal animals have limbs more 

adapted to support heavy weight, which requires that the distance from the joint to the insertion 

of the muscle that moves the limb, i. e. the input lever, is longer with a proportionally short 

limb. Also, graviportal stance requires that the proximal sections of the limb are longer in 

comparison to the distal portions. Other dinosaurian clades that developed graviportal stances 

are Stegosauria, Ceratopsia and Ankylosauria (Maidment and Barrett, 2012). 

Melanorosaurus, Antetonitrus, and Aardonyx have a manus that still retain the offset and 

mobile pollex (Yates and Kitching, 2003; Bonnan and Senter, 2007). This is on its own no 

indication of grasping functionality since it could be a retention of a plesiomorphic state. 

Moreover, the grasping ability is not a constraint for bipedalism, since the animal could easily 

do this when in a stationary stance (Yates et al., 2010). Sauropoda has a set of diagnostic 

features that lead to the establishment of quadrupedality, such as the increase in the number of 

sacral vertebrae and the development of an eccentric femoral shaft to counter increased 

mediolateral forces. These features are not adaptations to quadrupedalism, but they could be 

coupled with the support of an increase in the gut volume and mass. Finally, there is an 

indication of a remodelling in the pelvic-femoral musculature, and this is suggested in the 

lateral shifting of the anterior trochanter relative to the femoral head, making it visible in 

posterior view (Yates et al., 2010).  

This approach was performed by Remes (2007) on the revision of osteological and myological 

features on more than 100 individuals of about 50 fossil taxa of basal archosaurs, basal 

dinosauriforms, basal saurischians, basal theropods, and basal sauropodomorphs. From this, 

several conclusions were obtained regarding the locomotion of basal sauropodomorphs: 1) it 

is not possible to conclude that Eoraptor was an obligate biped, since it retains a plesiomorphic 

anatomy in the forelimb that would allow a quadrupedal stance with semi-erect humeri, 2) the 

bipedality of Herrerasaurus shows functional parallelism to theropods, but the osteological 

and myological adaptations for this are not the same as the ones seen in theropods, 3) the 

pronation of the hand in basal saurischians may have evolved as a result of the specialization 

of the M. biceps brachii/M. brachialis system, possibly correlated with the development of a 

unique tubercle anteriorly on the radius, 4) there is evidence that basal sauropodomorphs 

improved manoeuvrability of the humerus, the ulna, the radius, and the manus, enabling them 
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to develop a more effective grasping, 5) there is no evidence of secondary quadrupedalism in 

sauropods, 6) most basal sauropodomorphs retained quadrupedal locomotion, with semi-erect, 

partially abducted forelimbs, and several basal sauropodomorphs evolved unique modifications 

to effectively pronate the manus for locomotion. 

To test these new hypotheses, a better-resolved phylogeny of non-sauropodomorphs is required 

to corroborate or validate the direction of the evolutionary trends between basal saurischians 

and sauropods and to establish how many times quadrupedality was achieved. The optimization 

of forelimbs towards a fully  erect, parasagittal-swinging columnar gait required a long 

evolutionary process that was not coupled with the trend to gigantic sizes (Remes, 2007). This 

would mean that gigantism evolved as an exaptation to quadrupedality, and not that 

quadrupedality evolved parallel to gigantism (contra Sander et al., 2011). 

Recent work on ornithischians using the approach of the Extant Phylogenetic Bracket (EPB) 

have shown that quadrupedality evolved independently several times and with different 

constraints (Maidment and Barrett, 2011, 2012). Archosaurs seem to possess a remarkably 

conservative myology, which allows the reconstruction of many muscles associated with the 

locomotor modules of dinosaurs. Applying these concepts to ornithischians showed that it was 

possible to conclude that the morphology of the pectoral girdle and forelimb indicates that the 

musculature was more analogous to that of crocodilians than birds (Maidment and Barrett, 

2012). 

The quadrupedal ornithischian lineages were studied to identify osteological correlates for 

quadrupedality (Maidment and Barrett, 2012). Stegosauria, Ankylosauria and Ceratopsia are 

uncontroversially quadrupedal, whereas basal ornithischians and some ornithopods are 

unequivocally bipedal. By identifying the features that define quadrupedality in these different 

lineages, it was possible to draw conclusions about two controversial groups: iguanodontian 

ornithopods and non-ceratopsid ceratopsians (Maidment and Barrett, 2012). The identification 

of osteological correlates in basal sauropodomorphs has not been performed in basal 

sauropodomorphs, and an initial attempt based on Maidment and Barrett (2012) is presented in 

this thesis using a revised phylogeny. 

1.6 Conclusions 

The large amount of contradiction and confusion in the various studies has led to the lack of 

consensus regarding the evolution of the group. There is a need to review all of the character 

lists and operational taxonomic units published throughout the years to generate a consensus 
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that can be used for further research. Therefore, a supermatrix approach has been chosen to 

tackle this problem. The supermatrix approach requires gathering all the information contained 

in the phylogenetic matrices that have been published so far, and the compatibility  of these 

matrices between them needs to be assessed also (see Chapter 2). Character delineation and 

operationalisation has been identified as the root of incongruence between the phylogenies 

since the four main character sets published so far have the same explanatory power and 

choosing one over the other is an arbitrary decision (a detailed account of the evidence to 

support this claim is outlined in Chapter 3, and a new phylogenetic analysis is provided in 

Chapter 5). Finally, since there is a large body of work concerning the quadrupedality of 

dinosaurs, both in sauropodomorphs and ornithischians, in comparison with the discussions of 

other aspects of the palaeobiology of basal sauropodomorphs, the evidence collected over the 

years on the origins of quadrupedality can be used a starting point to assess the explanatory 

power of the modified supermatrix obtained in this work (this analysis is described in detail in 

Chapter 5). 
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2 Comparative Cladistics 

 

Cladistic analyses can be divided into two logically distinct phases: character 

discovery and phylogenetic analysis (Winther, 2009). The first phase refers to the 

identification of primary homology (sensu de Pinna, 1991; Rieppel, 1994, 2004). The 

second phase refers to the identification of secondary homologies through the 

inference of the most parsimonious cladogram, which is itself based on the data 

collected in the first phase. Initial cladistic analyses were constrained by computer 

power, so that the authors would limit the number of characters. This meant that 

characters were recursively tested against one another to limit the number of characters 

to be analysed (Kitching et al., 1998). The advent of more efficient computer hardware 

and parsimony software (e.g. Farris et al., 1970) reduced the restrictions on the size of 

the matrices (Mounce, 2013). Based on a survey of cladistic analyses of fish, Mooi 

and Gill (2010) argued that the more relaxed constraints along with the desire to 

increase the ratio of characters to taxa might have encouraged practitioners to 

incorporate as many characters as possible, with less stringent quality control. A 

similar issue has been suggested for all vertebrates in general (Mounce, 2013; Mounce 

et al., 2016). Given that the phylogenetic analysis phase will identify the ónoisyô 

characters, there has not been an imperative for practitioners to analyse characters a 

priori (Mooi and Gill, 2010; Mounce, 2013). Here, an extensive literature review did 

not find any previous attempts to analyse characters a priori in the case of basal 

sauropodomorph phylogenies, although the problem has been diagnosed by Peyre de 

Fabrègues et al. (2015). 

Many researchers have approached the problem of the early evolutionary history of 

the sauropodomorph dinosaurs, as outlined in Chapter 1. For this reason, there are 

many matrices to choose from when doing phylogenetic analyses. Some researchers 

have leant towards more complete geographic representation of the taxonomic scope 

to discriminate the best matrix, for example Upchurch et al. (2007) sampled all of the 

then published sauropodomorphs from Argentina (Martínez, 2009). On the other hand, 

the recursively modified versions of the dataset of Yates (2007) were built and 

expanded on the basis that these sample the largest number of characters and taxa (e.g. 

Apaldetti et al., 2011, 2013, 2014, McPhee et al., 2014, 2015b, 2015a). 
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In this chapter, the phylogenetic phase of cladistic analysis is explored in comparative 

terms. The matrices were taken from the original publications, and the most recently 

amended versions of each matrix were assessed (see Chapter 3 for a detailed account 

of the modifications carried out on each matrix). 

First, taxonomic scope was investigated to assess the claim that one matrix or another 

has the most comprehensive or largest sample. Then, using standardised searching 

techniques, the stratigraphic fit was assessed to find if one topology is more congruent 

with the ages of the specimens than any of the others. Subsequently, the phylogenetic 

signals derived independently from the three main body regions, i.e. the cranial, axial 

and appendicular skeletons, were assessed under the same searching techniques for all 

the matrices to assess whether one part of the skeleton contains more phylogenetic 

information than others (partition analysis). Using the partition analysis approach, the 

character delineation is also tested here to assess if there is any difference between the 

information conveyed by characters that describe qualitative traits (discrete) and the 

characters that convey continuous information via an incongruence length difference 

(ILD) test, to assert the homogeneity of these two partitions. Finally, the character 

composition of each of the matrices was compared to see if any of the identified 

phylogenetic signals in the partition analysis may be biasing the final topologies. 
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2.1 Current incongruent phylogenies for  Sauropodomorpha 

 

Currently, there are three 

competing hypotheses on the 

early evolution of 

Sauropodomorpha (Figure 

2.1). All three hypotheses 

agree in considering 

óProsauropodaô to be 

paraphyletic. The first 

hypothesis, proposed by 

Upchurch et al. (2007), 

identifies a clade that can be 

referred  to as ócore 

Prosauropodaô, a less inclusive 

paraphyletic group including 

the most basal forms, such as 

Thecodontosaurus, Efraasia 

and Pantydraco, and a more 

derived clade that includes 

Anchisauridae (Marsh, 1885), 

Melanorosauridae (Von 

Huene, 1929) and Sauropoda 

(Marsh, 1878). The second 

hypothesis was proposed by 

Yates (2007b) and considers 

all óprosauropodsô to be in a 

pectinate paraphyletic 

arrangement. Finally, the 

third hypothesis, produced by 

Pol et al. (2011), proposed that some groups are paraphyletic at the base of the tree, 

i.e. Thecodontosauridae (Haughton, 1924), Plateosauridae (Marsh, 1895) and 

Riojasauridae (Yates, 2007a), but that a small, derived group of ótraditional 

Figure 2.1 Simplified cladograms comparing the three 

topologies found in the literature based on 

independently compiled data sets. The three 

hypotheses based on the different datasets used 

throughout literature. In hypothesis A, Prosauropoda 

is a less inclusive clade than the traditionally referred 

Prosauropoda, a ócore Prosauropodaô. In hypotheses B 

and C, the family names replace the OTU they contain 

and would be paraphyletic to each other. 
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prosauropodsô [Massospondylidae (Von Huene, 1914a)  +  Yunnanosauridae (Young, 

1942)] is the sister taxon of Anchisauria (Galton and Upchurch, 2004). 

These three hypotheses are based on different phylogenetic matrices that have 

undergone modification over time. Two of the three character lists have been reworked 

by later authors who added more specimens, more taxa and/or new characters, as well 

as changing some character wording and definitions (Figure 2.1). The most widely 

used matrix is Yates et al. (2010), a modified version of the dataset in Yates (2007). A 

modified form of the Yates et al. (2010) matrix, compiled by Apaldetti et al. (2011), 

has been used in more recent cladistic analyses as it was considered the most extensive 

and complete dataset (Otero and Pol, 2013; McPhee et al., 2014, 2015a, b; Otero et al., 

2015; Peyre de Fabrègues and Allain, 2016). A similar evaluation was carried out by 

Martínez (2009) to justify the use of the Upchurch et al. (2007) matrix over that of 

Yates (2007b). One recent work (Sekiya et al., 2013) attempted to merge the two most 

comprehensive character lists available at that time (Upchurch et al., 2007a; Apaldetti 

et al., 2011) and to reassess some characters. However, the number of taxa included 

was limited to those that were in common between the matrices, and in most of the 

cases revision of the characters was based solely on the literature rather than first-hand 

observation of specimens (Sekiya et al., 2013). The matrix of Pol et al. (2011) has 

largely been ignored and has no modifications. Peyre de Fabrègues et al. (2015) 

compared the three phylogenies and found a consensus on the general topologies. All 

three competing hypotheses agree on the existence of Anchisauria as a paraphyletic 

array of taxa close to the origin of Sauropoda. The clade definitions used here 

correspond to the phylogenetic definitions stated in Chapter 1 (1.4.1). 

2.2 Taxonomic scope 

The comparative analysis performed by Peyre de Fabrègues et al. (2015) found that an 

even reduction of the taxonomic scope in the three matrices supported the original 

topologies that were derived therefrom. Here, I test the hypothesis that taxon choice 

plays a role in the topological inconsistencies seen between analyses: this is explored 

for the first time by including all the operational taxonomic units (OTU) in each 

matrix. The first step towards this was to search several online databases, i.e. 

PaleoBiology Database (paleobiodb.org), and Biodiversity Heritage Library 

(biodiversitylibrary.org), and a comprehensive literature search, for all the taxa that 
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have been referred historically to either óProsauropodaô or óbasal Sauropodomorpha.ô 

This list guided the sampling of taxa to be included in the analyses presented herein. 

The new database was compiled to reflect the year of naming/publication of each 

taxon, meaning that assuming a representative sampling, species would be added 

progressively into the new datasets. Although three primary datasets have been 

regarded as addressing the specific problem of basal sauropodomorph evolution (see 

above), there are 31 publications dealing with the evolution of saurischians and 

sauropodomorphs that include basal sauropodomorph taxa as OTUs, the first of these 

being the phylogenetic analyses published by Upchurch (1995). Taxonomic scope is a 

two-fold issue: one of taxonomic inclusion, where newly named taxa are thoroughly 

included in updated versions of the matrices, and geographic inclusion, where there is 

a trend to include more specimens from specific regions. 

2.2.1 Taxonomic inclusion 

The first basal sauropodomorph to be described was Thecodontosaurus antiquus 

(Riley and Stutchbury, 1836). From 1836 until 1995, when the first numerical 

phylogenetic analysis was published, there were 34 named, valid taxa that were 

available for inclusion (Table 2.1). 

The only taxon that has been used in all phylogenetic analyses is Plateosaurus 

engelhardti. Moreover, only eight of the 34 taxa have been included in >75% of the 

earlier analyses (see Table 2.1): Eoraptor lunensis, Lufengosaurus huenei, 

Plateosaurus engelhardti, Massospondylus carinatus, Anchisaurus polyzelus, 

Vulcanodon karibaensis, Barapasaurus tagorei and Shunosaurus lii , the latter three 

being unambiguous sauropods. Several of the taxa listed in Table 2.1 are 

taxonomically unstable and were excluded from half of the analyses for several 

reasons: (1) there was a taxonomic opinion on the recognition of them as synonyms, 

e.g. Ammosaurus (Marsh, 1889, 1891; Galton, 1971, 2012; Galton and Cluver, 1976; 

Sereno, 2007c; Tweet and Santucci, 2011), óGyposaurusô sinensis (Young, 1941a; 

Galton and Cluver, 1976; Galton and Upchurch, 2004), Euskelosaurus (Seeley, 1894; 

Haughton, 1924; Van Heerden, 1979; Galton and Upchurch, 2004), Eucnemesaurus 

(van Hoepen, 1920; Haughton, 1924; Van Heerden, 1979), Plateosaurus ingens 

(Rütimeyer, 1857; Von Huene, 1932; Galton, 1986b, 2001a), and Sellosaurus (Galton, 

1985c, 1999b, 2001b; Galton and Bakker, 1985; Moser, 2003; Yates, 2003a; Galton 
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and Upchurch, 2004); (2) they were excluded because the taxon was known only from 

juvenile material, e.g. Mussaurus (Bonaparte and Vince, 1979; Galton and Upchurch, 

2004; Reisz et al., 2013), (3) the validity of the species was doubtful, e.g. the case for 

Kotasaurus being a chimera (Yates, 2007a). Others were considered too incomplete 

for inclusion in these earlier works, such as Ohmdenosaurus. 

The availability of specimens for phylogenetic analysis has varied over time because 

of differences in the history of discovery. To avoid biasing the analysis due to these 

differences, a calibrated frequency (fi) was calculated to reflect more precisely 

óavailability.ô This metric takes into account the year of naming/publication to avoid 

low percentages when the species have been recently discovered. To calibrate for this 

frequency, the óavailabilityô of the specimen is considered to be the year when a name-

bearing publication with a description of the specimen was produced, because there is 

a source of information available to assess characters. This year of publication is 

counted as ñyear 0 of availabilityò, and only the years after this are considered in the 

calculation of the frequency. Therefore, the analyses published before that year of 

availability are counted as ñunavailableò (ñu = Unavailabilityò). This frequency is 

calculated as in equation 2.1. 

Ὢ
ὲ

Вὲ Ὗ
 ςȢρ 

In Table 2.2 we can see that even the most recently named taxa do not have a high 

relative frequency of inclusion, meaning that the information that new specimens can 

contribute to analyses is often still not being captured. For instance, Meroktenos would 

have been available for inclusion in five analyses but has only been used in one. 

Meroktenos then has the same calibrated relative frequency of usage as 

Pampadromaeus, a specimen named five years earlier than Meroktenos. Several taxa 

are consistently used in phylogenetic analyses, but there are several other taxa that 

have been side-lined without justification as well as for the reasons listed above. This 

indicates that taxonomic inclusion has not been carried out thoroughly when building 

or amending a matrix, creating palimpsests. 

2.2.2 Geographic inclusion 

This new, comprehensive dataset allows geographic inclusion to be explored also. 

Although most of the taxa discovered before 1955 come from Laurasia (North 
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America, Europe, and Asia) since 1955 there has been an increase in the basal 

sauropodomorph material collected from Gondwana (South America, Africa, India 

and Antarctica). Today, there is an almost one-to-one ratio of sauropodomorph species 

collected from Laurasia and Gondwana (the ratio is 0.91, with few more species 

recorded from Gondwana; see Table 2.3). 

In Figure 2.2 the taxonomic composition of each dataset is plotted against the 

logarithm of the ratio of species between Laurasia and Gondwana demonstrating that 

most analyses have been biased towards Laurasian taxa, despite the fact that 

Gondwanan and Laurasian taxa have been discovered in approximately equal 

proportions since 1990 (Figure 2.3).ò Although every new discovery has not been 

incorporated systematically into these datasets, analyses since 2015 have had a 

Gondwanan, rather than Laurasian bias, perhaps because of recent analyses being 

conducted largely by southern hemisphere researchers. 

These two analyses of the taxonomic scope show that matrices are not capturing the 

same information and that choosing one or another based on data completeness is not 

an adequate approach. 
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Table 2.1 Species recognised as unequivocal óprosauropodsô or basal sauropods that were 

discovered between 1836 and 1994. These specimens can be considered as available for the time 

of study to be considered in the analyses. In total, 32 matrices are being compared, and the 

frequency of the analyses where they appear is also shown. 

Genus Species 

Year of 

discovery Frequency 

Total 

analyses = 

32 

Plateosaurus engelhardti 1837 32 100.00 

Massospondylus carinatus 1854 27 84.38 

Vulcanodon karibaensis 1972 27 84.38 

Barapasaurus tagorei 1975 27 84.38 

Shunosaurus lii  1983 27 84.38 

Lufengosaurus huenei 1940 26 81.25 

Eoraptor lunensis 1993 25 78.13 

Anchisaurus polyzelus 1885 24 75.00 

Melanorosaurus readi 1924 23 71.88 

Yunnanosaurus huangi 1940 23 71.88 

Riojasaurus incertus 1969 23 71.88 

Efraasia minor 1973 23 71.88 

Blikanasaurus cromptoni 1985 23 71.88 

Coloradisaurus brevis 1983 22 68.75 

Jingshanosaurus xinwaensis 1994 22 68.75 

Sellosaurus gracilis 1905 21 65.63 

Thecodontosaurus antiquus 1836 20 62.50 

Mamenchisaurus spp 1954 20 62.50 

Patagosaurus fariasi 1979 20 62.50 

Staurikosaurus pricei 1970 19 59.38 

Camelotia borealis 1985 19 59.38 

Cetiosaurus oxonensis 1841 18 56.25 

Plateosauravus cullingworthi 1932 18 56.25 

Plateosaurus ingens 1856 14 43.75 

Yunnanosaurus robustus 1951 10 31.25 

Mussaurus patagonicus 1979 10 31.25 

Camarasaurus spp. 1877 5 15.63 

Ammosaurus major 1891 5 15.63 

Gyposaurus sinensis 1911 5 15.63 

Kotasaurus yamanpalliensis 1988 5 15.63 

Euskelosaurus browni 1866 2 6.25 

Eucnemesaurus fortis 1920 2 6.25 

Chinshakiangosaurus chunghoensis 1992 2 6.25 

Ohmdenosaurus liasicus 1978 0 0.00 
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Table 2.2 Relative frequency of newly discovered specimens available for research. 

Genus Species 

Year of 

discovery Unavailability Frequency 

Relative 

frequency 

Chindesaurus bryansmalli 1995 1 19 61.29 

Gongxianosaurus shibeiensis 1998 1 16 51.61 

Guaibasaurus candelarensis 1999 2 21 70.00 

Lessemsaurus sauropoides 1999 2 21 70.00 

Saturnalia tupiniquim 1999 2 28 93.33 

Isanosaurus attapavichi 2000 2 19 63.33 

Omeisaurus maoianus 2001 2 22 73.33 

Ruehleia bedheimensis 2001 2 18 60.00 

Agnosphitys cromhallensis 2002 3 14 48.28 

Antetonitrus ingenipes 2003 4 21 75.00 

Silesaurus opolensis 2003 5 22 81.48 

Tazoudusaurus naimi 2004 6 18 69.23 

Unaysaurus tolentinoi 2004 6 16 61.54 

Lamplughsaura dharmaramensis 2007 6 2 7.69 

Pradhania gracilis 2007 6 2 7.69 

Pantydraco caducus 2007 7 20 80.00 

Glacialisaurus hammeri 2007 10 14 63.64 

Asylosaurus yalensis 2007 11 0 0.00 

Yunnanosaurus youngi 2007 11 1 4.76 

Spinophorosaurus nigerensis 2009 11 4 19.05 

Adeopapposaurus mognai 2009 12 12 60.00 

Massospondylus kaalae 2009 12 2 10.00 

Panphagia protos 2009 12 9 45.00 

Tawa hallae 2009 12 5 25.00 

Aardonyx celestae 2010 12 13 65.00 

Seitaad ruessi 2010 12 11 55.00 

Chromogisaurus novasi 2010 13 11 57.89 

Ignavusaurus rachelis 2010 14 4 22.22 

Jaklapallisaurus asymmetrica 2011 16 1 6.25 

Nambalia roychowdhurii 2011 16 1 6.25 

Leonerasaurus taquetrensis 2011 17 7 46.67 

Leyesaurus marayensis 2011 18 10 71.43 

Sarahsaurus aurifrontalis 2011 18 8 57.14 

Eodromaeus murphi 2011 19 3 23.08 

Pampadromaeus barberenai 2011 19 3 23.08 

Sefapanosaurus zastroensis 2015 24 1 12.50 

Eucnemesaurus entaxonis 2015 25 5 71.43 

Pulanesaura eocollum 2015 26 3 50.00 

Meroktenos thabanensis 2016 27 1 20.00 

Buriolestes schultzi 2016 28 2 50.00 

Xingxiulong chengi 2017 29 1 33.33 
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Table 2.3 Summary of the analyses compared in this work with the proportion of Laurasian and 

Gondwanan basal sauropodomorphs used in the analysis. This includes only specimens referred 

to either óprosauropods,ô óbasal sauropodomorphsô or óbasal sauropods.ô 

ANALYSIS  

NUMBER 

REFERENCE LAURASIAN 

TAXA  

GONDWANAN 

TAXA  

RATIO  

1  This compilation 32 35 0.914286 

2  Upchurch (1995) 6 5 1.2 

3  Wilson and Sereno 

(1998) 

4 1 4 

4  Wilson (2002) 5 1 5 

5  Yates (2003) 3 1 3 

6  Yates and Kitching 

(2003) 

9 7 1.285714 

7  Galton and Upchurch 

(2004) 

12 9 1.333333 

8  Kutty et al. (2007) 12 10 1.2 

9  Upchurch et al. (2007) 14 10 1.4 

10  Yates (2007a) 20 11 1.818182 

11  Yates (2007b) 20 12 1.666667 

12  Smith and Pol (2007) 20 13 1.538462 

13  Remes et al. (2009) 5 1 5 

14  Sertich and Loewen 

(2010) 

21 15 1.4 

15  Ezcurra (2010) 20 14 1.428571 

16  Knoll et al. (2010) 20 14 1.428571 

17  Nesbitt et al. (2011) 2 1 2 

18  Novas et al. (2011) 23 14 1.642857 

19  Pol et al. (2011) 14 10 1.4 

20  Apaldetti et al. (2011) 21 17 1.235294 

21  Cabreira et al. (2011) 2 5 0.4 

22  Apaldetti et al. (2013) 23 16 1.4375 

23  Sekiya et al. (2013) 13 11 1.181818 

24  Otero et al. (2013) 20 18 1.111111 

25  Apaldetti et al. (2014) 21 16 1.3125 

26  Otero et al. (2015) 21 18 1.166667 

27  McPhee et al. (2015a) 16 21 0.761905 

28  McPhee et al. (2015b) 17 20 0.85 

29  Peyre de Fabregues et 

Allain (2016) 

21 19 1.105263 

30  Cabreira et al. (2016) 3 5 0.6 

31  Wang et al. (2017) 18 20 0.9 

32  Chapelle et al. (2018) 18 19 0.947368 

33  Muller et al. (2018) 3 5 0.6 
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Figure 2.2 Graph showing the proportion of Laurasian/Gondwanan taxa used in the different 

analyses considered in this work. The red dashed line represents the proportion of taxa that have 

been found in this work from studying the online databases mentioned in section 2.2. The solid 

dots indicate that there are more Laurasian taxa than there are Gondwanan taxa, and the inverse 

proportion is represented by crosses. Most analyses oscillate around the currently  known 

proportion (red dashed line). For reference, the analysis number is the same as the one given in 

Table 2.3. 

 

 

Figure 2.3 Graph showing the increase of taxa described from Laurasia (blue) and Gondwana 

(red) from 1836 until today. 
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2.3 Standardised searching techniques 

All analyses differ in the search engine and parameters that produce the resulting 

topologies (Table 2.4). The number of most parsimonious trees (MPTs) and the length 

of these trees differ between all of the analyses, but the consistency and retention 

indexes are similar for all of the phylogenies when reported. 

When the Consistency Index (CI) = 1 the characters have evolved perfectly 

parsimoniously. However, as the number of taxa increases, the CI tends to increase as 

well (Archie, 1989). Therefore, this metric is not a reliable way to compare matrices 

when the number of OTUs changes. As seen in Table 4, the CI value ranges from 0.23 

to 0.4. 

Another metric reported in the literature is the Retention Index (RI) that overcomes 

the problem of the number of OTUs sampled. When RI = 1, the characters are 

consistent with the phylogeny showing no homoplasy. This metric measures both the 

amount of homoplasy and how much the synapomorphies support the tree. This metric 

is more consistent throughout the sauropodomorph literature, with reported values 

ranging between 0.6 and 0.7. 

To explore the impact of different search parameters on the datasets, all of them were 

analysed using the same search techniques in TNT 1.5 beta (Goloboff et al., 2008). 

The matrices were all analysed with the new technology search function (ratchet and 

drift set to their default values of 10 iterations and 10 cycles respectively) with 1000 

random additional sequences. 

The matrices analysed were the most recent versions of each of the major published 

matrices, as of January 2018. These matrices were Apaldetti et al. (2013), based on 

Upchurch et al. (2007) and Wang et al. (2017), based on Yates et al. (2010). Sekiya et 

al. (2013) and Pol et al. (2011) have not been modified subsequently. To simplify the 

following section, the code mU2007 stands for the amendments to Upchurch et al. 

(2007), including the characters and taxa modified by Sekiya (2010), Sertich and 

Loewen (2010), Rowe et al. (2011) and Apaldetti et al. (2013). The code mY2010 

stands for the latest modifications done to Yates et al. (2010) and the recursive 

modifications that were applied to the dataset in Apaldetti et al. (2011), McPhee et al. 

(2015) and Wang et al. (2017). 
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The evolution of quadrupedalism has occupied much of the literature in 

sauropodomorphs (Appendix 1), and this large amount of independently discussed 

information provides a framework of evidence to compare the different topologies and 

the different phylogenetic scenarios they imply. 

The analysis of mU2007 generated 22 MPTs with tree lengths of 883 steps. The strict 

consensus has a CI = 0.350 and a RI = 0.621. Compared to previous analyses of this 

dataset, mU2007 has a very low number of MPTs, the lowest number of steps, and the 

CI and RI fall within the previously reported range. The strict consensus shows a 

topology where most of the non-sauropod sauropodomorphs form a monophyletic 

group that is the sister clade to a monophyletic Sauropoda (Figure 2.4). 

Jingshanosaurus, Antetonitrus, Blikanasaurus, and Melanorosaurus are placed at the 

base of Sauropoda. This scenario is consistent with other matrices derived from 

Upchurch et al. (2007). 

The analysis of mY2010 generated 12 MPTs with tree lengths of 1313 steps. The strict 

consensus shows a comb-like arrangement from basal saurischians to sauropod 

dinosaurs with a CI = 0.326 and a RI = 0.674. The analysis of mY2010 produced a 

similar number of MPTs to earlier analyses (i. e. Sertich and Loewen, 2010; Apaldetti 

et al., 2011; Otero and Pol, 2013; McPhee et al., 2014) that have similar lengths to 

those in some other publications (Apaldetti et al., 2011; Otero and Pol, 2013; Otero et 

al., 2015). The CI and RI fall within the ranges published previously. 

Several smaller clusters are recovered: Plateosauridae (Unaysaurus, Plateosaurus 

engelhardti, Plateosaurus gracilis), Riojasauridae (Eucnemesaurus, Riojasaurus), 

Massospondylidae (including óLufengosaurinaeô, i.e. Lufengosaurus, Coloradisaurus, 

Glacialisaurus and óMassospondylinaeô, i.e., Massospondylus, Adeopapposarus, 

Leyesaurus) and Yunnanosauridae (Yunnanosaurus, Seitaad, Jingshanosaurus). 

Plateosauridae has taxa with evidence of obligate bipedality (e.g. Plateosaurus in 

Bonnan and Senter, 2007), whereas óLufengosaurinaeô has taxa considered to be 

bipedal but with weak evidence. Yunnanosauridae also contains taxa that have been 

considered to be bipedal, although this has been suggested merely based on the body 

proportions rather than biomechanical analysis, as has been carried out for 

Plateosauridae (Bonnan and Senter, 2007; Mallison, 2009; Mallison et al., 2009; 

Figure 2.5). 
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Table 2.4 Summary of the various search parameters employed in the different analyses outlined in Chapter 1.  

Analysis IG OG Ord. 

chrs. 

Polymorphisms A posteriori 

deleted OTU 

MPTs (L) Searching algorithm RI CI Searching 

engine 

Upchurch 

et al. 

(2007) 

27 7 1 Uncertainty Blikanasaurus 6 (724) Heuristic search 0.66 0.40 PAUP 4.0b10 

Martinez 

(2009) 

28 7 1 Uncertainty Blikanasaurus 1 (739) Heuristic search, random 

addition sequence, TBR 

branch-swapping 

algorithm, 

NP NP TNT v 1.0 

Yates et 

al. (2010) 

(Analysis 

1) 

29 7 1 Uncertainty None 82 (744) Heuristic search, TBR 

branch swapping, 100 

random addition sequence 

replicates 

NP NP PAUP 4.0b10 

Yates et 

al. (2010) 

(Analysis 

2) 

26 7 1 Uncertainty Blikanasaurus, 

Lessemsaurus, 

Plateosauravus 

1 (737) Heuristic search, TBR 

branch swapping, 100 

random addition sequence 

replicates 

NP NP PAUP 4.0b10 

Sertich 

and 

Loewen 

(2010) 

27 7 1 Uncertainty Blikanasaurus 18 (767) Heuristic search, TBR 

branch swapping, 1000 

random addition sequence 

replicates (holding 10 trees 

per replicate) 

0.659 0.387 TNT v 1.1 
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Table 2.4 (cont.) 

Analysis IG OG Ord. 

chrs. 

Polymorphisms A posteriori 

deleted OTU 

MPTs (L) Searching algorithm RI CI Searching 

engine 

Rowe et 

al. (2011) 

(Analysis 

2) 

32 7 1 Polymorphisms NA 3585 (820) Not specified 0.638 0.233 TNT v 1.1 

Apaldetti 

et al. 

(2013) 

(Analysis 

2) 

32 7 1 Polymorphisms NA 20 (848) Heuristic search, TBR 

branch swapping, 1000 

random addition sequence 

replicates 

0.632 0.364 TNT v 1.1 

Yates 

(2007b) 

34 9 36 Polymorphisms NA 60 (1094) Heuristic search, random 

addition sequence with 20 

replicates, TBR branch-

swapping algorithm 

NP NP PAUP 4.0b10 

Smith and 

Pol (2007) 

35 9 36 Polymorphisms NA 60 (1106) Heuristic search, random 

addition sequence with 

5000 replicates 

0.698 0.378 PAUP 4.0b10 
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Table 2.4 (cont.) 

Analysis IG OG Ord. 

chrs. 

Polymorphisms A posteriori 

deleted OTU 

MPTs 

(L) 

Searching algorithm RI CI Searching 

engine 

Yates et 

al. (2010) 

(Analysis 

3) 

34 9 36 Polymorphisms Plateosaurus 

ingens 

208 

(1135) 

Heuristic search, TBR 

branch swapping, 100 

random addition sequence 

replicates 

NP NP PAUP 4.0b10 

Yates et 

al. (2010) 

(Analysis 

4) 

31 9 36 Polymorphisms Plateosaurus 

ingens, 

Blikanasaurus, 

Camelotia, 

Isanosaurus 

28 

(1119) 

Heuristic search, TBR 

branch swapping, 100 

random addition sequence 

replicates 

NP NP PAUP 4.0b10 

Sertich 

and 

Loewen 

(2010) 

36 9 36 Polymorphisms NA 16 

(1173) 

Heuristic search, TBR 

branch swapping, 1000 

random addition sequence 

replicates (holding 10 trees 

per replicate) 

0.659 0.387 TNT v 1.1 

Ezcurra et 

al. (2010) 

43 9 36 Polymorphisms NA 100 

(1186) 

Heuristic search, 50 

replications (holding 10 trees 

per replicate) 

0.697 0.372 TNT v 1.1 
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Table 2.4 (cont.) 

Analysis IG OG Ordered 

characters 

Polymorphisms A posteriori 

deleted OTU 

MPTs 

(L) 

Searching algorithm RI CI Searching 

engine 

Knoll et 

al. (2010) 

36 9 36 Polymorphisms NA 60 

(1128) 

Heuristic search, 

stepwise addition 

0.693 0.370 PAUP 4.0b10 

Novas et 

al. (2010) 

45 9 36 Polymorphisms NA 540 

(1210) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

(holding 10 trees per 

replicate) 

0.677 0.368 TNT v 1.1 

Apaldetti 

et al. 

(2011) 

47 9 36 Polymorphisms NA 18 

(1301) 

Heuristic search, 1000 

replicates, TBR branch 

swapping 

0.667 0.325 TNT v 1.1 

Cabreira 

et al. 

(2011) 

44 9 36 Polymorphisms NA 4 (1171) Heuristic search, TBR 

branch swapping, 

10,000 random addition 

sequence replicates 

0.679 0.376 TNT v 1.1 

Rowe et 

al. (2011) 

(Analysis 

1) 

43 9 36 Polymorphisms NA 130 

(1234) 

Not specified 0.657 

 

0.341 TNT v 1.1 
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Table 2.4 (cont.) 

Analysis IG OG Ordered 

characters 

Polymorphisms A posteriori 

deleted OUT 

MPTs 

(L) 

Searching algorithm RI CI Searching 

engine 

Martinez 

et al. 

(2012) 

42 9 36 Polymorphisms NA 60 

(1192) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

0.69 0.37 TNT v 1.1 

Apaldetti 

et al. 

(2013) 

(Analysis 

1) 

45 9 36 Polymorphisms NA 36 

(1277) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

0.670 0.330 TNT v 1.1 

Otero et 

al. (2013) 

49 9 36 Polymorphisms NA 10 

(1332) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

(holding 10 trees per 

replicate) 

0.66 0.32 TNT v 1.1 

McPhee et 

al. (2014) 

42 9 36 Polymorphisms. 

Character 184 

deleted 

NA 16 

(1194) 

Not specified NR NR TNT v 1.1 
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Table 2.4 (cont.) 

Analysis IG OG Ordered 

characters 

Polymorphisms A posteriori 

deleted OUT 

MPTs 

(L) 

Searching algorithm RI CI Searching 

engine 

McPhee et 

al. (2015a) 

44 9 40 Polymorphisms NA 69 

(1264) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

(holding 10 trees per 

replicate) 

NR NR TNT v 1.1 

McPhee et 

al. 

(2015b) 

46 9 43 Polymorphisms NA 8 (1244) Not specified 0.7 0.34 TNT v 1.1 

Otero et 

al. (2015) 

47 9 37 Polymorphisms NA 48 

(1355) 

Heuristic search, TBR 

branch swapping, 1000 

random addition 

sequence replicates 

(holding 10 trees per 

replicate) 

0.66 0.32 TNT v 1.1 

Pol et al. 

(2011) 

15 35 32 Polymorphisms NA 7452 

(619) 

Heuristic tree search 

(1000 replicates), TBR 

(holding 10 trees per 

replicate) 

0.795 0.519 TNT v. 1.0 

Sekiya et 

al. (2013) 

29 4 30 Polymorphism  10 

(1513) 

Heuristic search 0.498 0.357 PAUP 4.0b10 
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Figure 2.4 Strict consensus obtained from the matrix of Upchurch et al. (2007) with the inclusion of the 

taxa (Lessemsaurus, Coloradisaurus, Glacialisaurus, Adeopapposaurus, Leyesaurus, Sarahsaurus) and 

characters in Apaldetti et al. (2013) and Xixiposaurus from Sekiya et al. (2010). The tree is plotted 

against the geological scale using the R package strap. For this, the minimum branch length option was 

set at 2 million years, estimating the root age for 253.5 Mya, and estimating a synchronous 

diversification of Sauropoda and Prosauropoda. 

Anchisaurus is placed at the base of the clade that leads towards obligate quadrupedality. 

Based on its morphology it seems that this dinosaur was facultatively bipedal (Galton, 

1971; Galton and Cluver, 1976). Anchisauria also contains Mussaurus, which has recently 

been argued to have been facultatively quadrupedal based on biomechanical analyses 

(Otero et al., 2017), and Aardonyx, which lacks the specialisations found in other 

quadrupedal sauropodomorphs (Yates et al., 2010). A polytomy of Blikanasaurus, 

Melanorosaurus, and Antetonitrus, which have all been proposed to be quadrupedal 

animals (Charig et al., 1965; Heerden and Galton, 1997; Galton and Heerden, 1998), is at 

the base of the clade Sauropoda. This topology implies that quadrupedality was acquired 

gradually from Anchisaurus onwards, becoming established quickly during the Norian. 

This is consistent with what was reported from several matrices, more recently Wang et al. 

(2017), but differs from other results, such as those reported by Chapelle and Choiniere 

(2018), where bipedal ómassospondylidsô are nested within Anchisauria. In the latter 
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scenario, quadrupedality arose in Anchisaurus and Aardonyx. Although in Yates et al. 

(2010) Eoraptor is found as a sauropodomorph, the other topologies place Eoraptor as a 

basal theropod instead, reducing the role that Eoraptor has in understanding the transition 

from bipedal locomotion to obligate quadrupedality, and the similarities that Eoraptor has 

with Buriolestes and Bagualosaurus are a case of convergence or plesiomorphic retention 

of a basal saurischian bauplan. 

Reanalyses of the Sekiya et al. (2013) dataset suggest that the reported analyses did not 

find all of the MPTs, and therefore the scenarios found herein are different. The new 

analysis herein produced eight MPTs with lengths of 1498 steps, with values of CI = 0.353 

and a RI = 0.490. In contrast, the original analysis produced 10 MPTs with a length of 1513 

steps. However, the homoplasy metrics are similar (CI = 0.357, RI = 0.498). 

Whereas in Sekiya et al. (2013) the clade ñProsauropodaò was found to contain 

Anchisaurus, Gyposaurus, Sarahsaurus, Massospondylus, Adeopapposaurus, 

Plateosaurus Riojasaurus, Coloradisaurus, and Lufengosaurus, the results of the re-

analysis presented here are more similar to the topologies reported from the versions 

derived from the dataset of Yates et al., 2010 (Figure 2.5). It still supports Guaibasaurus 

as a basal sauropodomorph, but this merely reflects the small number of non-

sauropodomorph taxa in the dataset. Sekiya et al. (2013) produced a matrix that is derived 

from the matrices of Yates et al. (2010) and Upchurch et al. (2007). Although the character 

list was compiled through revising and joining the characters that referred to the same 

feature in both matrices, this dataset displays a preference for additive binary coding. 

Instead of many multistate characters (as in the matrix by Yates et al., 2010), there are sets 

of binary characters (as they were worded by Upchurch et al., 2007). This means that some 

multistate characters in Yates et al. (2010) were split according to the binary characters 

coded by Upchurch et al. (2007). It was expected that, as with the previous re-analyses, the 

matrix of Sekiya et al. (2013) would have produced the same results as the ones published. 

And that because the coding strategies in Upchurch et al. (2007) were implemented when 

merging the character lists of mU2007 and mY2007, the resulting topologies would 

resemble the ones in mU2007. 

Finally, the reanalysis of the matrix of Pol et al. (2011) produced the largest number of 

MPTs (318), with the shortest tree lengths (618 steps). The MPTs have homoplasy values 

of CI = 0.444 and a RI = 0.715. In Pol et al. (2011), the strict consensus exhibits a topology 



 

92 

 

similar to the topologies obtained from the modified versions of Yates et al (2010). The 

topology reported by Pol et al. (2011) was modified by those authors A posteriori by the 

removal of Jingshanosaurus, Blikanasaurus, Camelotia, and Isanosaurus. For comparative 

purposes, these taxa were not excluded from the reanalysis here because they were 

consistently included in the previous three analyses (except for Isanosaurus). Two main 

clades are identifiable: Massospondylidae and Sauropoda (Figure 2.7). 

Although the relationships between basal sauropodomorphs are almost completely 

unresolved in the re-analysis of the Pol et al. (2011) dataset, there is high resolution towards 

the base of the tree, and it includes more theropods and silesaurids than the other analyses. 

Summary. Given that using a standardised set of search techniques and the same number 

of replicates still results in topologies that differ from one another, we can discount the 

methodological parameters as the cause of inconsistencies between competing for data 

matrices. They do result in changes to the originally published topologies, but they do not 

differ radically from what was published previously.  
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Figure 2.5 Strict consensus obtained from the matrix by Yates (2007) with the inclusion of the 

subsequent modifications done by Yates et al. (2010), Apaldetti et al. (2011), McPhee et al. (2015), Wang 

et al. (2017). The tree is plotted against the geological scale using the R package strap. For this, the 

minimum branch length option was set at 0.5 million years setting the root age to 251 Mya. This scaled 

model suggests that the diversification rate of Sauropodomorpha corresponds to an explosive radiation 

in very short time. 
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Figure 2.6 Strict consensus obtained from the matrix by Sekiya et al. (2013). The tree is plotted against 

the geological scale using the R package strap. For this, the minimum branch length option was set at 

1.5 million years, setting the root age to 254.7 Mya. 
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Figure 2.7 Strict consensus tree obtained from the matrix by Pol et al. (2011). The tree is plotted against 

the geological scale using the R package strap. For this, the minimum branch length option was set at 

2 million years, setting the root age to 248 Mya. 
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2.4 Stratigraphic fit  

Data completeness is often used as a discriminator when choosing between different 

matrices, e.g. Apaldetti et al. (2014). Temporal information can also be explored as an 

independent test to see if any of the phylogenetic scenarios are stratigraphically more 

congruent than the others. Stratigraphic congruence of the MPTs derived from the above-

mentioned analyses was assessed using the R package strap (Bell and Lloyd, 2015). A clade 

is stratigraphically congruent if its oldest (first) occurrence is equal to or younger than the 

oldest first occurrence of the sister taxon of the clade. Stratigraphic congruence tests the 

topologies against the stratigraphic order of appearance of the taxa included according to 

the minimum ages of nodes (based on the maximum age of any other sister group above 

each node; Benton and Hitchin, 1996; Pol et al., 2004; Figure 2.8). 

The strap package allows comparison of the MPTs through several measures of 

congruence. Huelsenbeck (1994) proposed the Stratigraphic Consistency Index (SCI) to 

identify the topologies whose hierarchical structure was more congruent with temporal 

information. This index is defined as follows: 

ὛὅὍ
ὅ

ὔ
ςȢς 

where N is the number of internal nodes, and C is the number of stratigraphically consistent 

nodes. 

Wills (1999) proposed another measure that considers the number of ghost lineages. This 

index is called the Gap Excess Ratio (GER), and was formulated as follows: 

ὋὉὙρ
ὓὍὋὋ

Ὃ Ὃ
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Figure 2.8 Diagrammatic representation of the algorithm  to determine the stratigraphic fit. A) The 

cladistic rank is obtained by counting the sequence of primary nodes in a topology. B) Taxa that meet 

the main axis at the same point are treated as a single unit to produce a pectinate topology. C) The 

node number represents the stratigraphic sequence, assessed from the First Appearance Datum (FAD) 

of sister groups. D) The clade rank and the stratigraphic number (rank) are then compared to obtain 

a proportion of minimum implied gap (MIG). MIG is the difference between the age of the FAD of a 

lineage and that of its sister. E) Stratigraphic consistency is assessed as a comparison of the ratio of 

nodes that are younger than, or of equal age to, the node immediately below (stratigraphically 

consistent), against the apparently older (stratigraphically inconsistent). The Stratigraphic 

Consistency Index (SCI) is assessed on the full cladogram (modified from Benton and Hitchin, 1996). 

The term Gmin refers to the minimum possible sum of ghost ranges for any given 

distribution of origination dates, Gmax is the maximum possible sum of ghost ranges, and 

MIG is the sum of ghost ranges implied by a phylogeny. The strap package uses a 

modification of this measure that considers the magnitude of ghost lineages via an 

optimisation for age through Sankoff parsimony. This reformulation gives: 

ὋὉὙ
ὒ ὒ

ὒ ὒ
ςȢτ 

where LM is the maximum length for the age character on a completely unresolved 

topology, Lm is the minimum length for the age character on any topology, and L0 is the 

actual length obtained optimising the age character on the independently derived 

phylogenetic tree (Pol et al., 2004). Strap then allows the production of randomly generated 
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trees and compares the stratigraphic conflict that can be generated at random against the 

one in the input topologies. 

In the strap package, the statistical significance of SCI and GER can be established by 

comparing the stratigraphic fit of the input MPTs against the stratigraphic congruence of 

random permutations. This means that randomly generated hierarchical structures will fail 

to have a stratigraphic fit more often than they will produce congruent topologies. The 

default setting of 1000 random permutations was used here. 

When considering the MPTs obtained from mU2007, which includes the outgroup 

Marasuchus and the ornithischians Heterodontosaurus and Lesothosaurus, the temporal 

information is more congruent with the 22 MPTs (according to the SCI and GER indices) 

than most of 1000 randomly generated trees (Figures 2.9 and 2.10). 

 

Figure 2.9 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Upchurch et al. (2007) (top) and randomly generated topologies (bottom) with the critical 

value (at an alpha of 0.05) for the one-tailed test drawn as a vertical line. 
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Figure 2.10 Histograms of the GER values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Upchurch et al. (2007) (top) and randomly generated topologies (bottom) with the critical 

value (at an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 

The same conclusion is found for mY2010, where all of the MPTs have a better fit than 

almost all the randomly generated trees under both indices, SCI and GER (Figures 2.11 and 

2.12). The outgroup chosen here is Euparkeria a basal archosauromorph and includes 

Crurotarsi, Marasuchus, Silesaurus, and Ornithischia. 

The MPTs generated from the reanalysis of the matrix by Pol et al. (2011) also have a better 

stratigraphic fit under SCI and GRE than randomly generated trees. In contrast to the 

previous matrices, this matrix has a larger number of non-sauropodomorph dinosaurs, i.e. 

Marasuchus, Lagerpeton, Pseudolagosuchus, Pisanosaurus, Heterodontosaurus, 

Lesothosaurus, Silesaurus, Elaphrosaurus, Coelophysis and Liliensternus; Figures 2.13 

and 2.14). 



 

100 

 

 

Figure 2.11 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Yates (2007) (top) and randomly generated topologies (bottom) with the critical value (at 

an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 

 

Figure 2.12 Histograms of the GER values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Yates (2007) (top) and randomly generated topologies (bottom) with the critical value (at 

an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 
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Figure 2.13 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Pol et al. (2011) (top) and randomly generated topologies (bottom) with the critical value 

(at an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 

 

Figure 2.14 Histograms of the GER values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Pol et al. (2011) (top) and randomly generated topologies (bottom) with the critical value 

(at an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 

The matrix includes the non-sauropodomorphs Marasuchus and Herrerasaurus, with 

Marasuchus set as the outgroup. Although the SCI indicates that most of the trees fit 
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stratigraphy better than 1000 randomly generated trees, meaning that they are not better 

supported than randomly generated trees. This could be due to the small number of taxa 

sampled from similar time intervals (Figures 2.15 and 2.16). 

Summary. Stratigraphic congruence tests can indicate whether one data set produces better 

trees than others. The GER values from the topologies produced from the different datasets 

fall within similar ranges, and the average GER is similar between the three sets of MPTs. 

This indicates that the three datasets produce topologies with a similar stratigraphic fit, 

showing that the potentially different ghost lineages and additional internal nodes are not 

affecting the stratigraphic congruence.  

Table 2.5. Non-sauropodomorphs used in all the analyses. 

Dataset MPTs 
SCI and GER 

ranges 
Non-sauropodomorphs 

mU2007 22 
SCI: 0.55-0.75 

GER: 0.7-0.75 

Marasuchus, Eoraptor, Herrerasaurus, 

Guaibasaurus, Coelophysis, 

Heterodontosaurus, Lesothosaurus 

mY2010 12 
SCI: 0.52-0.55 

GER: 0.74-0.78 

Euparkeria, Crurotarsi, Marasuchus, 

Silesaurus, Ornithischia, Herrerasaurus, 

Chindesaurus, Staurikosaurus, 

Guaibasaurus, Neotheropoda 

S2013 8 
SCI: 0.55-0.6 

GER: 0.5-1.0 

Marasuchus, Herrerasaurus, Eoraptor, 

Guaibasaurus 

P2011 318 
SCI: 0.5-0.7 

GER: 0.64-0.74 

Marasuchus, Lagerpeton, 

Pseudolagosuchus, Pisanosaurus, 

Heterodontosaurus, Lesothosaurus, 

Silesaurus, Eoraptor, Herrerasaurus, 

Guaibasaurus, Elaphrosaurus, 

Coelophysis, Liliensternus 
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Figure 2.15 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Sekiya et al. (2013) (top) and randomly generated topologies (bottom) with the critical 

value (at an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 

 

Figure 2.16 Histograms of the GER values for the most parsimonious trees (top) from the reanalysis of 

the matrix by Sekiya et al. (2013) (top) and randomly generated topologies (bottom) with the critical 

value (at an alpha of 0.05) for the one-tailed test drawn as a vertical dashed line. 
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2.5 Partition analysis 

Total evidence matrices are based on taxonomic congruence, a tenet of phylogenetic 

analyses that is compatible with the hypothesis of non-specificity of phenetics: an analysis 

of various large character samples will produce relationship patterns that are positively 

correlated but not identical (Farris, 1971). This principle states that different sets of 

characters will be subject to the same evolutionary histories and will show similar 

topologies. In the context of parsimony-based morphological analyses, this is often 

assumed to be true (Mounce, 2013). This assumption is largely based on studies that 

indicate that non-specificity was the rule after this issue was addressed in the context of 

vertebrate systematics and morphology (Sokal and Sneath, 1963). However, Farris (1971) 

emphasised that the similarity between cladistic dendrograms from partitions was not 

necessarily the case in empirical cases, although in theoretical terms there are grounds for 

assuming congruence of characters. 

Cranial and postcranial partitions have often been found to be incongruent in vertebrates, 

supporting the idea of differential selective pressure through body modularity (Mounce, 

2013). Modularity can produce more homoplasies in certain regions, whilst others can have 

morphological constraints that make them conservative. 

If character selection is playing an important role in the incongruences seen in the 

topologies proposed for Sauropodomorpha, partition analyses could show different 

phylogenetic signals when compared with similar partitions in other datasets. This would 

indicate that the different characters sampled are capturing variation or various levels of 

homoplasy. 

In the case of basal sauropodomorph dinosaurs, homoplasy seems to play a significant role 

in the phylogenies, as indicated by the different indices summarised in Table 4. Three 

partitions are considered here: cranial, axial, and appendicular skeleton. The axial and 

appendicular skeletons are usually considered together in partition analyses as the 

postcranial partition (e. g. Apaldetti et al., 2013). However, sauropodomorphs display a lot 

of variation in vertebral morphology due to the development of pneumaticity (Wedel, 1997, 

2003, 2006; Wilson, 1999; Allain and Aquesbi, 2008; Wilson et al., 2011; Butler et al., 

2012a; Yates et al., 2012). A partition analysis of the datasets of Upchurch et al. (2007) and 

Yates et al. (2010) has shown that at least one sauropodomorph taxon, Coloradisaurus, 
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displays mosaicism by having plateosaurid characters in the skull and massospondylid 

characters in the postcranial skeleton (Apaldetti et al., 2013). 

As discussed above, it is expected that the three partitions, i.e. cranial, axial and 

appendicular, from the datasets employed to reconstruct the phylogeny of basal 

sauropodomorph dinosaurs will have different evolutionary histories. Notwithstanding, if 

the same partitions from different datasets show a certain level of congruence, then 

character selection is not playing a substantial role in the inconsistencies between datasets. 

This could point to character definition and character state delineation being at the root of 

the incongruent topologies obtained in the literature to date. Character analysis is often the 

least studied aspect of phylogenetic analyses (Pogue and Micke, 1990). 

For each set of partitions, an iterative positional congruence (reduced) (iterative PCR) 

analysis was performed to identify the taxa that are collapsing the trees due to their 

instability (Pol and Escapa, 2009). Identifying unstable taxa does not provide evidence to 

remove them from the dataset, because they can have phylogenetic information relevant 

for understanding the relationships within the rest of the tree, but they provide a framework 

to more closely study those unstable taxa. 

2.5.1 Cranial partition  

The cranial partition in the matrix mU2007 has 99 characters and 31 taxa (there is no cranial 

material referred to the species Guaibasaurus, Antetonitrus, Blikanasaurus, Camelotia, 

Lessemsaurus, Plateosauravus, Vulcanodon, Seitaad, and Glacialisaurus). Using the same 

parameters defined in Section 2.3, this partition produced seven MPTs with a length of 261 

steps. A breakdown of some relationship patterns in these seven MPTs is summarised in 

Tables 2.6 and 2.7. As for the strict consensus, the cranial signal does not support 

Sauropodomorpha since it collapses into a polytomy with Lesothosaurus and 

Heterodontosaurus. Two groups are supported: Massospondylidae, containing 

Massospondylus, Adeopapposaurus, and Leyesaurus, and Sauropoda (Figure 2.17).  
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Figure 2.17 Strict  consensus based on the cranial partition of the dataset mU2007. 
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Table 2.6 Clades that are obtained in over 50% of the 7 MPTs for the cranial partition of the mU2007 

matrix. A core óProsauropodaô is recovered in five out of the seven MPTs, named here as Anchisauria, 

although the relationship inside them vary in all the trees. Sauropodiformes and Anchisauria are 

retrieved as sister taxa in four out of the seven MPTs. An iterative PCR analysis (described in Pol and 

Escapa, 2009) identifies Gyposaurus as an unstable taxon. Brackets inside the clade have the indicated 

for that row.  

Freq. Clade 

100 Massospondylidae 

(Massospondylus + (Leyesaurus + Adeopapposaurus) 

100 Sauropoda: 

(Shunosaurus + Barapasaurus + Kotasaurus + Omeisaurus + 

Camarasaurus) 

71 (Chinshakiangosaurus + Sauropoda) 

71 (Gyposaurus + Lesothosaurus) 

71 Anchisauria 

(Anchisaurus + (Yunnanosaurus + Melanorosauridae + Lufengosaurus + 

Sarahsaurus + Massospondylidae + Riojasaurus + Plateosaurus + 

Coloradisaurus + Ammosaurus) 

57 Saturnalidae (Saturnalia + Efraasia) 

57 Melanorosauridae 

(Mussaurus + Xixiposaurus + Melanorosaurus) 

57 (Omeisaurus + Camarasaurus) 

57 Sauropodiformes 

Jinghsanosaurus + (Chingshakiangosaurus + Sauropoda) 

57 Anchisauria + Sauropodiformes 
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Table 2.7 Clades that are obtained in over 50% of the 6 MPTs for the cranial partition of the mU2007 

matrix after removing Gyposaurus. The removal of Gyposaurus makes Barapasaurus unstable and 

recovers Sauropoda as a polytomy. Moreover, the more primitive sauropodomorphs, theropods and 

ornithischians are clustered in a modified version of Ornithoscelida (sensu Baron et al., 2017) in five 

out of the six MPTs. Brackets inside the clade have the indicated for that row. 

Freq. Clade 

100 Massospondylidae 

(Massospondylus + (Leyesaurus + Adeopapposaurus) 

100 Anchisauria 

(Anchisaurus + Yunnanosauridae) 

100 Theropoda 

(Coelophysis + Herrerasaurus) 

100 (Anchisauria + Sauropodiformes + ñOrnithoscelidaò) 

83 Plateosauridae  

(Riojasaurus + Mussaurus + Coloradisaurus + Plateosaurus + 

Ammosaurus) 

83 Massospondylidae + Plateosauridae 

83 Yunnanosauridae 

(Yunnanosaurus + Melanorosauridae) 

83 Melanorosauridae 

(Melanorosaurus + Xixiposaurus + (Lufengosaurus + (Sarahsaurus +  

(Massospondylidae + Plateosauridae)) 

83 Sauropoda 

(Shunosaurus + Kotasaurus + Camarasaurus + Omeisaurus + 

Barapasaurus) 

83 Sauropodiformes 

(Jingshanosaurus + (Chinshakiangosaurus + Sauropoda) 

83 ñOrnithoscelidaò 

(Efraasia + (Thecodontosaurus + (Lesothosaurus + Theropoda) + Eoraptor 

+ Saturnalia + Heterodontosaurus) 
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The cranial partition of the dataset mY2010 includes 120 characters scored for 41 taxa. The 

taxa excluded lacking cranial scores are Blikanasaurus, Chindesaurus, Chromogisaurus, 

Eucnemesaurus, Glacialisaurus, Guaibasaurus, Isanosaurus, Seitaad, Vulcanodon, 

Mussaurus, Plateosauravus, Ruehleia, Antetonitrus, and Lessemsaurus. Although 

Mussaurus possesses cranial remains (Pol and Powell, 2007), it was excluded due to the 

early ontogenetic stage of the material. 

This partition produces four MPTs with lengths of 350 steps. An exploration of the MPTs 

shows that there is support for the groupings previously published in the literature with 

unresolved interrelationships, with Pulanesaura changing its position throughout the trees, 

an unstable taxon (Tables 2.8 and 2.9). The strict consensus shows there is support for 

Sauropodomorpha, including Eoraptor as the most basal member of the clade (Figure 2.18). 

However, most of the tree collapses in a polytomy, finding support for only two other 

groups: Plateosauridae, containing Coloradisaurus, Plateosaurus engelhardti, Unaysaurus 

and Plateosaurus gracilis, and a clade containing Adeopapposaurus and Leyesaurus. 
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Figure 2.18 Strict consensus based on the cranial partition of the dataset mY2010.  

  


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































